these errors can not be corrected by calibration. Common mode
rejection of the AD522 is active laser-trimmed to the limits of
thinfilm resistor stability. Further trimming could improve
CMR on a short term basis, but regular readjustment would be
necessary to maintain this improvement (see Figure 2). In this
example, untrimmed CMR and noise cause a total error of
+0.0065% of full scale and are the major contributors to reso-
lution error.

w0
Figure 2. Optional CMR Trim

PERFORMANCE CHARACTERISTICS

Offset Voltage and Current Drift: The AD522 is available in
four drift selections. Figure 3 is a graph of maximum RTO off-
set voltage drift vs. gain for all versions. Errors caused by off-
set voltage drift can thus be determined for any gain. Offset
current drift will cause a voltage error equal to the product of
the offset current drift and the source impedance unbalance,
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Figure 3. Output Offset Drift (RTO) vs. Gain
Gain Nonlinearity and Noise: Gain nonlinearity increases with
gain as the device loop-gain decreases. Figure 4 is a plot of
typical nonlinearity vs. gain. The shape of the curve can be
safely used to predict worst-case nonlinearity at gains below
100. Noise vs. gain is shown on the same graph.
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Figure 4. Gain Nonlinearity and Noise (RTO) vs. Gain

Common Mode Rejection: CMR is rated at +10V and 1k
source imbalance. At lower gains, CMR depends mainly on
thin-film resistor stability but due to gain-bandwidth consider-
ations, is relatively constant with frequency to beyond 60Hz,
The de CMR improves with increasing gain and is increasingly
subject to phase shifts in limited bandwidth high-gain ampli-
fiers. Figure 5 illustrates CMR vs. Gain and Frequency.
Dynamic Performance: Settling time and unity gain bandwidth
are directly proportional to gain. As a result, dynamic perfor-

mance can be predicted from the well-behaved curves of
Figure 6.
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Figure 6. Small Signal Frequency Response (-3dB)
SPECIAL APPLICATIONS
Offset and Gain Trim: Gain accuracy depends largely on the
quality of Rg. A precision resistor with a lﬂppma’ec tempera-
ture coefficient is advised. Offset, like gain, is laser-trimmed to
a level suitable for most applications. If further adjustment is
required, the circuit shown in Figure 1 is recommended. Note
that good quality (25ppm) pots are necessary to maintain vol-
tage drift specifications.

CMR Trim: A short-term CMR improvement of up to 10dB at
low gains can be realized with the circuit of Figure 2. Apply a
low-frequency 20/G volt peak-to-peak input signal to both
inputs through their equivalent source resistances and trim the
pot for an ac output null .

Sense Output: A sense output is provided to enable remote
load sensing or use of an output current booster. Figure 7 illu-
strates these applications. Being “inside the loop”, booster
drift errors are minimized. When not used, the sense output
should be tied to the outpur.

PUT
LEVEL SHIFT)

ADTAIL
OR EQUIVALENT

v

Figure 7. Output Current Booster and Buffered Output

Level Shifter
Reference Output: The reference terminal is provided to permit
the user to offset or “level shift” the output level to a datum
compatible with his load. It must be remembered that the total
output swing is £10 volts to be shared between signal and refer-
ence offset. Furthermore, any reference source resistance will
unbalance the CMR trim by the ratio 10k/Ryes. For example, if
the reference source impedance is 12, CMR will be reduced to
80dB (10k£2/1£2 = 10,000 = 80dB). A buffer amplifier can be
used to eliminate this error, as shown in Figure 7, but the
drift of the buffer will add to output offset drift. When not
used, the reference terminal should be grounded.



ANALOG
DEVICES

Precision Instrumentation Amplifier

AD524

FEATURES

Low Noise: 0.3pV p-p 0.1Hz to 10Hz

Low Nonlinearity: 0.003% (G = 1)

High CMRR: 120dB (G = 1000)

Low Offset Voltage: 50pV

Low Offset Voltage Drift: 0.5pV/°C

Gain Bandwidth Product: 25MHz

Pin Programmable Gains of 1, 10, 100, 1000

Input Protection, Power On - Power Off

No External Components Required

Internally Compensated

MIL-STD-883B, Chips, and Plus Parts Available

16-Pin Ceramic DIP Package and 20-Terminal
Leadless Chip Carriers Available

PRODUCT DESCRIPTION

The AD524 is a precision monolithic instrumentation amplifier
designed for data acquisition applications requiring high accuracy
under worst-case operating conditions. An outstanding combina-
tion of high linearity, high common mode rejection, low offset
voltage drift, and low noise makes the AD524 suitable for use in
many data acquisition systems.

The AD524 has an output offset voltage drift of less than 25uV/°C,
input offset voltage drift of less than 0.5p.V/°C, CMR above
90dB art unity gain (120dB at G = 1000) and maximum nonlinearity
of 0.003% at G = 1. Inaddition to the outstanding dc specifications
the AD524 also has a 25MHz gain bandwidth product (G =
100). To make it suitable for high speed data acquisition systems
the AD524 has an output slew rate of 5V/us and settles in 15ps
to 0.01% for gains of 1 to 100.

As a complete amplifier the AD524 does not require any external
components for fixed gains of 1, 10, 100 and 1,000. For other
gain settings between 1 and 1000 only a single resistor is required.
The AD524 input is fully protected for both power on and
power off fault conditions.

The AD524 IC instrumentation amplifier is available in four
different versions of accuracy and operating temperature range.
The economical “A” grade, the low drift “B” grade and lower
drift, higher linearity “C” grade are specified from —25°C to
+85°C. The “S” grade guarantees performance to specification

over the extended temperature range —55°C to + 125°C, Devices

are available in a 16-pin ceramic DIP package and a 20-terminal
leadless chip carrier,

AD524 FUNCTIONAL BLOCK DIAGRAM

PRODUCT HIGHLIGHTS
1. The AD524 has guaranteed low offset voltage, offset voltage
drift and low noise for precision high gain applications.

2. The AD524 is functionally complete with pin programmable
gains of 1, 10, 100 and 1000, and single resistor programmable
for any gain.

3. Input and output offset nulling terminals are provided for
very high precision applications and to minimize offset voltage
changes in gain ranging applications.

4. The AD524 is input protected for both power on and power
off fault conditions.

5. The AD524 offers superior dynamic performance with a
gain bandwidth product of 25MHz, full power response of
75kHz and a settling time of 15us to 0.01% of a 20V step
(G = 100).
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SPECIFICATIONS (@ . = =155 = 20 a0, = +25% wies v st

AD524B AD524C ADS245
Model Min  Typ  Max Min  Typ  Max Min  Typ  Max Min  Typ  Max | Unus

GAIN
Gan Equation )
i [m0, 1] e [0, ) . oon [0, ].on

Gain Range (Pin Programmable) 1to 1000 1 1o 1000 110 1000 110 1000
Gaun Error
G=1 =0.05 +0.03 +0.02 £=0.05
G=10 =0.25 +0.15 +0.1% *0.25
G =100 +0.5 +0.35 +0.25 *0.5
G o= 1000 =20 =10 +0.5 *2.0
Nonlneariy
G=1 =0.01 =0.005 =0.003 =0.01
G = 10,100 =001 + 0 005 =0.003 =0.01
G = 1000 =0.01 =0.01 =0.01 =001
Gain vs. Temperature
G=1 5 3 5 5
G=10 15 1[1] 10 [1]
G=100 35 25 5 25
G = 1000 100 50 50 50

VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage 250 100 50 100
vs. Temperature 2 0.75 0.5 20 pvrc
Output Offset Vollage 5 3 20 3.0 mV
vs. Temperature 100 50 25 50 pVrC
Offset Referred 1o the
Input vs. Supply
G=1 70 75 50 75
G=10 5] 95 100 95
G =100 95 105 110 105
G = 1000 100 110 115 110

INPUT CURRENT

Input Bias Current +50 *25 =15 +50
vs. Temperature = 100 =100 =100 =100

Input Offset Current =35 i =15 =10 =35
vs. Temperature =100 =100 = 100 =100

INPUT

Input Impedance
Differenual Resistance 10° 10° 10° 10
Differenual Capecitance 10 10 10 10
Common Mode Resistance 10° 10° n* 10°
Common Mode Capacitance 10 10 10 10

Input Voltage Range .
Max Differ. Input Linear (V) +10 =10 10 £10

Max Common Mode Linear (V) 12V - (;—i x \"'D) n12v- (ZE x Vn) 12V - (z9 x \’n) 12V - (ZE K“'D) v
Common Mode Rejection de
10 60Hz with 1kl Source Imbalance
G=1 70 75 B0 0 dB
G=10 90 95 100 90 dB
G= 100 100 105 110 100 dB
G = 1000 110 115 120 110 dB

OUTPUT RATING
Vour, Ry = 2kil =10 =10 =10 =10 v
DYNAMIC RESPONSE

Small Signal - 3dB
G=1 1 1 1 1 MHz

G=10 400 400 400 400 kHz
G = 100 150 150 150 150 kHz
G = 1000 25 5 25 25 kHz
Slew Rate 5.0 5.0 5.0 5.0 Vips
Serthing Time 1o 0.01%, 20V Step
G = ltolld 15 15 15 15 us
G = 1000 75 75 75 75 us

NOISE

Voltage Noise, IkHz
R.T.L 7 7 7 7 aVVHz

RTO. %0 % %0 9% nViVHz
R.T.1.,0.1t0 10Hz
G=1 15 15 15 15 wVpp
G=10 H 2 2 b wVp-p
G =100, 1000 0.3 0.3 0.3 0.3 wVpp

Current Noise
0.1Hzw 10Hz 60 60 60 60 pAp-p

FEEE

FEL

* [

ggéﬁ 5586

BRHE
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Model AD5S24A ADS24B AD5S24C AD5245
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
SENSEINPUT
Rin 0 20 20 20 kil = 20%
I 15 15 15 15 WA
Voltage Range =10 =10 <10 =10 v
Gain to Qutput 1 1 1 } %
REFERENCEINPUT
Rin 40 40 40 40 kil =20%
I 15 15 15 15 wA
Voliage Range =10 =10 1] 10 v
Gaun to Output 1 1 l 1 Y
TEMPERATURE RANGE
Speafied Performance 25 v 85 25 " 85 25 | 85 55 + 125 “C
Storage 65 » 150 65 v 150 65 150 65 4150 b,
POWER SUPPLY
Power Supply Range =6 =15 =18 *6 =15 =18 +6 =15 =18 6 =15 *18 v
Quiescent Current 3s 5.0 5.0 35 5.0 35 5.0 mA
PACKAGE OPTIONS'
16-Pin Ceramic{D-16) ADSZ4AD ADSMBD AD524CD AD5245D
LCC(E-28A) ADSHAE ADS24BE ADS24CE ADS245E
NOTES
"See Section 16 for package outhine informann
Speaificanons subject 10 change withour notice
Specificanons shown in boldface are tested on all production umits at final
electrical test Results from those tests are used to calculate outgong quality
levels All min and max specifcations are guaranteed, although onlv those
shown in boldface are 1ested on all production umirs
CONNECTION DIAGRAMS
Ceramic (D) Package Leadless Chip Carrier (E) Package
d
-input 1] 16 | AG, 2
+ineut [Z] (15 ] ouTPUT NULL g ';' E
we. [3] 14 | OUTPUT NULL 7 2 8 3
AD524 3 2 1 20 18
weut ot [ vop view 13]G =10 ) ™
(Nt to Seatel sHoat To CF i
12| G = 100 Diﬁlﬁiu (]
WIPTIILL E GAIN RG; 4 LJd 18 QUTPUT NULL
[ 11| 6 = 1000
nerenence [&] INPUT NULL 5 ne=1
-vs 7] 10| SENSE ADS524 10
nG & TOP VIEW % NG RG; FOR
¥y E‘_‘ 9] outpur (Not to Scale] DESIRED
INFUT NULL 79 15 G = 100 GAIN
4 15 REFERENCE 8 14 G = 1000
+Vg { %""" -V
F 1 9 ° 1 127 1
INPUT OUTPUT
OFFSETNULL  OFFSET NULL (I E %
NC = NO CONNECT 2
METALIZATION PHOTOGRAPH
Dimensions shown in inches and (mm).
I 01714 34) e |
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Typical Characteristics
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Typical Characteristics
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Figure 25, Settling Time Gain = 1000

Figure 26. Large Signal Fulse Response and
Settling Time G = 1000

Figure 27. Settling Time Test Circuit

Theory of Operation

The AD524 is a monolithic instrumentation amplifier based on
the classic 3 op amp circuit. The advantage of monolithic con-
struction is the closely matched components that enhance the
performance of the input preamp. The preamp section develops
the programmed gain by the use of feedback concepts. The
programmed gain is developed by varying the value of Rg (smaller
values increase the gain) while the feedback forces the collector
currents Q1, Q2, Q3 and Q4 to be constant which impresses the
input voltage across Rg.

As Rg is reduced to increase the programmed gain, the trans-
conductance of the input preamp increases to the transconductance
of the input transistors. This has three important advantages.
First, this approach allows the circuit to achieve a very high
open loop gain of 3 x 10° at a programmed gain of 1000 thus
reducing gain related errors to a negligible 30ppm. Second, the
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Figure 29. Simplified Circuit of Amplifier; Gain is Defined as
({R56 + R57)/(Rs) + 1. Fora Gain of 1, Rg is an Open Circuit

gain bandwith product which is determined by C3 or C4 and
the input transconductance, reaches 25SMHz. Third, the input
voltage noise reduces to a value determined by the collector
current of the input transistors for an RTI noise of 7nV/VHz at
G = 1000.

INPUT PROTECTION

As interface amplifiers for data acquisition systems, instrumen-
tation amplifiers are often subjected to input overloads, i.e.,
voltage levels in excess of the full scale for the selected gain
range. At low gains, 10 or less, the gain resistor acts as a current
limiting element in series with the inputs. At high gains the
lower value of Rg will not adequately protect the inputs from
excessive currents. Standard practice would be to place series
limiting resistors in each input, but to limit input current to
below SmA with a full differential overload (36V) would require
over 7k of resistance which would add 10nVV/Hz of noise. To
provide both input protection and low noise a special series
protect FET was used.

A unique FET design was used to provide a bidirectional current
limit, thereby, protecting against both positive and negative
overloads. Under nonoverload conditions, three channels CH;,
CH3;, CHy, act as a resistance (=1k{2) in series with the input as
before. During an overload in the positive direction, a fourth
channel, CH,, acts as a small resistance (=3k(}) in series with
the gate, which draws only the leakage current, and the FET
limits Ipss. When the FET enhances under a negative overload,
the gate current must go through the small FET formed by CH,
and when this FET goes into saturation, the gate current is
limited and the main FET will go into controlled enhancement.
The bidirectional limiting holds the maximum input current to
3mA over the 36V range.



Applying the AD524

INPUT OFFSET AND OUTPUT OFFSET

Voltage offset specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an auto-zero cycle, but there are many small-
signal high-gain applications that don’t have this capability.
Voltage offset and drift comprise two components each; input
and output offset and offset drift, Input offset is that component
of offset that is directly proportional to gain i.e., input offset as
measured at the output at G = 100 is 100 times greater than at
G = 1. Output offset is independent of gain. At low gains,
output offset drift is dominant, while at high gains input offset
drift dominates. Therefore, the output offset voltage drift is
normally specified as drift at G = 1 (where input effects are
insignificant), while input offset voltage drift is given by drift
specification at a high gain (where output offset effects are neg-
ligible). All input-related numbers are referred to the input
(RTT) which is to say that the effect on the output is “G” times
larger. Voltage offset vs. power supply is also specified at one or
more gain settings and is also RTI.

By separating these errors, one can evaluate the total error inde-
pendent of the gain setting used. In a given gain configuration
both errors can be combined to give a total error referred to the
input (R.T.L) or output (R.T.0.) by the following formula:

Total Error R.T.I. = input error + (output error/gain)
Total Error R.T.O. = (Gain x input error) + output error

As an illustration, a typical AD524 might have a +250p.V output
offset and a — S0V input offset. In a unity gain configuration,
the total output offset would be 2001V or the sum of the two.
At a gain of 100, the output offset would be —4.75mV or:
42500V + 100(—50pV) = —4.75mV,

The AD524 provides for both input and output offset adjustment.
This simplifies very high precision applications and minimize
offset voltage changes in switched gain applications. In such
applications the input offset is adjusted first at the highest pro-
grammed gain, then the output offset is adjusted at G = 1.

GAIN

The ADS524 has internal high accuracy pretrimmed resistors
for pin programmable gain of 1, 10, 100 and 1000. One of
the preset gains can be selected by pin strapping the appropri-
ate gain terminal and RG; together (for G=1 RG; is not
connected).

Figure 30. Operating Connections for G = 100

The AD524 can be configured for gains other than those that
are internally preset; there are two methods to do this. The first
method uses just an external resistor connected between pins 3
and 16 which programs the gain according to the formula

R; = Gw—ki (see Figure 31). For best results Rg should be a
precision resistor with a low temperature coefficient. An external
Rg affects both gain accuracy and gain drift due to the mismatch
between it and the internal thin-film resistors. Gain accuracy is
determined by the tolerance of the external Rg and the absolute
accuracy of the internal resistors ( + 20%). Gain drift is determined
by the mismatch of the temperature coefficient of Rg and the
temperature coefficient of the internal resistors (—50ppm/°C
typ).

1 5kil

=400 4 120 2208

Figure 31. Operating Connections for G = 20

=V

The second technique uses the internal resistors in parallel with
an external resistor (Figure 32). This technique minimizes the
gain adjustment range and reduces the effects of temperature
coefficient sensitivity.

+Vs
=INPUT O
RG,
Vour
RG; REFERENCE
+INPUT ©

Rl g = 4444 441
*Rig .y = 404 0411
Ri; - yoa ® 400481

*NOMINAL | =20%)

Figure 32. Operating Connections for G = 20, Low Gain
T.C. Technigque

u-m‘“m 41=20217%

-V

The AD524 may also be configured to provide gain in the output
stage. Figure 33 shows an H pad attenuator connected to the
reference and sense lines of the AD524. R1, R2 and R3 should
be made as low as possible to minimize the gain variation and
reduction of CMRR. Varying R2 will precisely set the gain
without affecting CMRR. CMRR is determined by the match of
R1 and R3.

A1

~INPUT ©
A2
S Bkl

2R
+INPUT©
A3
FEI v
6= tnﬂ:olln‘ = V Ry + Ry + RaMRL=2K

Figure 33. Gain of 2000
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Output Nominal
Gain R2 R1LLR3 Gain
2 5k 2.26k0 2.02
5 1.05k0) 2.05k 5.01
10 1k 4.42k0) 10.1

Table |. Output Gain Resistor Values

INPUT BIAS CURRENTS

Input bias currents are those currents necessary to bias the
input transistors of a dc amplifier. Bias currents are an additional
source of input error and must be considered in an total error
budget. The bias currents when multiplied by the source resistance
appear as an offset voltage, What is of concern in calculating
bias current errors is the change in bias current with respect to
signal voltage and temperature, Input offset current is the dif-
ference between the two input bias currents. The effect of offset
current is an input offset voltage whose magnitude is the offset
current times the source impedance imbalance.

Although instrumentation amplifiers have differential inputs,
there must be a return path for the bias currents. If this is not
provided, those currents will charge stray capacitances, causing
the output to drift uncontrollably or to saturate. Therefore,
when amplifying “floating” input sources such as transformers
and thermocouples, as well as ac-coupled sources, there must
still be a de path from each input to ground.

+WVa

)+ ()
3
11, 10
2 AD524 D)
13, [)
16,
D- G Lo ]
TO POWER
Ve SUPPLY
¢ o GROUND

a. Transformer Coupled

2D+ e
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o 10
: 3 B __sumn;
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Figure 34. Indirect Ground Returns for Bias Currents
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COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed equal amounts. These
specifications are usually given for a full-range input voltage
change and a specified source imbalance. “Common-Mode Re-
jection Ratio” (CMRR) is a ratio expression while “Common-Mode
Rejection” (CMR) is the logarithm of that ratio. For example, a
CMRR of 10,000 corresponds to a CMR of 80dB.

In an instrumentation amplifier, ac common-mode rejection is
only as good as the differential phase shift. Degradation of ac
common-mode rejection is caused by unequal drops across differing
track resistances and a differential phase shift due to varied
stray capacitances or cable capacitances. In many applications
shielded cables are used to minimize noise. This technique can
create common mode rejection errors unless the shield is properly
driven. Figures 35 and 36 shows active data guards which are
configured to improve ac common mode rejection by “bootstrap-
ping” the capacitances of the input cabling, thus minimizing
differential phase shift.

Figure 36. Differential Shield Driver

GROUNDING

Many data-acquisition components have two or more ground
pins which are not connected together within the device. These
grounds must be tied together at one point, usually at the system
power-supply ground. Ideally, a single solid ground would be
desirable. However, since current flows through the ground
wires and etch stripes of the circuit cards, and since these paths
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have resistance and inductance, hundreds of millivolts can be
generated between the system ground point and the data acquisition
components. Separate ground returns should be provided to
minimize the current flow in the path from the sensitive points
to the system ground point. In this way supply currents and
logic-gate return currents are not summed into the same return
path as analog signals where they would cause measurement
errors.

Since the output voltage is dcve!opod‘ with respect to the potential
on the reference terminal an instrumentation amplifier can solve
many grounding problems,

SENSE TERMINAL

The sense terminal is the feedback point for the instrument
amplifier’s output amplifier. Normally it is connected to the
instrument amplifier output. If heavy load currents are to be
drawn through long leads, voltage drops due to current flowing
through lead resistance can cause errors. The sense terminal can
be wired to the instrument amplifier at the load thus putting the
IxR drops “inside the loop™ and virtually eliminating this error
source.

Figure 38. AD524 Instrumeéntation Amplifier with Output
Current Booster

Typically, IC instrumentation amplifiers are rated for a full

=10 volt output swing into 2k(}. In some applications, however,
the need exists to drive more current into heavier loads. Figure
38 shows how a high-current booster may be connected “inside
the loop” of an instrumentation amplifier to provide the required
current boost without significantly degrading overall performance.
Nonlinearities, offset and gain inaccuracies of the buffer are
minimized by the loop gain of the IA output amplifier. Offset
drift of the buffer is similarly reduced.

REFERENCE TERMINAL

The reference rerminal may be used 1o offset the output by up
to = 10V. This is useful when the load is “floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. It must be remembered
that the total output swing is = 10 volts to be shared between
signal and reference offset.

Figure 39. Use of Reference Terminal to Provide Output
Offset
When the IA is of the three-amplifier configuration it is necessary
that nearly zero impedance be presented to the reference terminal.

Any significant resistance from the reference terminal to ground
increases the gain of the noninverting signal path thereby upsetting
the common-mode rejection of the IA.

In the AD524 a reference source resistance will unbalance the
CMR trim by the ratio of 20k(}/Rggg. For example, if the reference
source impedance is 1{}, CMR will be reduced to 86dB (20k(}/
102 =86dB). An operational amplifier may be used to provide
that low impedance reference point as shown in Figure 39. The
input offset voltage characteristics of that amplifier will add
directly to the output offset voltage performance of the in-
strumentation amplifier.

An instrumentation amplifier can be turned into a voltage-to-cur-
rent converter by taking advantage of the sense and reference
terminals as shown in Figure 40.

+INPUT O

Figure40. Voltage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistor, an output current may be defined as a function of

input voltage, gain and the value of that resistor. Since only a
small current is demanded at the input of the buffer amplifier
A, the forced current Iy, will largely flow through the load.
Offset and drift specifications of A, must be added to the output
offset and drift specifications of the IA.

PROGRAMMABLE GAIN

Figure 41 shows the AD524 being used as a software programmable
gain amplifier. Gain switching can be accomplished with mechani-
cal switches such as DIP switches or reed relays. It should be
noted that the “on” resistance of the switch in series with the
internal gain resistor becomes part of the gain equation and will
have an effect on gain accuracy.

Figure41. 3Decade GainProgrammable Amplifier
INSTRUMENTATION AMPLIFIERS 4-33
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The AD524 can also be connected for gain in the output stage.
Figure 42 shows an AD547 used as an active attenuator in the
output amplifier’s feedback loop. The active attenuation presents
a very low impedance to the feedback resistors therefore minimiz-
ing the common rejection ratio degradation.

— N L INPUT)

+INo {=INPUT)

2 =0 VouT

37 3
0 DAC A 2
DATA 14) DBO
INPUTS bt !
T8 — =15 AD7528
Wi —t=={18
BAE A/DAC B —o=(5 i
18 DAC B > -

Figure43. Programmable Output Gain Using a DAC
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Another method for developing the switching scheme is to use a
DAC. The AD7528 dual DAC which acts essentially as a pair of
switched resistive attenuators having high analog linearity and
symmetrical bipolar transmission is ideal in this application.
The multiplying DAC’s advantage is that it can handle inputs of
either polarity or zero without affecting the programmed gain.
The circuit shown uses an AD7528 to set the gain (DAC A) and
to perform a fine adjustment (DAC B).

AUTO-ZERO CIRCUITS

In many applications it is necessary to provide very accurate
data in high gain configurations. At room temperature the offset
effects can be nulled by the use of offset trimpots. Over the
operating temperature range, however, offset nulling becomes a
problem. The circuit of Figure 44 show a CMOS DAC operating
in the bipolar mode and connected to the reference terminal to
provide software controllable offset adjustments.

Figure 44. Software Controllable Offset

In many applications complex software algorithms for auto-zero
applications are not available. For those applications Figure 45
provides a hardware solution.

+Vy

Figure45. Auto-Zero Circuit



Error Budget Analysis
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Figure 46. Typical Bridge Application

ERROR BUDGET ANALYSIS

To illustrate how instrumentation amplifier specifications are
applied, we will now examine a typical case where an AD524 is
required to amplify the output of an unbalanced transducer.
Figure 46 shows a differential transducer, unbalanced by 100£,
supplying a 0 to 20mV signal to an AD524C. The output of the
IA feeds a 14-bit A to D converter with a 0 to 2 volt input
voltage range. The operating temperature range is —25°C to
+85°C. Therefore, the largest change in temperature AT within
the operating range is from ambient to +85°C (85°C—25°C

In many applications, differential linearity and resolution are of
prime importance. This would be so in cases where the absolute
value of a variable is less important than changes in value. In
these applications, only the irreducible errors (45ppm=0.004%)
are significant. Furthermore, if a system has an intelligent pro-
cessor monitoring the A to D output, the addition of a auto-gain/
auto-zero cycle will remove all reducible errors and may eliminate
the requirement for initial calibration. This will also reduce
errors to 0.004%.

=60°C).

Effecton Effecton
Absol Absol Effect
ADS524C Accuracy Accuracy on
Error Source Specifications  Calculation atT, = 25°C at Ty = 85°C Resolution
Gain Error +0.25% +0.25% = 2500ppm 2500ppm 2500ppm -
Gain Instability 25ppm (25ppm/°C)(60°C) = 1500ppm - 1500ppm -
Gain Nonlinearity +0.003% +0.003% = 30ppm - - 30ppm
Input Offset Voltage +50pV,RTI +50pV/20mV = =2500ppm 2500ppm 2500ppm -
Input Offset Voltage Drift £0.5uV/C (%0.5uVIPC)(60°C) = 30V
30pV/20mV = 1500ppm - 1500ppm -
Qutput Offset Voltage' +2.0mV +2.0mV/20mV = 1000ppm 1000ppm 1000ppm -
Output Offset Voltage Drift!  +25uV/°C (£25uV/°CY(60°C) = 1500V
15001 V/20mV = 750ppm - 750ppm -
Bias Current — Source +15nA (*150AX100€) = 1.5V
Imbalance Error 1.5pV/20mV = 75ppm 75ppm 75ppm -
Bias Current—Source + 100pA/°C ( £ 100pAFCY100£2)(60°C) = 0.6V
Imbalance Drift 0.6p.V/20mV = 30ppm - 30ppm -
Offset Current - Source +10nA (= 10nA)1000) = 1pV
Imbalance Error 1pV/i20mV = 50ppm 50ppm 50ppm -
Offset Current— Source + 100pArC (100pA/CY(10002)(60°C) = 0.6V
Imbalance Drift 0.6p.V/20mV = 30ppm - 30ppm -
Offset Current— Source = 10nA (10nA)(1750)) = 3.5V
Resistance— Error 3.5uV/20mV = 87.5ppm 87.5ppm 87.5ppm -
Offset Current — Source +100pA/LC (100pAFCY(1750)60°C) = 1pV
Resistance — Drift 1pV/20mV = 50ppm - 50ppm -
Common Mode Rejection 115dB 115dB = 1.8ppm x 5V = 8.8pV
5Vdc 8.8uV/20mV = 444ppm 444ppm 444ppm -
Noise, RTI
(0.1-10Hz) 0.3uVp-p 0.3p.V p-p/20mV = 15ppm - - 15ppm
Total Error 6656.5ppm 10516.5ppm 45ppm

'Ourtputoffset voltage and output offset voltage drift are given as RT] figures.
Table Il. Error Budget Analysis of AD524CD in Bridge Application
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Figure 47 shows a simple application, in which the variation of
the cold-junction voltage of a Type J thermocouple-iron( + )—
constantan— is compensated for by a voltage developed in series
by the temperature-sensitive output current of an AD590
semiconductor temperature sensor.

The circuit is calibrated by adjusting R+ for proper output
voltage with the measuring junction at a known reference tem-

perature and the circuit near 25°C. If resistors with low tempcos
are used, compensation accuracy will be to within £0.5°C, for
temperatures between + 15°C and + 35°C. Other thermocouple
types may be accommodated with the standard resistance values
shown in the table. For other ranges of ambient temperature,
the equation in the figure may be solved for the optimum values
of Ry and Ry,

7.5V
Ra B
NOMINAL
TYPE | VALUE . b.. p_—
J | 523 REFERENCE et 19 ADS80
K | 4120 JUNCTION . 7 ]
E | 8140 se<Ta<ase | val | AD580 G =100
T | 020 . i
sh | s760 e Q
IRON Ra I
2t & [ e
( }Ur CONSTANTAN -< * }cu s23n |
——o0—0-
MEASURIN <
JLIEI?CS;Yi{ON e Eg=Vr-Va+ ?—Bné%ﬂ’ -2.5V :; 866k N
L B2
" " Yo 2T
e PLIFIER
= é} OR METER
NOMINAL
VALUE
91350

Figure 47. Cold-Junction Compensation

The microprocessor controlled data acquisition system shown in
Figure 48 includes both auto-zero and auto-gain capability. By
dedicating two of the differential inputs, one to ground and one
to the A/D reference, the proper program calibration cycles can
eliminate both initial accuracy errors and accuracy errors over
temperature. The auto-zero cycle, in this application, converts a

number that appears to be ground and then writes that same
number (8 bit) to the AD7524 which eliminates the zero error
since its output has an inverted scale. The auto-gain cycle converts
the A/D reference and compares it with full scale. A multiplicative
correction factor is then computed and applied to subsequent
readings.

| ki
5 oi I ——
AD7507 AD574A
]
é :I
o]
A0 A2
EN a1
10k /l
- AP AD7524
12 \l
172 + ADB42
ADB42 5k
—
CONTROL
MICRO-
PROCESOR
I
ADDRESS BUS

Figure 48. Microprocessor Controlled Data Acquisition System
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ANALOG
DEVICES

Software Programmable
Gain Amplifier

AD526

FEATURES
Digitally Programmable Binary Gains from 1 to 16
Two-Chip Cascade Mode Achieves Binary Gain from
1 to 256
Gain Error:
0.01% max, Gain = 1, 2, 4 (C Grade)
0.02% max, Gain = 8, 16 (C Grade)
0.5ppm/°C Drift Over Temperature
Fast Settling Time
10V Signal Change:
0.01% in 4.5ps (Gain = 16)
Gain Change:
0.01% in 5.6ps (Gain = 16)
Low Nonlinearity: =0.005% FSR max (J Grade)
Excellent dc Accuracy:
Offset Voltage: 0.5mV max (C Grade)
Offset Voltage Drift: 3uV/°C (C Grade)
TTL Compatible Digital Inputs

PRODUCT DESCRIPTION

The AD526 is a single-ended, monolithic software programmable
gain amplifier (SPGA) that provides gains of 1, 2, 4, 8 and 16.
It is complete, including amplifier, resistor network and
TTL-compatible latched inputs, and requires no external
COI]'IPDH.E[“S.

Low gain error and low nonlinearity make the AD526 ideal for
precision instrumentation applications requiring programmable
gain. The small signal bandwidth is 350kHz at a gain of 16. In
addition, the AD526 provides excellent dc precision. The FET-
input stage results in a low bias current of S0pA. A guaranteed
maximum input offset voltage of 0.5mV max (C grade) and low
gain error (0.01%, G=1, 2, 4, C grade) are accomplished using
Analog Devices’ laser trimming technology.

To provide flexibility to the system designer, the AD526 can be
operated in either latched or transparent mode. The force/sense
configuration preserves accuracy when the output is connected
to remote or low impedance loads.

The ADS526 is offered in one commercial (0 to +70°C) grade, ],
and three industrial grades, A, B and C, which are specified
from —40°C to +85°C. The S grade is specified from —55°C to
+125°C. The military version is available processed to MIL-STD
883B, Rev C. The J grade is supplied in a 16-pin plastic DIP,
and the other grades are offered in a 16-pin hermetic side-brazed
ceramic DIP,

AD526 PIN CONFIGURATION

W
oiceno[1] @ a1
NULL E A0
&[] -
NULL E AD526 CLK
TOP VIEW

ANALOG GND ZI 5

&

(Not to Scale)
ANALOG GND 16 |

.
Vour SENSE E

+
=
)

HEEEEEEE

Vour FORCE

APPLICATION HIGHLIGHTS

1. Dynamic Range Extension for ADC Systems: A single
AD3526 in conjunction with a 12-bit ADC can provide 96dB
of dynamic range for ADC systems.

2. Gain Ranging Pre-Amps: The AD526 offers complete digital
gain control with precise gains in binary steps from 1 to 16.
Additional gains of 32, 64, 128 and 256 are possible by cascading
two AD526s.
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SPECIFIGATIONS (@Vs = =13, R, = 2k(2 and T, = +25°C unless otherwise specified)

ADS526]) ADS526A ADS526B/S ADS526C
Model Min Typ Max |[Min Typ Max |Min Typ Max |Min Typ Max Units
GAIN
Gain Range
(Digitally Programmable) 1,2,4,8,16 1,2,4,8,16 1,2,4,8,16 1,2,4,8,16
Gain Error
G= 0.05 0.02 0.01 0.01 %
G=2 0.05 0.03 0.02 0.01 %
G=4 0.10 0.03 0.02 0.01 %
G=8 0.15 0.07 0.04 0.02 %
G=16 0.15 0.07 0.04 0.02 %
Gain Error Drift
Over Temperature
G=1 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 ppm*C
G=2 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 ppmC
G=4 0.5 3.0 0.5 3.0 0.5 3.0 0.5 3.0 ppm/°C
G=8 0.5 5.0 0.5 5.0 0.5 5.0 0.5 5.0 ppm/~C
G=16 1.0 5.0 1.0 5.0 1.0 5.0 1.0 5.0 ppm~C
Gain Error (Ta 10 T
G=1 0.06 0.03 0.02 0.015 Y
G=2 0.06 0.04 0.03 0.015 %
G=4 0.12 0.04 0.03 0.015 %
G=8 0.17 0.08 0.05 0.03 %
G=16 0.17 0.08 0.05 0.03 %
Nonlinearity
G=1 0.005 0.005 0.005 0.0035 | % FSR
G=2 0.001 0.001 0.001 0.001 % FSR
G=4 0.001 0.001 0.001 0.001 % FSR
G=8 0.001 0.001 0.001 0.001 % FSR
G=16 0.001 0.001 0.001 0.001 % FSR
Nonlmearity (T omm 10 Timax) '
G=1 0.01 0.01 0.01 0.007 % FSR
G=2 0.001 0.001 0.001 0.001 % FSR
G=4 0.001 0.001 0.001 0.001 % FSR
G=8 0.001 0.001 0.001 0.001 % FSR
G=16 0.001 0.001 0.001 0.001 % FSR
VOLTAGE OFFSET, ALL GAINS
Input Offset Voltage 0.4 L5 0.25 0.7 0.25 0.5 0.25 05 mV
Input Offset Voltage Drift Over
Temperature 5 20 3 10 3 10 3 10 wVrC
Input Offset Voltage
Terun 10 Tenax 2.0 1.0 0.5 0.8 mV
Input Offset Voltage vs. Supply
(Vs = 10%) 80 80 84 %0 dB
INPUT BIAS CURRENT
Over Input Voltage Range = 10V 50 150 50 150 S0 150 50 150 pA
ANALOGINPUT
CHARACTERISTICS
Voltage Range
(Linear Operation) +10 =12 =0 =12 =10 =12 =10 =12 v
Capacitance 5 5 5 -] pF
RATEDOUTPUT
Voltage =10 =12 =10 =12 =10 =12 =10 =12 v
Current (Vgyr= = 10V) +5 =10 +5 =10 +5 =10 x5 =10 mA
Short-Circuit Current 15 30 15 a0 15 30 15 30 mA
DC Output Resistance 0.002 0.002 0.002 0.002 0
Luoad Capacitance
(For Stable Operation) 700 700 700 700 pF
NOISE, ALL GAINS
Voltage Noise, RTI
0.1Hz o0 10Hz 3 3 3 3 uVpp
Voltage Noise Density, RTI
f=10Hz 70 70 70 70 nVvHz
f=100Hz 60 60 60 60 nVVHz
f=1kHz 30 30 30 30 nVvHz
f=10kHz 25 25 25 25 aVVHz
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AD526] AD526A AD526B/S ADS526C
Model Min Typ Max |Min Typ Max | Min Typ Max Min  Typ Max Units
DYNAMICRESPONSE
— 3dB Bandwidth (Small Signal)
G=1 4.0 4.0 4.0 4.0 MHz
G=12 2.0 20 2.0 2.0 MHz
G=4 L5 1.5 1] L5 MHz
G=8 0.65 0.65 0.65 065 MHz
G=16 035 0.35 0.35 0.35 MHz
Signal Settling Time 1o 0.01%
(AVgur==10V)
G=1 21 4 2.1 4 2.1 4 2.1 4 s
G=2 5 5 5 s 25 s 25 5 s
G=4 27 X 2.7 5 237 5 27 5 Tt}
G=38 3.6 7 i6 7 36 7 16 7 s
G=16 4.1 7 4 7 &1 7 41 7 us
Full Power Bandwidth
G=1,2,4 0.10 0.10 0.10 .10 MHz
G=8,1 0.35 0.35 0.35 0.35 MHz
Slew Rate
G=1,2,4 4 6 4 6 4 6 4 6 Vius
G=8,16 18 24 18 24 18 24 18 24 Vips
DIGITAL INPUTS
(T 10 Toace)
Input Current (Vg = 5V) 60 100 140 60 100 140 | 60 100 140 60 100 140 .y
Logic*1"” 2 6 2 6 2 6 2 6 v
Logic “0" 0 0.8 0 0.8 0 0.8 0 0.8 v
TIMING'
(Vo =0.2V,Vyy = 3.7V)
AD, Al AZ
Te 50 50 50 50 ns
Ts 30 30 £l 30 ns
Tu 30 30 30 0 ns
B
Te 50 50 50 50 ns
Ts 40 40 40 40 ns
Ty 10 10 10 10 ns
TEMPERATURE RANGE
Specified Performance ] +70 | —40 +85 | —40/-55 +85/4125] —40 +85 “C
Storage - 65 +125'| —65 +150 | —65 +150 —-65 +150 | *C
POWERSUPPLY
Operating Range +4.5 *+16.5| £4.5 £16.5] £4.5 *16.5 +4.5 165 | V
Positive Supply Current 10 14 10 14 10 14 10 14 mA
Megative Supply Current 10 13 10 13 10 13 10 13 mA
PACKAGE OPTIONS?
Plastic (N-16) ADS26]N
Ceramic DIP(D-16) ADS26AD ADS526BD ADS265D ADS26CD
AD5265D/8S3B
NOTE
"Refer o Figure 35 for definitions, Speaficatons subject to change without notice,
FSR = Full-Scale Range = 20V Specificanions shown in boldface are tested on all production umits at final
RTI = Referred to Input. electrcal test All mun and max specifi are d only
IGee Section 16 for package outhine information. those shown i boldface are tested on all production units.
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Typical Characteristics
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Figure 13. Large Signal Pulse Figure 14. Small Signal Pulse
Response and Settling Time*, G=1 Response, G=1

Figure 15. Large Signal Pulse
Response and Settling Time*, G=2

Figure 16. Small Signal Pulse Figure 17. Large Signal Pulse
Response, G=2 Response and Settling Time*, G=4

Figure 19. Large Signal Pulse Figure 20. Small Signal Pulse
Response and Settling Time*, G=8 Response, G=8
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Figure 22. Small Signal Pulse Figure 23. Total Harmonic Distortion
Response, Gain=16 vs. Frequency, Gain=16

*For Settling Time Traces, 0.01% = 1/2 Vertical Division
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Figure 18. Small Signal Pulse
Response, G=4

Figure 21. Large Signal Pulse
Response and Settling Time*,
G=16
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Figure 24. Phase Distortion vs.
Frequency, Gain=16
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Figure 28. Gain Change Settling Figure 29. Gain Change Settling
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Theory of Operation

THEORY OF OPERATION

The AD526 is a complete software programmable gain amplifier
(SPGA) implemented monolithically with a drift-trimmed BiFET
amplifier, a laser wafer trimmed resistor network, JFET analog
switches and TTL compatible gain code latches.

A particular gain is selected by applying the appropriate gain
code (see Table I) to the control logic. The control logic turns
on the JFET switch that connects the correct tap on the gain
network to the inverting input of the amplifier; all unselected
JFET gain switches are off (open). The “on™ resistance of the
gain switches causes negligible gain error since only the amplifier’s
input bias current, which is less than 150pA, actually flows
through these switches.

The AD526 is capable of storing the gain code, (latched mode),
B, A0, Al, A2, under the direction of control inputs CLK and
CS. Alternatively, the AD526 can respond directly to gain code
changes if the control inputs are tied low (transparent mode).

For gains of 8 and 16, a fraction of the frequency compensation
capacitance (C! in Figure 32) is automatically switched out of
the circuit. This increases the amplifier’s bandwidth and improves
its signal settling time and slew rate.

TRANSPARENT MODE OF OPERATION

In the transparent mode of operation, the AD526 will respond
directly to level changes at the gain code inputs (A0, Al, A2) if
B is tied high and both CS and CLK are allowed to float low.

After the gain codes are changed, the AD526%s output voltage
typically requires 5.5us to settle to within 0.01% of the final
value. Figures 26 to 29 show the performance of the AD526 for
positive gain code changes.
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Figure 33. Transparent Mode
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Figure 32. Simplified Schematic of the AD526

LATCHED MODE OF OPERATION

The latched mode of operation is shown in Figure 34, When
either CS or CLK go to a logic “1,” the gain code (A0, Al, A2,
B) signals are latched into the registers and held until both CS
and CLK return to “0.” Unused CS or CLK inputs should be tied
to ground. The CS and fi._f inputs are functionally and electrically
equivalent.

TIMING SIGNAL
Az
Al
AD

+5V

- Cour 1

w] [s] [a] 51 sl 31 [e 3 |FORCE |

I I 1 I I 1 I

a1 L - - T ] L 1

LOGIC AND LATCHES '

I ADS526 !
w8 af 2 L] = Vour

D

GAIN NETWORK

|
L 5 L] ] B |OUT
Ii = I| = $—ITI I_S.E_NEEJ
Vi

0 1uF
wV

Figure 34. Latched Mode
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TIMING AND CONTROL

GAIN CODE

CONTROL

CONDITION

A2 Al

Moo moMuM—C—on B

B
X
1
1
1
1
1
0
0
1
1
1
1
1

—FC OO OMK—~OD OO M
K=o kMHMK -~ oK
- ——_- O OO0 O -

CLK(CS=0)

Condition
Latched
Transparent
Transparent
Transparent
Transparent
Transparent
Transparent
Latched
Latched
Latched
Latched
Latched
Latched

Gain
Previous State

.—-m.h}go—-.—.—;m-h.m.—-

(-]

NOTE: X=Don’t Care

Table I. AD526 Logic Input Truth Table

The specifications on page 3 in combination with Figure 35 give
the timing requirements for loading new gain codes.

atveon R NS

NOTE THRESHOLD LEVELFOR
GAINCODE, CS,
ANDCLKIS 1.4V

Te = MINIMUM CLOCK CYCLE
Ts=DATA SETUP TIME
Ty = DATA HOLD TIME

Figure 35. AD526 Timing

TIMING
SIGNAL

7aLS174

DIGITAL FEEDTHROUGH

With either CS or CLK or both held high, the AD526 gain
state will remain constant regardless of the transitions at the A0,
Al, A2 or B inputs. However, high-speed logic transitions will
unavoidably feed through to the analog circuitry within the
ADS526 causing spikes to occur at the signal output.

This feedthrough effect can be completely eliminated by operating
the AD526 in the transparent mode and latching the gain code
in an external bank of latches (Figure 36).

To operate the AD526 using serial inputs, the configuration
shown in Figure 36 can be used with the 741.8174 replaced by a
serial-in/parallel-out latch, such as the 541.8594.

L
= -1

TS
6 01uF

7
Vs

Figure 36. Using an External Latch to Minimize Digital

Feedthrough
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GROUNDING AND BYPASSING CASCADED OPERATION

Proper signal and grounding techniques must be applied in A cascade of two AD526s can be used to achieve binarily weighted
board layout so that specified performance levels of precision gains from 1 to 256. If gains from 1 10 128 are needed, no additional
data acquisition components, such as the ADS526, are not components are required. This is accomplished by using the B
degraded. pin as shown in Figure 38. When the B pin is low, the AD526
As is shown in Figure 37, logic and signal grounds should be is held in a unity gain stage independent of the other gain code
separate. By connecting the signal source ground locally to the values.

ADS526 analog ground Pins 5 and 6, gain accuracy of the AD526

is maintained. This ground connection should not be corrupted

by currents associated with other elements within the system. Vour/Vin Al A0

Utilizing the force and sense outputs of the AD526, as shown in 1
Figure 38, avoids signal drops along etch runs to low impedance 2
loads. 4

8

A2
0
0
0
0
1
1
1
1

—_—_—o 0 -0 c
Lo =B = B — T

+15V
16
32
64
128
AD574
Ay LI Tablell. Logic Table forFigure 38
ANALOG  ANALOG 4,
GROUNDY GROUNDZ
AD526 f@
m Vour SENSE 0
GROUND
0
= amV
Figure 37. Grounding and Bypassing
G
Az
Al
AD
+EV Vg Vg
0 1puf nw
6 [o 1 o
[e] [ " Fﬂ F'?'I r [e] [s] [ [a] [m] e lLl
I ] E £—1
a1 a0 = I.m M % % az [ f
IW‘C "‘n I,ITCH(S LOGIC AND LATCHES
< ADS26
1 . 1
b ) 6/ 0 2 —
GAIN NETWORK
DU'I' DUT
SENSE SENSE
ﬂ\..F “p;

Figure 38. Cascaded Operation
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OFFSET NULLING

Input voltage offset nulling of the AD526 is best accomplished
at a gain of 16, since the referred-to-input (RTT) offset is amplified
the most at this gain and therefore is most easily trimmed. The
resulting trimmed value of RTI voltage offset typically varies
less than 3V across all gain ranges.

Note that the low input current of the AD526 minimizes RTI
voltage offsets due to source resistance.

[l [ FA G [ fe

a1 A0 & SR
LOGIC AND LATCHES

Vi

Figure 39. Offset Voltage Null Circuit

OUTPUT CURRENT BOOSTER

The AD526 is rated for a full =10V output voltage swing into
2k(). In some applications, the need exists to drive more current
into heavier loads. As shown in Figure 40, a high current booster
may be connected “inside the loop” of the SPGA to provide the
required current boost without significantly degrading overall
performance. Nonlinearities, offset and gain inaccuracies of the
buffer are minimized by the loop gain of the AD526 output
amplifier.

Figure 40. Current Qutput Boosting
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OFFSET NULLING WITH A D/A CONVERTER

Figure 41 shows the AD526 with offset nulling accomplished
with an 8-bit D/A converter (AD7524) circuit instead of the
potentiometer shown in Figure 39. The calibration procedure is
the same as before except that instead of adjusting the poten-
tiometer, the D/A converter corrects for the offset error. This
calibration circuit has a number of benefits in addition to elimi-
nating the trimpot. The most significant benefit is that calibration
can be under the control of a microprocessor and therefore can
be implemented as part of an autocalibration scheme. Secondly,
dipswitches or RAM can be used to hold the 8-bit word after its
value has been determined. In Figure 42 the offset null sensitivity,
at a gain of 16, is 80V per LSB of adjustment, which guarantees
de accuracy to the 16-bit performance level.

GAIN NETWORK

]:_J L::]DUT

SENSE
o
3amn
ADS8% OR 785m0 Ve
ALL BYPASS CAPACITORS ARE 0 1:F

Figure 41. Offset Nulling Using a DAC



Applications

FLOATING-POINT CONVERSION

High resolution converters are used in systems to obtain high
accuracy, improve system resolution or increase dynamic range.
There are a number of high resolution converters available with
throughput rates of 66.6kHz that can be purchased as a single
component solution; however in order to achieve higher
throughput rates, alternative conversion techniques must be
employed. A floating point A/D converter can improve both
throughput rate and dynamic range of a system.

In a floating point A/D converter (Figure 42), the output data is
presented as a 16-bit word, the lower 12 bits from the A/D
converter form the mantissa and the upper 4 bits from the digital
signal used to set the gain form the exponent. The AD526 pro-
grammable gain amplifier in conjunction with the comparator
circuit scales the input signal to a range between half scale and
full scale for the maximum usable resolution,

The A/D converter diagrammed in Figure 42 consists of a pair
of AD585 sample/hold amplifiers, a flash converter, a five-range
programmable gain amplifier (the AD526) and a fast 12-bit A/D
converter (the AD7572). The floating-point A/D converter achieves
its high throughput rate of 125kHz by overlapping the acquisition
time of the first sample/hold amplifier and the settling time of
the AD526 with the conversion time of the A/D converter. The
first sample/hold amplifier holds the signal for the flash autoranger,

which determines which binary quantum the input falls within,
relative to full scale. Once the AD526 has sertled to the appropriate
level, then the second sample/hold amplifier can be put into
hold which holds the amplified signal while the AD7572 performs
its conversion routine. The acquisition time for the ADS585 is
3us, and the conversion time for the AD7572 is 5ps for a total
of 8ps, or 125kHz. This performance relies on the fast settling
characteristics of the AD526 after the flash autoranging (com-
parator) circuit quantizes the input signal. A 16-bit register
holds the 3-bit output from the flash autoranger and the 12-bit
output of the AD7572.

The A/D converter in Figure 42 has a dynamic range of 96dB.
The dynamic range of a converter is the ratio of the full-scale
input range to the LSB value. With a floating-point A/D converter
the smallest value LSB corresponds to the LSB of the monolithic
converter divided by the maximum gain of the PGA. The floating
point A/D converter has a full-scale range of 5V, 2 maximum
gain of 16V/V from the AD526 and a 12-bit A/D converter; this
produces:

LSB = ([FSR/2N)/Gain) = ([5V/4096]/16) = 76.V. The dynamic
range in dBs is based on the log of the ratio of the full-scale
input range to the LSB; dynamic range = 20log(SV/76pV) =
96dB.

=15V +8V

Uln

=18V + 15V

ouf

104F 10uF
E O E
®)
o 2
SiH
(2) apsss (&)

-5V +15V

+

PTTT4L L
g28223 W

—o D6
—o D5
—o D4
t—o D3

—o D2
f—o D1

L 3 © 09 L €1

L 0 Gk

- 0 +—e3
(B)={5)

NOTE ALL BYPASSCAPACITORS ARED 1uF

Figure 42. Floating-Point A/D Converter
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HIGH ACCURACY A/D CONVERTERS

Very high accuracy and high resolution floating-point A/D con-
verters can be achieved by the incorporation of offset and gain
calibration routines. There are two techniques commonly used
for calibration, a hardware circuit as shown in Figure 43 and/or
a software routine. In this application the microprocessor is
functioning as the autoranging circuit, requiring software over-
head; therefore, a hardware calibration technique was applied
which reduces the software burden. The software is used to set
the gain of the AD526. In operation the signal is converted, and
if the MSB of the AD574 is not equal to a logical 1, the gain is
increased by binary steps, up to the maximum gain. This maximizes
the full-scale range of the conversion process and insures a wide
dynamic range.

The calibration technique uses two point correction, offset and
gain. The hardware is simplified by the use of programmable
magnitude comparators, the 74AL.8528s, which can be “burned”

for a particular code. In order to prevent under or over range
hunting during the calibration process, the reference offset and
gain codes should be different from the endpoint codes. A cali-
bration cycle consists of selecting whether gain or offset is to be
calibrated then selecting the appropriate multiplexer channel to
apply the reference voltage to the signal channel. Once the
operation has been initiated, the counter, a 74ALS869, drives
the D/A converter in a linear fashion providing a small correction
voltage to either the gain or offset trim point of the AD574.
The output of the A/D converter is then compared to the value
preset in the 74ALS528 to determine a match. Once a match is
detected, the 74ALS528 produces a low going pulse which stops
the counter. The code at the D/A converter is latched until the
next calibration cycle. Calibration cycles are under the control
of the microprocessor in this application and should be imple-
mented only during periods of converter inactivity.

NOTE ALLBYPASS CAPACITORS ARED 1uF

Figure 43. High Accuracy A/D Converter
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ANALOG
DEVICES

Precision Instrumentation Amplifier

AD624

FEATURES

Low Noise: 0.2pV p-p 0.1Hz to 10Hz

Low Gain TC: Sppm max (G = 1)

Low Nonlinearity: 0.001% max (G = 1 to 200)
High CMRR: 130dB min (G = 500 to 1000)
Low Input Offset Volitage: 25uV, max

Low Input Offset Voltage Drift: 0.25pV/°C max
Gain Bandwidth Product: 25MHz

Pin Programmable Gains of 1, 100, 200, 500, 1000
No External Components Required

Internally Compensated

PRODUCT DESCRIPTION

The AD624 is a high precision low noise instrumentation amplifier
designed primarily for use with low level transducers, including
load cells, strain gauges and pressure transducers. An outstanding
combination of low noise, high gain accuracy, low gain temperature
coefficient and high linearity make the AD624 ideal for use in
high resolution data acquisition systems.

The AD624C has an input offset voltage drift of less than 0.25uV/
°C, output offset voltage drift of less than 10uV/°C, CMRR
above 80dB at unity gain (130dB at G=500) and a maximum
nonlinearity of 0.001% at G=1. In addition to these outstanding
dc specifications the AD624 exhibits superior ac performance as
well. A 25MHz gain bandwidth product, 5V/us slew rate and
15ps settling time permit the use of the AD624 in high speed
data acquisition applications.

The AD624 does not need any external components for pre-
trimmed gains of 1, 100, 200, 500 and 1000. Additional gains
such as 250 and 333 can be programmed within one percent
accuracy with external jumpers. A single external resistor can
also be used to set the 624’s gain to any value in the range of 1
to 10,000.

AD624 FUNCTIONAL BLOCK DIAGRAM

20k

1 10kit

20ki1 T0kit

PRODUCT HIGHLIGHTS

1. The AD624 offers outstanding noise performance. Input
noise is typically less than 4nV/VHz at 1kHz.

2. The AD624 is a functionally complete instrumentation am-

plifier. Pin programmable gains of 1, 100, 200, 500 and 1000
are provided on the chip. Other gains are achieved through
the use of a single external resistor.

3. The offset voltage, offset voltage drift, gain accuracy and

gain temperature coefficients are guaranteed for all pre-trimmed
gains.

4, The AD624 provides totally independent input and output

offset nulling terminals for high precision applications. This
minimizes the effect of offset voltage in gain ranging
applications.

5. A sense terminal is provided to enable the user to minimize

the errors induced through long leads. A reference terminal
is also provided to permit level shifting at the output.
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SPECIFIGATIONS (@ Vs = =15V, R, = 2k€2 and T, = +25°C unless otherwise specified)

ADSZ4A AD624B ADé624C AD6245
Min Trp Max Min Trp Max Min Trp Max Min Typ Max

Gmﬂmm . .
b (90 o | (020 ] | [0 | [0

Gain Range (Pin Programmable) 1101000 1 to 1000 110 1000 110 1000
Gain Error

G=1 +0.05 =0.03 +0.02 +0.05
G =100 *0.25 +0.15 0.1 +0.25
G = 200, 500 +0.5 =035 +0.25 +0.5
G = 1000 1.0 +1.0 =10 =10
Nonlinearity
G=1 =0.005 *0.003 =0.001 =0.005
G = 100, 200 =0.005 =0,003 =0.001 =0.005
G = 500, 1000 =0.005 =0.005 +0.005 =0.005
Gain vs. Temperature
G=1 5 5 5 5
G = 100, 200 1] 1] 10 10
G = 500, 1000 25 15 15 15

FRrPAE

fER

VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage
vs. Temperature
Cutput Offset Voltage
vs. Temperanure
Offser Referred 1o the
Input vs. Supply
G=1 70 75 80 75
G = 100, 200 95 105 110 105
G = 500, 1000 100 110 115 110

75 =] 75
0.5 0.25 20

AL

2% 10 s

INPUT CURRENT

Input Bias Current +50 %25 =15 =50
vs. Temperature =50 =50 =50 =50

Input Offset Current x35 =15 =10 =35
vs. Temperature =20 =20 =20 =20

INPUT
Input Impedance
Dufferential Resistance 10° 10° 10 3 g
Dufferenual Capacitance 10 10 10 1]
Common-Mode Resistance 10 10° 10° 10°
Common-Mode Capacitance 10 10 10 10
Input Voltage Range
Max Differ. Input Linear (Vp) =10 =10 10 =10

Max Common-Mode Linear (V) 12v - (;—; xvp) 12v - (JE % v,,) 1v- (:—; x v..) 1v- (;3' x\fn)
Common-Mode Rejection de
1o 60Hz with 1k{) Source Imbalance
G=1 70 75 80 70
G = 100,200 1] 105 110 100
G = 500, 1000 110 120 130 110

HREHE

-

5&&

OUTPUT RATING
Vour, Ry = 2k =10 =10 =10 =10

DYNAMIC RESPONSE
Small Signal - 3dB

G = 200 100 100 100 100

il

g
"
b
=

MHz

kHz
kHz
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Model AD624A AD624B AD624C AD624S
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
Slew Rate 50 50 50 5.0 Vips
Setthing Time 1o 0.01%, 20V Swep
G = 110200 15 15 Y Is 15 s
G = 500 35 35 ' 35 £ ns
G = 1000 75 75 75 75 e
NOISE
Voltage Noise, 1kHz
RTL 4 4 4 4 aVVHz
RTO. 75 75 75 7 aViVHz
R.TI, 0.1t 10H:
Gel 10 10 10 10 wVpp
G =100 0.3 03 03 03 wVpp
G =200, 500, 1000 02 02 02 02 wVpp
Current Noise
0.1Hz 1o 10Hz &0 &0 &0 &0 pApP-p
SENSEINPUT
R 3 1] 12 8 1] 12 8 1] 12 5 10 12 kil
I 30 30 30 30 wA
Voltage Range =10 =10 =10 =10 v
Gain to Ouiput 1 1 i 1 L
REFERENCE INPUT
Ry 1 20 24 6 20 24 6 20 ol 16 20 24 ki
Tisi 30 30 0 0 wh
Voltage Range =10 =10 =10 =10 v
Gaun vo Qutput 1 1 1 I %
TEMPERATURE RANGE
Speaficd Performance =23 +85 -25 +85 -25 + &3 -55 + 125 C
Storage - 65 + 150 - 65 + 150 65 + 150 - 65 +150 *c
POWER SUPPLY
Power Supply Range *6 15 =18 +6 =15 =18 +6 =15 =18 =6 =15 =18 v
Quiescent Current 3s 5 35 5 is % is 5 mA
PACKAGE'
Ceramuc (D-16) ADS24A AD624B AD624C AD6245
NOTES -
'See Section 16 for package outhne mi; Sp shown in boldface are tested on all production units at final

Specificanions subject to change without notice

elecincal test, Results from those tests are used o calculate outgomng qualiny
levels All imin and max specifications are guaranteed, although only those
shown in boldface are tested on all production units

PIN CONFIGURATION

smput [7]
. 5]

ineuT NuLL [4]
meut wut 5
nerenence [6 |

v [T

AD624

16 | RG,
:EIOU"WI»LI.L

4 | OUTPUT NULL

3]G = 100
o - o { Bozr8
1) G = 500

10 | SENSE

(% ] outeur

FOR GAIN OF 1000 SHORT RG, TO PIN 12

AND PINS 11 AND 13 TO RG,
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Typical Characteristics

15 r.a

/

INPUT VOLTAGE — *v

s 0T
.

o 5 10 15 0
SUPPLY VOLTAGE — =¥

Figure 1. Input Voltage Range vs.
Supply Voltage, G = 1

AMPLIFIER QUIESCENT CURRENT - mA

Ul 1 0
SUPPLY VOLTAGE - =V

Figure 4. Quiescent Current vs.
Supply Voltage

16

"

INPUT BIAS CURRENT — tnA
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L} 1% o

1
INPUT VOLTAGE - 1V
Figure 7. Input Bias Current vs.

k|

e

NTT
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100 T 10k 100k ™ M
FREQUENCY - Hr

Figure 10. CMRR vs. Frequency RT],
Zero to 1k Source Imbalance
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Figure 2. Output Voltage Swing vs.
Supply Voltage
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Figure 5. Input Bias Current vs.
Supply Voltage
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Figure 8. Offset Voltage, RTI, Turn
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Figure 11. Large Signal Frequency
Response

w

345

QUTPUT VOLTAGE SWING - Vpp

/|

L
LOAD RESISTANCE - 11

Figure 3. Output Voltage Swing vs.
Resistive Load
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Figure 6. Input Bias Current vs.
Temperature
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Figure 9. Gain vs. Frequency
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Figure 12. Positive PSRR vs.
Frequency
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Figure 13. Negative PSRR vs.
Frequency

Figure 16. Low Frequency Voltage
Noise- G = 1(System Gain = 1000)

Figure 19. Large Signal Pulse
Response and Settling Time —
G=1

Figure 22. Range Signal Pulse
Response and Settling Time
G = 500
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Figure 14. RTI Noise Spectral
Density vs. Gain

Figure 17. Low Frequency Voltage
Noise — G = 1000 (System Gain =
100,000)
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Figure 20. Settling Time Gain = 100
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Figure 23. Settling Time Gain = 1000
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Figure 15. Input Current Noise
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Figure 18. Settling Time Gain = 1

Figure 21. Large Signal Pulse
Response and Settling Time
G =100

Figure 24. Large Signal Pulse
Response and Settling Time
G = 1000

INSTRUMENTATION AMPLIFIERS 4-53




10ks2 1kil 10k
1% 10T 1%

INPUT
20Vp-p

ka2 g,soum,znan
0.1%50.1%S0.1%

A A
W .~—-]~—~w-
+Vg Vour

Theory of Operation

The AD624 is a monolithic instrumentation amplifier based on
a modification of the classic three-op-amp instrumentation am-
plifier. Monolithic construction and laser-wafer-trimming allow
the tight matching and tracking of circuit components and the
high level of performance that this circuit architecture is capable
of.

A preamp section (Q1-Q4) develops the programmed gain by
the use of feedback concepts. Feedback from the outputs of Al
and A2 forces the collector currents of Q1-Q4 to be constant
thereby impressing the input voltage across Rg.

The gaigﬁ set by choosing the value of Rg from the equation,

Gain =5 + 1. The value of Rg also sets the transconductance
of the input preamp stage increasing it asymptotically to the
transconductance of the input transistors as Rg is reduced for
larger gains, This has three important advantages. First, this
approach allows the circuit to achieve a very high open loop
gain of 3 10® at a programmed gain of 1000 thus reducing gain
related errors to a negligible 3ppm. Second, the gain bandwidth
product which is determined by C3 or C4 and the input trans-
conductance, reaches 25MHz. Third, the input voltage noise
reduces to a value determined by the collector current of the
input transistors for an RTI noise of 4nV/VHz at G = 500.

Figure 26. Noise Test Circuit

INPUT CONSIDERATIONS

Under input overload conditions the user will see R+ 100}
and two diode drops (—1.2V) between the plus and minus inputs,
in either direction. If safe overload current under all conditions
is assumed to be 10mA, the maximum overload voltage is ~ +2.5V.
While the AD624 can withstand this continuously, momentary
overloads of =10V will not harm the device. On the other hand
the inputs should never exceed the supply voltage.
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Figure 27. Simplified Circuit of Amplifier; Gain is Defined as
((R56 + R57)/(Rg) + 1. For a Gain of 1, Rg is an Open Circuit.

The AD524 should be considered in applications that require
protection from severe input overload. If this is not possible,
external protection resistors can be put in series with the inputs
of the AD624 to augment the internal (50{}) protection resistors.
This will most seriously degrade the noise performance. For this
reason the value of these resistors should be chosen to be as low
as possible and still provide 10mA of current limiting under
maximum continuous overload conditions. In selecting the value
of these resistors, the internal gain setting resistor and the 1.2
volt drop need to be considered. For example, to protect the
device from a continuous differential overload of 20V at a gain
of 100, 1.9k(} of resistance is required. The internal gain resistor
is 404(); the internal protect resistor is 100£), There is a 1.2V
drop across D1 or D2 and the base-emitter junction of either

Q1 and Q3 or Q2 and Q4 as shown in Figure 27, 140002

of external resistance would be required (7000} in series with
each input). The RTI noise in this case would be

VA4KTRy, + (4nV/VHz)? = 6.20V/VHz.

INPUT OFFSET AND OUTPUT OFFSET

Voltage offset specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an auto-zero cycle, but there are many small-
signal high-gain applications that don’t have this capability.
Voltage offset and offset drift each have two components; input
and output. Inpurt offset is that component of offset that is
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Applying the AD624

directly proportional to gain i.e., input offset as measured at the
output at G = 100 is 100 times greater than at G = 1. Qutput
offset is independent of gain. At low gains, output offset drift is
dominant, while at high gains inpur offset drift dominates.
Therefore, the output offset voltage drift is normally specified
as drift at G = 1 (where input effects are insignificant), while
input offset voltage drift is given by drift specification at a high
gain (where output offset effects are negligible). All input-related
numbers are referred to the input (RTI) which is to say that the
effect on the output is “G" times larger. Voltage offset vs. power
supply is also specified at one or more gain settings and is also
RTI.

By separating these errors, one can evaluate the total error inde-
pendent of the gain setting used. In a given gain configuration
both errors can be combined to give a total error referred to the
input (R.T.1.) or output (R.T.0.) by the following formula:

Total Error R.T.I. = input error + (output crror/gain)
Total Error R.T.0. = (Gain % input error) + output error

As an illustration, a typical AD624 might have a + 250V output
offset and a — 50V input offset. In a unity gain configuration,
the rotal output offset would be 200V or the sum of the two.
At a gain of 100, the outpur offset would be —4.75mV or:
+250pV + 100(=50pV) = —4.75mV.

The AD624 provides for both input and output offset adjustment,
This optimizes nulling in very high precision applications and
minimizes offset voltage effects in switched gain applications. In
such applications the input offset is adjusted first at the highest
programmed gain, then the output offset is adjusted at G = 1.

GAIN

The AD624 includes high accuracy pre-trimmed internal gain
resistors. These allow for single connection programming of
gains of 1, 100, 200 and 500. Additionally, a variety of gains
including a pre-trimmed gain of 1000 can be achieved through
series and parallel combinations of the internal resistors. Table I
shows the available gains and the appropriate pin connections
and gain temperature coefficients.

The gain values achieved via the combination of internal resistors
are extremely useful. The temperature coefficient of the gain is
dependent primarily on the h of the ature coeffi-
cients of the various internal resistors. Tracking of these resistors
is extremely tight resulting in the low gain TC’s shown in

Table I.

If the desired value of gain is not attainable using the internal
resistors, a single external resistor can be used to achieve any
gain between 1 and 10,000. This resistor connected between

Figure 28. Operating Connections for G =200

Temperature
Gain Coefficient Pin3
(Nominal) (Nominal) toPin ConnectPins
1 =1.5ppm/"C - -

100 - L5ppm/°C 13 -

125 —S5ppm°C 13 111016

137 —5.5ppmC 13 111012

186.5 —6.5ppm°C 13 1110121016
200 =3.5ppm/"C 12 -

250 —5.5ppm~C 12 111013

333 —15ppm/°C 12 1lt016

375 ~0.5ppmC 12 131016

500 —10ppm/°C 11 -

624 = Sppm/°C 11 131016

688 = 15ppm/°C 11 11t012;131w0 16
831 +4ppmPC 11 161012

1000 Oppm/°C 11 1610125131011

Table I.

pins 3 and 16 programs the gain according to the formula
Rg = e _k‘ (see Figure 29). For best results Rg should be a

precision resistor with a low temperature coefficient. An external
Rg; affects both gain accuracy and gain drift due to the mismatch
between it and the internal thin-film resistors R56 and R57.
Gain accuracy is determined by the tolerance of the external Rg
and the absolute accuracy of the internal resistors (= 20%). Gain
drift is determined by the mismatch of the temperature coefficient
of Rg and the temperature coefficient of the internal resistors
(—15ppm/°C typ), and the temperature coefficient of the internal
interconnections.

Figure 29. Operating Connections for G = 20

The AD624 may also be configured to provide gain in the output
stage. Figure 30 shows an H pad attenuator connected to the
reference and sense lines of the AD624. The values of R1, R2
and R3 should be selected to be as low as possible to minimize
the gain variation and reduction of CMRR. Varying R2 will
precisely set the gain without affecting CMRR. CMRR is deter-
mined by the match of R1 and R3.

—=INPUT O

«INPUT O

+ Ryt B
. % V 1R, + By + Ryl[Roz2k

Figure 30. Gain of 2500

G
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NOISE

The AD624 is designed to provide noise performance near the
theoretical noise floor. This is an extremely important design
criteria as the front end noise of an instrumentation amplifier is
the ultimate limitation on the resolution of the data acquisition
system it is being used in. There are two sources of noise in an
instrument amplifier, the input noise, predominantly generated
by the differential input stage, and the output noise, generated
by the output amplifier. Both of these components are present
at the input (and output) of the instrumentation amplifier. At
the input, the input noise will appear unaltered; the output
noise will be attenuated by the closed loop gain (at the output,
the output noise will be unaltered; the input noise will be amplified
by the closed loop gain). Those two noise sources must be root
sum squared to determine the total noise level expected at the
input (or output).

The low frequency (0.1 to 10Hz) voltage noise due to the output
stage is 10wV p-p, the contribution of the input stage is 0.2V
p-p. At a gain of 10, the RTI voltage noise would be 1pV p-p,
\/ [——-}“ + (0.2). The RTO voltage noise would be 10.2.V
PP {/ 107 + (0.2 (G). These calculations hold for applications

using either internal or external gain resistors.

INPUT BIAS CURRENTS

Input bias currents are those currents necessary to bias the
input transistors of a dc amplifier. Bias currents are an additional
source of input error and must be considered in an total error
budget, The bias currents when multiplied by the source resistance
imbalance appear as an additional offset voltage. (What is of
concern in calculating bias current errors is the change in bias
current with respect to signal voltage and temperature.) Input
offset current is the difference between the two input bias currents.
The effect of offset current is an input offset voltage whose
magnitude is the offset current times the source resistance.

Although instrumentation amplifiers have differential inputs,
there must be a return path for the bias currents. If this is not
provided, those currents will charge stray capacitances, causing
the output to drift uncontrollably or to saturate. Therefore,
when amplifying “floating” input sources such as transformers
and thermocouples, as well as ac-coupled sources, there must
still be a dc path from each input to ground, (see Figure 31).

+Vs

2)+ 0)

T 3
J1 10,
2 AD624 D
13 6
D

TO POWER
Ny SUPPLY
GROUND
Figure 31a. Transformer Coupled
+Vg
)+ 8
3
11 0,
12) ADB24 v 9
J3) 6
16
- - ‘ LOAD I
TO POWER
SUPPLY
2 Ve GROUND

Figure 31b. Thermocouple
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Figure 31c. AC Coupled
Figure 31. Indirect Ground Returns for Bias Currents

COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed by equal amounts. These
specifications are usually given for a full-range input voltage
change and a specified source imbalance. “Common-Mode Re-
jection Ratio” (CMRR) is a ratio expression while “‘Common-Mode
Rejection™ (CMR) is the logarithm of that ratio. For example, a
CMERR of 10,000 corresponds to a CMR of 80dB.

In an instrumentation amplifier, ac common-mode rejection is
only as good as the differential phase shift. Degradation of ac
common-mode rejection is caused by unequal drops across differing
track resistances and a differential phase shift due to varied
stray capacitances or cable capacitances. In many applications
shielded cables are used to minimize noise. This technique can
create common-mode rejection errors unless the shield is properly
driven. Figures 32 and 33 shows active data guards which are
configured to improve ac common-mode rejection by “bootstrap-
ping” the capacitances of the input cabling, thus minimizing
differential phase shift.

Figure 33. Differential Shield Driver

GROUNDING

Many data-acquisition components have two or more ground
pins which are not connected together within the device. These
grounds must be tied together at one point, usually at the system
power supply ground. Ideally, a single solid ground would be
desirable. However, since current flows through the ground
wires and etch stripes of the circuit cards, and since these paths
have resistance and inductance, hundreds of millivolts can be
generated between the system ground point and the data acquisition
components. Separate ground returns should be provided to
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Figure 34. Basic Grounding Practice

minimize the current flow in the path from the most sensitive
points to the system ground point. In this way supply currents
and logic-gate return currents are not summed into the same
return path as analog signals where they would cause measurement
errors (see Figure 34).

Since the output voltage is developed with respect to the potential
on the reference terminal an instrumentation amplifier can solve
many grounding problems.

SENSE TERMINAL

The sense terminal is the feedback point for the instrument
amplifier’s output amplifier. Normally it is connected to the
instrument amplifier output. If heavy load currents are to be
drawn through long leads, voltage drops due to current flowing
through lead resistance can cause errors. The sense terminal can
be wired 10 the instrument amplifier at the load thus putting the
IxR drops “inside the loop™ and virtually eliminating this error
source.

Figure 35. AD624 Instrumentation Amplifier with Output
Current Booster

Typically, IC instrumentation amplifiers are rated for a full

#+ 10 volt ourput swing into 2k{}. In some applications, however,
the need exists to drive more current into heavier loads. Figure
35 shows how a current booster may be connected “inside the
loop™ of an instrumentation amplifier to provide the required
current without significantly degrading overall performance.
The effects of nonlinearities, offset and gain inaccuracies of the
buffer are reduced by the loop gain of the IA output amplifier.
Offset drift of the buffer is similarly reduced.

REFERENCE TERMINAL

The reference terminal may be used to offset the output by up
to = 10V. This is useful when the load is ““floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. It must be remembered
that the total output swing is + 10 volts, from ground, to be
shared between signal and reference offset.

Figure 36. Use of Reference Terminal to Provide Output
Offset -

When the IA is of the three-amplifier configuration it is necessary
that nearly zero impedance be presented to the reference terminal.
Any significant resistance, including those caused by PC layouts
or other connection techniques, which appears between the
reference pin and ground will increase the gain of the noninverting
signal path, thereby upsetting the common-mode rejection of
the TA. Inadvertent thermocouple connections created in the
sense and reference lines should also be avoided as they will
directly affect the output offset voltage and output offset voltage
drift.

In the AD624 a reference source resistance will unbalance the
CMR trim by the ratio of 10k(}/Rgpgg. For example, if the reference
source impedance is 1), CMR will be reduced to 80dB (10k{¥/
100 =80dB). An operational amplifier may be used to provide
that low impedance reference point as shown in Figure 36. The
input offset voltage characteristics of that amplifier will add
directly to the output offset voltage performance of the in-
strumentation amplifier.

An instrumentation amplifier can be turned into a voltage-to-cur-
rent converter by taking advantage of the sense and reference
terminals as shown in Figure 37.

Figure 37. Voltage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistor, an output current may be defined as a function of
input voltage, gain and the value of that resistor. Since only a
small current is demanded at the input of the buffer amplifier
A;, the forced current I will largely flow through the load.
Offset and drift specifications of A; must be added to the output
offset and drift specifications of the IA.

PROGRAMMABLE GAIN

Figure 38 shows the AD624 being used as a software programmable
gain amplifier. Gain switching can be accomplished with mechani-
cal switches such as DIP switches or reed relays. It should be
noted that the “on” resistance of the switch in series with the
internal gain resistor becomes part of the gain equation and will
have an effect on gain accuracy.
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Figure 38. Gain Programmable Amplifier

A significant advantage in using the internal gain resistors in a
programmable gain configuration is the minimization of ther-

mocouple signals which are often present in multiplexed data
acquisition systems.

If the full performance of the AD624 is to be achieved, the user
must be extremely careful in designing and laying ourt his circuit
to minimize the remaining thermocouple signals.

The AD624 can also be connected for gain in the output stage.
Figure 39 shows an AD547 used as an active attenuator in the
output amplifier’s feedback loop. The active attenuation presents
a very low impedance to the feedback resistors therefore minimiz-
ing the common-mode rejection ratio degradation.

0
s
e

Figure 39. Programmable Output Gain

Another method for developing the switching scheme is to use a
DAC. The AD7528 dual DAC which acts essentially as a pair of
switched resistive attenuators having high analog linearity and
symmetrical bipolar transmission is ideal in this application.
The multiplying DAC’s advantage is that it can handle inputs of
either polarity or zero without affecting the programmed gain.
The circuit shown uses an AD7528 to set the gain (DAC A) and
to perform a fine adjustment (DAC B).
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Figure 40. Programmable Output Gain Using a DAC

AUTO-ZERO CIRCUITS

In many applications it is necessary to provide very accurate
data in high gain configurations. At room temperature the offset
effects can be nulled by the use of offset trimpots. Over the
operating temperature range, however, offset nulling becomes a
problem. The circuit of Figure 41 shows a CMOS DAC operating
in the bipolar mode and connected to the reference terminal to
provide software controllable offset adjustments.

Figure 41. Software Controllable Offset

In many applications complex software algorithms for auto-zero
applications are not available. For these applications Figure 42
provides a hardware solution.

Figure 42. Auto-Zero Circuit



The microprocessor controlled data acquisition system shown in
Figure 43 includes includes both auto-zero and auto-gain capa-
bility. By dedicating two of the differential inputs, one to ground
and one to the A/D reference, the proper program calibration
cycles can eliminate both initial accuracy errors and accuracy
errors over temperature. The auto-zero cycle, in this application,
converts a number that appears to be ground and then writes
that same number (8 bit) to the AD7524 which eliminates the
zero error since its output has an inverted scale. The auto-gain
cycle converts the A/D reference and compares it with full scale,
A multiplicative correction factor is then computed and applied
to subsequent readings.

Figure 43. Microprocessor Controlled Data Acquisition
System

WEIGH SCALE

Figure 44 shows an example of how an AD624 can be used to
condition the differential output voltage from a load cell. The
10% reference voltage adjustment range is required to accommo-
date the 10% transducer sensitivity tolcrance. The high linearity
and low noise of the AD624 make it ideal for use in applications
of this type particularly where it is desirable to measure small
changes in weight as opposed to the absolute value. The addition
of an auto gain/auto tare cycle will enable the system to remove
offsets, gain errors, and drifts making possible true 14-bit
performance.

Figure 44. AD624 Weigh Scale Application

AC BRIDGE

Bridge circuits which use dc excitation are often plagued by
errors caused by thermocouple effects, Uf noise, dc drifts in the
electronics, and line noise pick-up. One way to get around these
problems is to excite the bridge with an ac waveform, amplify
the bridge output with an ac amplifier, and synchronously de-
modulate the resulting signal. The ac phase and amplitude in-
formation from the bridge is recovered as a dc signal at the
output of the synchronous demodulator. The low frequency
system noise, dc drifts, and demodulator noise all get mixed to
the carrier frequency and can be removed by means of a low
pass filter. Dynamic response of the bridge must be traded off
against the amount of attenuation required to adequately suppress
these residual carrier components in the selection of the filter.

Figure 45 is an example of an ac bridge system with the AD630
used as a synchronous demodulator. The oscilloscope photograph
shows the results of a 0.05% bridge imbalance caused by the
1Meg resistor in parallel with one leg of the bridge. The top
trace represents the bridge excitation, the upper middle trace is
the amplified bridge output, the lower-middle trace is the output
of the synchronous demodulator and the bottom trace is the
filtered dc system output.

This system can easily resolve a 0.5ppm change in bridge im-
pedance. Such a change will produce a 6.3mV change in the low
pass filtered dc output, well above the RTO drifts and noise.

The AC-CMRR of the AD624 decreases with the frequency of
the input signal. This is due mainly to the package-pin capacitance
associated with the AD624’s internal gain resistors. If AC-CMRR
is not sufficient for a given application, it can be trimmed by
using a variable capacitor connected to the amplifier's RG; pin
as shown in Figure 45.

BRIDGE EXCITATION
ovidew) (A]

AMPLIFIED BRIDGE
OUTPUT 5V} [B)

DEMOOULATED BRIDGE

OUTPUT (Sidev} {1

R FILTER DUTPUT (Ve
0%

Figure 46. AC Bridge Waveforms
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Figure 47. Typical Bridge Application

ERROR BUDGET ANALYSIS

To illustrate how instrumentation amplifier specifications are
applied, we will now examine a typical casec where an AD624 is
required to amplify the output of an unbalanced transducer.
Figure 47 shows a differential transducer, unbalanced by =52,
supplying a 0 to 20mV signal to an AD624C. The output of the
IA feeds a 14-bit A to D converter with a 0 to 2 volt input
voltage range. The operating temperature range is —25°C to
+85°C. Therefore, the largest change in temperature AT within
the operating range is from ambient to +85°C (85°C—25°C
=60°C).

In many applications, differential linearity and resolution are of
prime importance. This would be so in cases where the absolute
value of a variable is less important than changes in value, In
these applications, only the irreducible errors (20ppm = 0.002%)
are significant. Furthermore, if a system has an intelligent pro-
cessor monitoring the A to D output, the addition of a auto-gain/
auto-zero cycle will remove all reducible errors and may eliminate
the requirement for initial calibration. This will also reduce
errors to 0.002%. h

Effecton Effecton
Absolut Absolut Effect
AD624C Accuracy Accuracy on
Error Source Specifications  Calculation atTa = 25°C atT, = 85°C Resolution
Gain Error +0.1% +0.1% = 1000ppm 1000ppm 1000ppm -
Gain Instability 10ppm (10ppm/°C)(60°C) = 600ppm - 600ppm -
Gain Nonlinearity +0.001% +0.001% = 10ppm - - 10ppm
Input Offset Voltage +25uV,RTI +25uV/20mV = £ 1250ppm 1250ppm 1250ppm -
Input Offset Voltage Drift *=0.25pV/°C (£0.25uV/PCY60°C) = 15pV
15u.V/20mV = 750ppm - 750ppm =
Output Offset Voltage' +2.0mV +2.0mV/20mV = 1000ppm 1000ppm 1000ppm -
Qutput Offset Voltage Drift! = 10pV/°C (= 10pV/ECY60°C) = 600V
600 V/20mV = 300ppm - 300ppm -
Bias Current - Source +15nA (£150A)5(2) = 0.075nV
Imbalance Error 0.075,.V/20mV = 3.75ppm 3.75ppm 3.75ppm -
Offset Current— Source +10nA (% 10nA)(502) = 0.050p.V
Imbalance Error 0.050p.V/20mV = 2.5ppm 2.5ppm 2.5ppm -
Offset Current— Source +10nA (10nA)Y(17502) = 3.5V
Resistance - Error 3.5pV/20mV = 87.5ppm . 87.5ppm 87.5ppm -
Offset Current - Source +=100pA/°C (100pA/CY(17500)(60°C) = 1uV
Resistance- Drift 1pV/20mV = 50ppm - S0ppm -
Common Mode Rejection 115dB 115dB = 1.8ppm » 5V = 9uV
5Vde 9uV/20mV = 444ppm 450ppm 450ppm -
Noise, RTI
(0.1-10Hz) 0.22pV p-p 0.22pV p-p/20mV = 10ppm - - 10ppm
Total Error 3793.75ppm 5493.75ppm 20ppm

'Output offset voltage and output offset voltage drift are given as RTT figures.

Table If. Error Budget Analysis of AD624CD in Bridge Application
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ANALOG
DEVICES

Programmable Gain
Instrumentation Amplifier

AD625

FEATURES

User Programmed Gains of 1 to 10,000
Low Gain Error: 0.02% max

Low Gain TC: 5ppm/°C max

Low Nonlinearity: 0.001% max

Low Offset Voltage: 25,V

Low Noise 4nV/\/Hz (at 1kHz) RTI
Gain Bandwidth Product: 25MHz
16-Pin Ceramic or Plastic DIP Package
MIL-Standard Parts Available

Low Cost

PRODUCT DESCRIPTION

The AD625 is a precision instrumentation amplifier specifically
designed to fulfill two major areas of application:

1) Circuits requiring nonstandard gains (i.e., gains not easily
achievable with devices such as the AD524 and AD624).

2) Circuits requiring a low cost, precision software program-
mable gain amplifier.

For low noise, high CMRR, and low drift the AD625]N is the
most cost effective instrumentation amplifier solution available.
An additional three resistors allow the user to set any gain from

1 to 10,000. The error contribution of the AD625]N is less than

0.05% gain error and under 5Sppm/°C gain TC; performance
limitations are primarily determined by the external resistors.

Common-mode rejection is independent of the feedback resistor

matching.

A software programmable gain amplifier (SPGA) can be configured
with the addition of a CMOS multiplexer (or other switch network),

and a suitable resistor network. Because the ON resistance of
the switches is removed from the signal path, an AD625 based
SPGA will deliver 12-bit precision, and can be programmed for
any set of gains between 1 and 10,000, with completely user
selected gain steps.

For the highest precision the AD625C offers an input offset

voltage drift of less than 0.25uV/°C, output offset drift below
15pV/°C, and a maximum nonlinearity of 0.001% at G=1. All

grades exhibit excellent ac performance; a 2SMHz gain bandwidth

product, 5Vpus slew rate and 15ps settling time.

The ADG625 is available in three accuracy grades (A, B, C) for
industrial (—25°C to +85°C) temperature range, two grades (],

K) for commercial (0 to +70°C) temperature range, and one (S)

grade rated over the extended (—55°C to +125°C) temperature
range.

PR
1

AD625 FUNCTIONAL BLOCK DIAGRAM

ADE25

10kt
11) SENSE

1041

10) OUTPUT

A +

10k}

7 ) REFERENCE
10kit

ODUCT HIGHLIGHTS

. The AD625 affords up to 16-bit precision for user selected

fixed gains from 1 to 10,000. Any gain in this range can be
programmed by 3 external resistors.

. A 12-bit software programmable gain amplifier can be confi-

gured using the AD625, a CMOS multiplexer and a resistor

network. Unlike previous instrumentation amplifier designs,

the ON resistance of a CMOS switch does not affect the gain
accuracy.

. The gain accuracy and gain temperature coefficient of the

amplifier circuit are primarily dependent on the user selected
external resistors.

. The AD625 provides totally independent input and output

offset nulling terminals for high precision applications. This
minimizes the effects of offset voltage in gain-ranging
applications.

. The proprietary design of the AD625 provides input voltage

noise of 4nV/VHz at 1kHz.

. External resistor matching is not required to maintain high

common-mode rejection.
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SPECIFICATIUNS (typical @ Vs = £15V, R, = 2k} and

specified)

T, = +25°C unless otherwise
AD62SB'K

AD625A/1/S AD625C
Model Min Typ Max Min Typ Max Min Typ Max Units
G*‘gl‘i ) 2Rg 2Rg 2Ry
amn uanon P bt Ayt
Fauatio Rg Rg Rg
Gain Range 1 10,000 1 10,000 1 10,000
Gaun Error! =.035 +0.05 +0.02 +0.03 =0.01 +0.02 | %
Nonlinearity, Gain= 1-256 +=0.005 +0.002 =0.001 | %
Gain>256 =0.01 =0.008 +=0.005 | %
Gain vs. Temp. Gain<1000" 5 5 5 ppm~°C
GAIN SENSEINPUT
Gain Sense Current 300 500 150 250 50 100 nA
vs, Temperature 5 20 2 15 2 10 nArC
Gain Sense Offset Current 150 500 75 250 50 100 nA
vs, Temperature 15 1 10 1 5 nAPC
VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage 50 200 25 50 10 25 nv
vs. Temperature 1 22 0.25 0.5011 0.1 0.25 pViEC
Qurput Offset Voltage 4 5 2 3 1 2 mV
vs. Temperature 20 50/50 10 25/40 10 15 uVrAC
Offset Referred to the
Input vs. Supply
G=1 70 75 75 85 80 90 dB
G=10 85 95 90 100 95 105 dB
G=100 95 100 105 110 110 120 dB
G= 1000 100 110 110 120 115 140 dB
INPUT CURRENT
Input Bias Current =30 =50 =20 *25 10 +15 nA
vs. Temperature =50 +50 =50 pASC
Input Offset Current =2 +35 =1 =15 =1 *5 nA
vs. Temperature + 20 *=20 =20 pA~C
INPUT
Input Impedance
Differential Resistance 1 1 1 G
Differential Capacitance 4 4 4 pF
Common-Mode Resistance 1 1 1 GQ
C Mode Capaci 4 4 4 pF
Input Voltage Range
Differ. Input Linear (Vp) =10 =10 =10 v
Combion-Made Lisseir (Veg) 12v - (29 X Vp) 12v - (g xVp) 12v - (‘2—3 xVp)
Common-Mode Rejection Ratio dc to
60Hz with 1k{) Source Imbalance
G=1 70 75 75 85 80 90 dB
G=10 90 95 95 105 100 115 dB
G=100 100 105 105 115 110 125 dB
G=1000 110 115 115 125 120 140 dB
OUTPUT RATING =10V =10V =10V
w5SmA @ 5mA i SmA
DYNAMICRESPONSE
Small Signal — 3dB
G=1{Rg=20k0) 650 650 650 kHz
G=10 400 400 400 kHz
G=100 150 150 150 kHz
G=1000 25 25 25 kHz
Slew Rate 5.0 5.0 5.0 Vips
Settling Time to0.01%, 20V Step
G=110200 15 15 15 ps
G=500 35 E] 35 ws
G=1000 75 75 75 [TE
NOISE
Voltage Noise, 1kHz
R.T.L 4 4 4 nV/VHz
R.T.O. 75 75 75 nV/VHz
R.T.1.,0.110 10Hz
G=1 10 10 10 wVp-p
G=10 1.0 1.0 1.0 wVpp
G=100 0.3 0.3 0.3 wVpp
G= 1000 0.2 0.2 0.2 wVpp
Current Noise
0.1Hz 0 10Hz 60 60 60 pAp-p
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AD625A/]/S AD625B/K AD625C
Model Min Typ Max Min Typ Max Min Typ Max Units
SENSEINPUT
Rin 10 10 10 ki
I 30 30 30 pA
Voltage Range =10 =10 =10 v
Gain to Output 1=0.01 1=0.01 120.01 %
REFERENCE INPUT
Rin 20 20 20 k()
Iiv 30 30 30 KA
Voltage Range =10 =10 =10 v
Gain to Qutput 1=0.01 1=0.01 1=0.01 Yo
TEMPERATURE RANGE
Specified Performance
J/K Grades 0 +70 ] +70 “C
A/BIC Grades -25 +85 =25 +85 -25 +85 AC
S Grade =55 +125
Storage —65 + 150 - 65 + 150 ~65 + 150 ‘c 4
POWER SUPPLY
Power Supply Range =60 =18 =6t =18 =6to =18 v
Quiescent Current 35 5 3.5 5 3.5 5 mA
PACKAGE OPTIONS?
Ceramic (D-16) AD625ADISD AD625BD AD625CD
Plastic DIP(N-16) AD625JN AD625KN

NOTES

'Gawn error and gain TC are for the AD625 only Resistor network errors will add to the specified errors,

*See Section 16 for package outhine informarion,
Speafications subject to change without notice

Speaifications shown in boldface are tested on all production umts at final
electrical test. Results from those tests are used to calculate outgoing quahty
levels. All mim and max specifications are guaranteed, although only those
shown in boldface are tested on all production unts.

PIN CONFIGURATION

A
smeut 3 18 | ~INPUT
+GAInsense [2 15 ] - GAINSENSE
RTINULL RTO NULL
3 14
Vg 10k ADB2S 10ki === Vs
AT E ron
RATONULL
~GAIN oRIvE [5 2 | - GaIN DRIVE
we & 11] SENSE
ReFeReNce [7 | 10 ] Vour
-va [T] (5] v

356
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Typical Characteristics
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Typical Characteristics
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Theory of Operation

The AD625 is a monolithic instrumentation amplifier based on

a modification of the classic three-op-amp approach. Monolithic
construction and laser-wafer-trimming allow the tight matching
and tracking of circuit components. This insures the high level

of performance inherent in this circuit architecture.

A preamp section (Q1-Q4) provides additional gain to Al and
A2. Feedback from the outputs of Al and A2 forces the collector
currents of Q1-Q4 to be constant, thereby, impressing the input
voltage across Rg. This creates a differential voltage at the outputs
of Al and A2 which is given by the gain (2Rg/Rg + 1) times
the differential portion of the input voltage. The unity gain
subtractor, A3, removes any common-mode signal from the
output voltage yielding a single ended output, Vo, referred to
the potential at the reference pin.

The value of Rg; is the determining factor of the transconductance
of the input preamp stage. As R is reduced for larger gains the
transconductance increases. This has three important advantages.
First, this approach allows the circuit to achieve a very high
open-loop gain of (3 x 10® at programmed gains = 500) thus
reducing gain related errors. Second, the gain-bandwidth product,
which is determined by C3, C4, and the input transconductance,
increases with gain, thereby, optimizing frequency response.
Third, the input voltage noise is reduced to a value determined
by the collector current of the input transistors (4nV/\VHz).

INPUT PROTECTION

Differential input amplifiers frequently encounter input voltages
outside of their linear range of operation, There are two consid-
erations when applying input protection for the AD625; 1) that
continuous input current must be limited to less than 10mA and
2) that input voltages must not exceed either supply by more
than one diode drop (approximately 0.6V @ 25°C).

Under differential overload conditions there is (Rg + 100)(} in
series with two diode drops (approximately 1.2V) between the
plus and minus inputs, in either direction. With no external
protection and Rg very small (i.e., 40(}), the maximum overload
voltage the AD625 can withstand, continuously, is approximately
+2.5V. Figure 26A shows the external components necessary to
protect the AD625 under all overload conditions at any gain.

Figure 25. Simplified Circuit of the AD625
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The diodes to the supplies are only necessary if input voltages
outside of the range of the supplies are encountered. In higher
gain applications where differential voltages are small, back-to-
back zener diodes and smaller resistors, as shown in Figure 26b,
provides adequate protection. Figure 26¢ shows low cost FETs
with a maximum ON resistance of 3002 configured to offer
input protection with minimal degradation to noise, (5.2nV/VHz
compared to normal noise performance of 4nV/\VHz).

During differential overload conditions, excess current will flow
through the gain sense lines (pins 2 and 15). This will have no
effect in fixed gain applications. However, if the AD625 is
being used in an SPGA application with a CMOS multiplexer,
this current should be taken into consideration. The current
capabilities of the multiplexer may be the limiting factor in
allowable overflow current. The ON resistance of the switch
should be included as part of R when calculating the necessary
input protection resistance.

F0313

vany 2 I
-1 oA

S 10333

vy

-y

Figure 26b. Input Protection Circuit for G>5

ansas2

Figure 26¢. Input Protection Circuit
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Applying the AD625

Any resistors in series with the inputs of the AD625 will degrade
the noise performance. For this reason the circuit in Figure 26b
should be used if the gains are all greatér than 5. For gains less
than 5, either the circuit in Figure 26a or in Figure 26¢ can be
used. The two 1.4k{) resistors in Figure 26a will degrade the
noise performance to:

V4kTRe + (4nV/VHZ) = 7.90V/VHz

RESISTOR PROGRAMMABLE GAIN AMPLIFIER

In the resistor-programmed mode (Figure 27), only three external
resistors are needed to select any gain from 1 to 10,000. Depending
on the application, discrete components or a pretrimmed network
can be used. The gain accuracy and gain TC are primarily de-
termined by the external resistors since the AD625C contributes
less than 0.02% to gain error and under 5ppm/°C gain TC. The
gain sense current is insensitive to common-mode voltage, making
the CMRR of the resistor programmed AD625 independent of
the match of the two feedback resistors, Rg.

Selecting Resistor Values

As previously stated each Ry provides feedback to the input
stage and sets the unity gain transconductance. These feedback
resistors are provided by the user. The AD625 is tested and
specified with a value of 20kf} for Rg. Since the magnitude of
RTO errors increases with increasing feedback resi ¢, values
much above 20k{) are not recommended (values below 10k{) for
Ry may lead to instability). Refer to the graph of RTO noise,
offset, drift, and bandwidth (Figure 28) when selecting the
feedback resistors. The gain resistor (Rg) is determined by the
formula Rg = 2R/(G-1).

.
Gt

Figure 27. ADE25 in Fixed Gain Configuration

A list of standard resistors which can be used to set some common
gains is shown in Table 1.

For single gain applications, only one offset null adjust is necessary;
in these cases the RTI null should be used.
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Figure 28. RTO Naise, Offset, Drift, and Bandwidth vs.
Feedback Resistance Normalized to 20k{}

32

128
256
512
1024

Re
20k
19.6k(
20k
20k

39.20)
13.3k02
5.62k0}
2.67k02
1.27k02
6344}
31602
15401
76.802
38.302

Table I. Common Gains Nominally within = 0.5% Error
Using Standard 1% Resistors
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SENSE TERMINAL

The sense terminal is the feedback point for the AD625 output
amplifier. Normally it is connected directly to the output. If
heavy load currents are to be drawn through long leads, voltage
drops through lead resistance can cause errors. In these instances
the sense terminal can be wired to the load thus putting the

I x R drops “inside the loop™ and virtually eliminating this
error source.

Typically, IC instrumentation amplifiers are rated for a full = 10
volt output swing into 2k{}. In some applications, however, the
need exists to drive more current into heavier loads. Figure 29
shows how a high-current booster may be connected “inside the
loop” of an instrumentation amplifier. By using an external
power boosting circuit, the power dissipated by the AD625 will
remain low, thereby, minimizing the errors induced by self-heat-
ing. The effects of nonlinearities, offset and gain inaccuracies of
the buffer are reduced by the loop gain of the AD625’s ourput
amplifier.

Figure 29. AD625 Instrumentation Amphfier with Output
Current Booster

REFERENCE TERMINAL

The reference terminal may be used to offset the output by up
to £ 10V. This is useful when the load is “floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. However, it must be
remembered that the total output swing is =10 volts, from
ground, to be shared between signal and reference offser.

The AD625 reference terminal must be presented with nearly
zero impedance. Any significant resistance, including those
caused by PC layouts or other connection techniques, will increase
the gain of the noninverting signal path, thereby, upsetting the
common-mode rejection of the [n-Amp. Inadvertent thermocouple
connections created in the sense and reference lines should also
be avoided as they will directly affect the output offset voltage
and output offset voltage drift.

In the AD625 a reference source resistance will unbalance the
CMR trim by the ratio of 10k{)/Rggr. For example, if the reference
source impedance is 102, CMR will be reduced to 80dB (10k{}/1(}
= 80dB). An operational amplifier may be used to provide the
low impedance reference point as shown in Figure 30. The
input offset voltage characteristics of that amplifier will add
directly to the output offset voltage performance of the in-
strumentation amplifier.

The circuit of Figure 30 also shows a CMOS DAC operating in
the bipolar mode and connnected to the reference terminal to
provide sofiware controllable offset adjustments. The total offset
range is equal to = (Vgee/2 % Rs/Ry), however, to be symmetrical
about OV R; = 2 x Ry
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The offset per bit is equal to the total offset range divided by
2N, where N = number of bits of the DAC. The range of offset
for Figure 30 is =120mV, and the offset is incremented in steps
of 0.9375mV/LSB.

GND Vs Vay

MEFERENCE

, 3 20611

Figure 30. Software Controllable Offset

An instrumentation amplifier can be turned into a voltage-to-
current converter by taking advantage of the sense and reference
terminals as shown in Figure 31.

Figure 31. Voitage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistot, an output current may be defined as a function of
input voltage, gain and the value of that resistor. Since only a
small current is demanded at the input of the buffer amplifier
Al, the forced current I will largely flow through the load.
Offset and drift specifications of A2 must be added 1o the output
offset and drift specifications of the In-Amp.



INPUT AND OUTPUT OFFSET VOLTAGE

Offset voltage specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an auto-zero cycle, but this requires extra
circuitry.

Offset voltage and offset voltage drift each have two components:

input and output. Input offset is that component of offset that
is generated at the input stage. Measured at the output it is
directly proportional to gain, i.e., input offset as measured at
the output at G = 100 is 100 times greater than that measured
at G = 1. Output offset is generated at the output and is constant
for all gains.

The input offset and drift are multiplied by the gain, while the
output terms are independent of gain, therefore, input errors
dominate at high gains and output errors dominate at low gains.
The output offset voltage (and drift) is normally specified at

G = 1 (where input effects are insignificant), while input offset
(and drift) is given at a high gain (where output effects are
negligible). All input-related parameters are specified referred to
the input (RTI) which is to say that the effect on the output is
“G" times larger. Offset voltage vs. power supply is also specified
as an RTI error.

By separating these errors, one can evaluate the total error inde-
pendent of the gain. For a given gain, both errors can be combined
to give a total error referred to the input (RTT) or output (RTO)
by the following formula:

Total Error RTI = input error + (output error/gain)
Total Error RTO = (Gain xinput error) + output error

The AD625 provides for both input and output offset voltage
adjustment. This simplifies nulling in very high perecision ap-
plications and minimizes offset voltage effects in switched gain
applications. In such applications the input offset is adjusted
first at the highest programmed gain, then the output offset is
adjusted at G = 1. If only a single null is desired, the input
offset null should be used. The most additional drift when using
only the input offset null is 0.9V C, RTO.

COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed by equal amounts. These
specifications are usually given for a full-range input voltage
change and a specified source imbalance.

In an instrumentation amplifier, degradation of common-mode
rejection is caused by a differential phase shift due to differences
in distributed stray capacitances. In many applications shielded
cables are used to minimize noise. This technigue can create

Figure 32. Common-Mode Shield Driver

common-mode rejection errors unless the shield is properly
driven. Figures 32 and 33 show active data guards which are
configured to improve ac common-mode rejection by “bootstrap-
ping” the capacitances of the input cabling, thus minimizing
differential phase shift.

Figure 33. Differential Sheld Driver

GROUNDING

In order to isolate low level analog signals from a noisy digital
environment, many data-acquisition components have two or
more ground pins. These grounds must eventually be tied together
at one point. It would be convenient to use a single ground line,
however, current through ground wires and pe runs of the
circuit card can cause hundreds of millivolts of error. Therefore,
separate ground returns should be provided to minimize the
current flow from the sensitive points to the system ground (see
Figure 34). Since the AD625 output voltage is developed with
respect to the potential on the reference terminal, it can solve
many grounding problems.

Figure 34. Basic Grounding Practice for a Data Acquisition
System

GROUND RETURNS FOR BIAS CURRENTS

Input bias currents are those currents necessary to bias the
input transistors of a de amplifier. There must be a direct return
path for these currents, otherwise they will charge external
capacitances, causing the output to drift uncontrollably or saturate.
Therefore, when amplifying “floating” input sources such as
transformers, or ac-coupled sources, there must be a de path
from each input to ground as shown in Figure 35.
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Figure 35b. Ground Returns for Bias Currents with
Thermocouple Input
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Figure 35¢. Ground Returns for Bias Currents with AC
Coupled Inputs

AUTO-ZERO CIRCUITS

In many applications it is necessary to maintain high accuracy.
At room temperature, offset effects can be nulled by the use of
offset trimpots. Over the operating temperature range, however,
offset nulling becomes a problem. For these applications the
auto-zero circuit of Figure 36 provides a hardware solution.

OTHER CONSIDERATIONS

One of the more overlooked problems in designing ultra-low-drift
dc amplifiers is thermocouple induced offset. In a circuit comprised
of two dissimilar conductors (i.e., copper, kovar), a current
flows when the two junctions are at different temperatures.
When this circuit is broken, a voltage known as the “Seebeck™
or thermocouple emf can be measured. Standard IC lead material
(kovar) and copper form a thermocouple with a high thermoelectric
potential (about 35uV°C). This means that care must be taken
to insure that all connections (especially those in the input circuit
of the AD625) remain isothermal. This includes the input leads
{1, 16) and the gain sense lines (2, 15). These pins were chosen
for symmetry, helping to desensitize the input circuit to thermal
gradients. In addition, the user should also avoid air currents
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Figure 36. Auto-Zero Circuit

over the circuitry since slowly fluctuating thermocouple voltages
will appear as “flicker” noise. In SPGA applications relay contacts
and CMOS mux leads are both potential sources of additional
thermocouple errors.

The base emitter junction of an input transistor can rectify out
of band signals (i.e., RF interference). When amplifying small
signals, these rectified voltages act as small dc offset errors. The
AD625 allows direct access to the input transistors’ bases and
emitters enabling the user to apply some first order filtering to
these unwanted signals. In Figure 37, the RC time constant
should be chosen for desired attenuation of the interfering signals.
In the case of a resistive transducer, the capacitance alone working
against the internal resistance of the transducer may suffice.

R, Aa Ry
—p

FiTEn
cap

Figure 37. Circuit to Attenuate RF Interference
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These capacitances may also be incorporated as part of the external
input protection circuit (see section on input protection). As a
general practice every effort should be made to match the ex-
traneous capacitance at pins 15 and 2, and pins 1 and 16, to
preserve high ac CMR.

SOFTWARE PROGRAMMABLE GAIN AMPLIFIER

An SPGA provides the ability to externally program precision
gains from digital inputs. Historically, the problem in systems
requiring electronic switching of gains has been the ON resistance
(Ron) of the multiplexer, which appears in series with the gain
setting resistor Rg. This can result in substantial gain errors and
gain drifts. The AD625 eliminates this problem by making the
gain drive and gain sense pins available (pins 2, 15, 5, 12; see
Figure 39). Consequently the multiplexer’s ON resistance is
removed from the signal current path. This transforms the ON
resistance error into a small nullable offset error. To clarify this
point, an error budget analysis has been performed in Table II
based on the SPGA configuration shown in Figure 39.

TTLOTL TO CMOS LEVEL TRANSLATOR
T

OECODERDANVTR

Isil 97NN BSONK  9TSH BEA4)

18 Bkil 18 Bl

~GAIN
SENSE

ATO NULL
"
vy
u
AT NULL

Figure 38. SPGA in a Gain of 16

Figure 38 shows an AD625 based SPGA with possible gains of
1, 4, 16, 64. R equals the resistance between the gain sense
lines (pins 2 and 15) of the AD625. In Figure 38, R; equals the
sum of the two 975() resistors and the 650€) resistor, or 260012,
Ry equals the resistance between the gain sense and the gain
drive pins (pins 12 and 15, or pins 2 and 5), that is Rg equals
the 15.6k{} resistor plus the 3.9k(} resistor, or 19.5k{}. The
gain, therefore equals:

2Rg 1= 2(19.5k{1)

Rg (2.6kM1)

As the switches of the differential multiplexer proceed syn-
chronously, Rg and Rg change, resulting in the various
programmed gain settings.

+1=16

Figure 39. SPGA with Multiplexer Error Sources

Figure 39 shows a complete SPGA feeding a 12-bit DAS with a
0-10V input range. This configuration was used in the error
budget analysis shown in Table II. The gain used for the RTI
calculations is set at 16. As the gain is changed, the ON resistance
of the multiplexer and the feedback resistance will change,
which will slightly alter the values in the table.

Specification
Induced Error AD625C  AD7502KN

Voltage Offset

Calculation Induced RTI

RTIOffset Gain Sense  Switch 40nA x 17041 = 680V
Voltage Offset Resistance 6.8uV
Current 170602
40nA
RTI Offset Gain Sense  Differential  60nA x 6.801= 0.41pV
Voltage Current Switch 0.41pV
60nA Resistance
6.800
RTO Offser Feedback  Dafferential  2(0.2ZnAx20k(}) 0.5V
Volage Resistance Leakage =8uV/16
20k’ Current (Is)
+0.2nA
-0.2nA
RTO Offset Feedback  Differential  2(InA x 20k(}) 2.5V
Voltage Resistance  Leakage =40uV/16
20k Current
(o)
+1nA
—1nA
Total error induced by a typical CMOS multiplexer
toan SPGA at 25°C 10.21pV
NOTES

"The resistor for this calculanon s the user provided feedback resistance (Ryp). 2004} 15
recommended value (see resistor programmable gamn amplifier section).

*The leakage currents {I5 and Loyrr) will induce an offfset voltage, however, the offset will
be determined by the difference between the leakages of each “half™ of the differental
multiplexer. The differennal leakage current is phied by the feedback
(see Note 1),t0 determine offset voltage Because differennal leakage curent 15 not 3
parameter specified on multiplexer data sheets, the most extreme difference (one most
posttive and one most neganve) was used for the calculations in Table I1. Typical
performance will be much berter.

*The frequency response and settling will be affected by the ON resistance and internal
capacitance of the multiplexer Figure 40 shows the settling ume vs. ON resistance at
different gamn serungs for an AD625 based SPGA.

**Switch resistance and leakage current errors can be reduced by using relays.

Table ll. Errors Induced by Multiplexer to an SPGA
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Figure 40. Settling Time to 0.01% of a 20V Step Input for
SPGA with AD625

DETERMINING SPGA RESISTOR NETWORK VALUES
The individual resistors in the gain network can be calculated
sequentially using the formula given below. The equation deter-
mines the resistors as labeled in Figure 41. The feedback resistors
and the gain setting resistors are interactive, therefore; the formula
must be a series where the present term is dependent on the
'preceding term(s). The formula

- G; Gy=1
Rp= (20]:.[!—% Ry;) (b= Gi+1) Rp,=0

can be used to calculate the necessary feedback resistors for any
set of gains. This formula yields a network with a total resistance
of 40k(}. A dummy variable (j) serves as a counter to keep a
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running total of the preceding feedback resistors. To illustrate
how the formula can be applied, an example similar to the cal-
culation used for the resistor network in Figure 38 is examined
below.

1) Unity gain is treated as a separate case. It is implemented
with separate 20k(} feedback resistors as shown in Figure 41. It
is then ignored in further calculations.

2) Before making any calculations it is advised to draw a resistor
network similar to the network in Figure 41. The network will
have (2 M) + 1 resistors, where M =number of gains. For
Figure 38 M =3 (4, 16, 64), therefore, the resistor string will
have 7 resistors (plus the two 20k(} “side” resistors for unity
gain).
3) Begin all calculations with Gy=1 and RFo= 0.
Ry, =(20k —Rg) (1~ 1/4): R, =0 = R, = 15k
Ry, = [20kQ— (Rg,+ R )] (1-4/16):

R, +Rg, =15k R, =3.75k0
Rg, =[20k02— (Rp, + Ry, + Rg,)] (1-16/64):

Rf,+ R, + Rp, = 18.75k02: R, =937.50
4) The center resistor (Rg of the highest gain setting), is determined

last. Its value is the remaining resistance of the 40k() string,
and can be calculated with the equation:

M
Rg= (40kQ— 2 % R)

R;=40kQ - Z(Rpo + RF1 + R[..'2 + RF!)
40k} — 39.375k{1 = 6250

5) If different resistor values are desired, all the resistors in the
network can be scaled by some convenient factor. However,
raising the impedance will increase the RTO errors, lowering
the total network resistance below 20k(} can result in amplifier
instability. More information on this phenomenon is given in
the RPGA section of the data sheet. The scale factor will not
affect the unity gain feedback resistors. The resistor network in
Figure 38 has a scaling factor of 650/625 = 1.04, if this factor is
used on Rg,; Rg,; Rf,; and Rg, then the resistor values will
match exactly.

6) Round off errors can be cumulative, therefore, it is advised

to carry as many significant digits as possible until all the values
have been calculated.

AOTERK

TO GAEN STNBE O GAIM SENSE
L bl nF, [CAL]
2060} RF, 20k
ey} e 15 Dl ™0 Gam varve] commect 1t ymry

GAIN 16 DESIRED ) GAIN IS DISIRED

Figure 41. Resistors for a Gain Setting Network
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289 — Precision, Wide Bandwidth, Synchronized Isolation Amplifier . . . . . . . . . .. ... ..t an 5-45
290A/292A - Low Cost, Single and Multichannel Isolation Amplifiers . . . . . . . . . .. v i vt v i e oo 5-51

ISOLATION AMPLIFIERS 5-1

366



5-2 ISOLATION AMPLIFIERS

367



Selection Guide
Isolation Amplifiers

CMV Gain Frequency
In/Qut Range Response
Model Vpk viv kHz Page Notes
281 (External oscillator for 286 or 292A isolation amplifiers) 5-39
284 2500 1-10 1 5-33
286 2500 1-100 1 5 -39  External oscillator (281)
289 2500 1-100 20 5—45  3-portisolation
290 1500 1-100 2.5 5-51
292A 1500 1-100 25 5 =51  External oscillator (281)
AD202 2000 1-100 1.5 5-7
AD204 2000 1-100 5 5-7 External oscillator, uses AD246 clock
AD210 3500 1-100 20 5-19 3-portisolation
AD295 2500 1-1000 4.5 5-27
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Orientation
Isolation Amplifiers

The isolation amplifier (or isolator) has an input circuit that is
galvanically isolated from the power supply and the output
circuit. In the basic rwo-port form, the output and power circuits
are not isolated from one another; in three-port isolators (see the
figure), the input circuits, output circuits, and power source are
all isolated from one another. In some 3-port isolators, the power
for the output stage must be furnished from the signal’s destination;
however, in the device shown in Figure 1, all internal power is
furnished by its own power source; in addition, a modicum of
auxiliary power is available to power external input and output
circuitry. .

Isolators are intended for applications requiring safe, accurate
measurement of dc and low-frequency voltage or current in the
presence of high common-mode voltage (to thousands of volts)
with high CMR, line-receiving of signals transmitted at high
impedance in noisy environments, and for safety in general-purpose
measurements where dc and line-frequency leakage must be
maintained at levels well below certain mandated minima.*
Principal applications are in electrical environments of the kind
associated with medical equipment conventional and nuclear
power plants, automatic test equipment and industrial process-
control systems.

Analog Devices Isolators described in this section (and in the
Signal Conditioner section) use electromagnetically coupled high-
frequency carrier techniques for communication of power to and
signals from the input (and in some cases the outpur) circuit.

CHOOSING AN ISOLATOR .

The choice of isolator depends on the desired functional charac-
teristics and the required specifications. Functional characteristics
include such considerations as number of channels in the system,
range of output common-mode (output to power supply), nature
of the front-end amplifier (amplification only or general op-amp
functioning) and the availability of isolated power for additional
external front-end (or back-end) circuitry. Key specifications
include performance specs and ““absolute max/min” mandated
safety specifications. Definitions of specifications follow this
section. In addition to the products listed here, which are re-
commended for new designs, a number of older products are
still available; data sheets are available upon request. In addition
to the useful applications information on the data sheets published
here, an applications guide', available upon request, provides
information useful to the circuit designer.

The devices described in this section are all voltage-output
isolation amplifiers, useful in general-purpose circuit applications
for instrumentation amplifiers or op amps where isolation is a
necessity. In addition to these devices, there are a growing
number of isolators available from Analog Devices that perform
dedicated functions, for use where isolation is necessary or
desirable. Some of their applications can be seen in the Signal
Conditioner section of this book and the Transducer Interfacing
Handbook®. Power Supplies and DC-DC Converters, usually
transformer-coupled, also provide isolation.

*E les of such requi may be found in UL STD 544 and SWC

(Surge Withstand Capability) in IEEE Standard for Transient Voltage
Protection 472-1974.
!Analog Devices Appli Amplifiers and Signal

Conditioners

Sheingold, D.H., ed, Transd Interfacing H: k - A guide to
analog signal conditioning. Norwood, MA 02062 (P.O. Box 796):
Analog Devices, Inc., 1980, $14.50

Guide to Isolati
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Figure 1. AD210 Block Diagram

Functional Characteristics: The figure shows the circuit architecture
of a self-contained isolator, Model AD210. The various models
differ, but their properties can be discussed in terms of the
device shown. An isolator of this type requires power from a
two-terminal de supply. An internal oscillator converts the dc
power to ac, which is transformer-coupled to the shielded input
section, then converted to dc for the input stage and the auxiliary
power output. The ac carrier is also modulated by the amplifier
output, transformer-coupled to the output stage, demodulated
by a phase-sensitive demodulator (using the carrier as the refer-
ence), filtered and buffered, using isolated dc power (also available
for auxiliary circuitry) derived from the carrier.

The amplifier in this example is an uncommitted op amp, specified
for programmable gains from 1 to 100V/V, as determined by its
feedback circuitry. Since both input terminals are floating, the
amplifier functions effectively as an instrumentation amplifier.
Most of the other devices in this series require just a single
external resistor to set the gain.

In the figure it can be seen that ac power is magnetically coupled
from the oscillator to the output stage. This permits the output
to operate at a dc common-mode potential with respect to power
common. An isolator of this type is said to provide three-port
isolation, because there are three isolated ports: input, power
supply and output. Two-port devices are those in which there is
a dc connection between the oscillator power supply and the
output stage.

The AD210, as can be seen, is a completely self-contained device.
There are applications for which a degree of “unbundling” can
lead to economy and improved performance. For example, if
there are many input channels to be isolated, economies can be
realized by the use of a common oscillator. In addition, the
common oscillator makes it possible to avoid the possibility of
small errors due to beat frequencies developed by small amounts
of crosstalk in older amplifier designs.

Several synchronized multichannel devices are available. Model
204 is essentially a 202A with a power converter instead of an
oscillator. It requires a pair of leads for an oscillator input,
which can be furnished by an AD246 clock.

SPECIFICATIONS
The illustration on the next page shows a typical specification
black; the specifications of key interest are defined.



For an initial choice of data sheets to inspect for a given application,
the Selection Guide permits comparison on the basis of these
key characteristics: common-mode voltage, specified gain range
and frequency response. The “Notes” column indicates which

applications) and identifies devices that are three-port isolated.
Good starting points are: for high performance, the AD210; for
lowest cost, the AD202 and AD204, depending on whether the

application calls for few or many channels.

devices require external oscillators (for lower cost in many-channel

SPECIFICATIONS wpa @ + 25,11, = + 15vsiss e st

- MODEL ADZIDAN ADZIOBN
NON'LINEIARITY — This is ﬂ_m o CMV, INPUTS TO OUTPUTS -
qeak deviation from a best straight Range VIV = 100V . Voltage that may be safely applied
line, expressed as a % of peak-to- Error ) + 2% max = 1% max to both inputs with respect to
peak output. Should be considered b T""""‘“‘“E“_':sfc’mss,c] f;;:;::gz‘:: : outputs or power common. Neces-
}thn signal fidelity is of prime \“ Supply Voltage <0 0029V 4 sary cgnsidem:iofj in applications
importance. Nonhnearnty' +0 025% max 0 012% max with high CMV input or when
INPUT VOLTAGE RATINGS high voltage transients may occur
Linear Dhfferential Range + 10V . at the input.
Maimum Safe Differential Input + |5V »
/ Max CMV Input-ta-Output
¢, 60Hz, Con 2500V .
MAX SAFE DIFFERENTIAL gl = 3500V peak i CMR, INPUTS TO OUTPUTS -
INPUT - Max voltage that can be Comman-Mode Rejection /— Indicates ability to reject common-
safely applied across input terminals. S0Hz, = 100V mode voltages between inputs
; . = Irmhata
Important to consider for fail-safe i &igﬂ:&%ﬁ;‘;ﬁa‘:}h&m 120dB * and outputs. Important when
designs in the presence of high i 240V rms, 60Hz 2 e it . processing small signals riding on
voltages. TNPUT IMPEDANCE high common-mode voltages.
Ifferential 10y .
Commaon Mode SGUOYSpF -
INPUT BIAS CURRENT LEAKAGE CURRENT - Maxi-
Instial, 0+ 25°C pAtyp (400pAmax)  * mum input leakage current when
vs Temperature {010 + 70°C) 10nA max . wer-line vol e 1
INPUT NOISE - Total noise, (-25'Cto +§5°C)  MinA max . power-line voltage is impressed
i F — - on inputs. Vital consideration
referred to the input. Facilitates INPUT DIFFERENCE CURRENT . 7 3
4 £ : x . for patient safety in medical
comparison with expected signal Imitial, i +25°C SpA typ (200pA max) s 4
input levels. vs Temperatare {010 + 70°C) 2nA max b aPPhCﬂﬂOﬂS-
np s (-25°Cio +85°C)  10mA max .
INPUT NOISE
Voltage(1kHz) 180V VH? .
(10Hz 10 10kHzZ) AV rms =
Cureent (1kHz) 0 01pAVHz a
FREQUENCY RESPONSE
Bandwidi 3dB)
G-IV 20kHz .
G 100V/V 15kHz .
Senling Tame ( = 10mV, 20V Siep)
=1V 150us .
ISOLATED POWER OUTPUTS — G- 100VIV S0 . OFFSET VOLTAGE REFERRED
Dual supply voltages, completely iso- Slew Rate (G = 1V/V) Wins % TO INPUT - Total input drift is
lated from the input power supply OFFSET VOLTAGE (RT1/ composed of two sources (input

terminals, provide the capability to Imital, @ +25°C . (215 =45GimVmax (25 £ 15/GmV max and output stage drifts) and is
A Tl 3 vs Temperature (010 + 70°C) 0+ WGUVIC L in (G) dependent. Referrin,
excite floating input and ourput signal (—26Cio +85'C) (210 =50GHVPC o o S ot sl e
conditioners, front-end amplifiers, as PATED OUTPUT Qilsess [0 thcNPUL avOws em
well as remote transducers. Voltage, 2k Load + 10V mun . 1o be compared to signal levels.
Impedance 1{tmax .
Ripple, (Bandwidth = 100kHz) 1mV p-p max ¥
ISOLATED POWER OUTPUTS
Voltage, No Load =15V .
Accuracy + 1% ol
Current =5mA .
Regulstion, No Load 1o Full Load See Text .
Ripple See Text *
POWER SUPPLY
Voltage, Rared Performance +15Vdc = 5% "
Voltage, Ctperating + 15V dec = 1% -
Current, Quicscent S0mA -
Current, Full Load - Full Signal BOmA e
TEMPERATURE RANGE
Rated Performance =25°Cro + 85°C &
Owperating —40"Cro +85°C =
Storage —40°C o + 85°C 8.
PACKAGE DIMENSIONS
Inches 100 =210 = 0 350 L
Millimeters 54531289 =
NOTES

*Specificatsons same m ADZIOAN

'Gam noslmeanty increases by = 0 002%/mA when the wolarsd power autputs are used

TRF1 - Referred to Input

*A reduced ngnal swing 13 recommended when both = Vg and = Viges mupphics are

fally Ioaded, dus to supply voltage reducrion
Specificatsans wbgect 1o change without natxe

Figure 2. Typical Isolator Specifications
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ANALOG
DEVICES

Low Cost, Miniature
Isolation Amplifiers

AD202/AD204

FEATURES

Small Size: 4 Channels/Inch

Low Power: 35mW (AD204)

High Accuracy: *0.025% max Nonlinearity (K Grade)

High CMR: 130dB (Gain=100 V/V)

Wide Bandwidth: 5kHz Full-Power (AD204)

High CMV Isolation: +2000 V pk Continuous (K Grade)
{Signal and Power)

Isolated Power Outputs

Uncommitted Input Amplifier

APPLICATIONS

Multichannel Data Acquisition

Current Shunt Measurements

Motor Controls

Process Signal Isolation

High Voltage Instrumentation Amplifier

GENERAL DESCRIPTION

The AD202 and AD204 are members of a new generation of
low cost, high performance isolation amplifiers. A new circuit
design, novel transformer construction, and the use of surface-
mounted components in an automated assembly process result
in remarkably compact, economical isolators whose performance
in many ways exceeds that previously available from very expensive
devices. The primary distinction between the AD202 and AD204
is that the AD202 is powered directly from + 15V dc while the
AD204 is powered by an externally supplied clock (AD246).

The AD202 and AD204 employ transformer coupling and do
not require the design compromises that must be made when
optical isolators are used: each provides a complete isolation
function, with both signal and power isolation internal to the
module, and they exhibit no long-term parameter shifts under
sustained common-mode stress. Power consumption, nonlinearity,
and drift are each an order of magnitude lower than can be ob-
tained from other isolation techniques, and these advantages

are obtained without sacrifice of bandwidth or noise performance.

The design of the AD202 and AD204 emphasizes ease of use in
a broad range of applications where signals must be measured or
transmitted without a galvanic connection. In addition, the low
cost and small size of these isolators makes component-level
circuit applications of isolation practical for the first time.

PRODUCT HIGHLIGHTS
The AD202 and AD204 are full-featured isolators offering numer-
ous benefits to the user:

Small Size: The AD202 and AD204 are available in SIP and
DIP form packages. The SIP package is just 0.25" wide, giving
the user a channel density of four channels per inch. The isolation
barrier is positioned to maximize input to output spacing. For
applications requiring a low profile, the DIP package provides 2
height of just 0.350".

AD202 FUNCTIONAL BLOCK DIAGRAM

BIGNAL

] DEMOD
N= —_p
Moo
iN #
1 + ?: "C l Vour
Ve (M,
1 [ T
IN COM +
Vi ()75 l POWER
ouT RECT& T +1svoc
Vo Oy | 78V ALY
olT - "
POWER
! RETURN

High Accuracy: With a maximum nonlinearity of +0.025% for
the AD202K/AD204K (£0.05% for the AD202J/AD204]) and
low drift over temperature, the AD202 and AD204 provide high

" isolation without loss of signal integrity.

Low Power: Power consumption of 35mW (AD204) and 75mW
(AD202) over the full signal range makes these isolators ideal
for use in applications with large channel counts or tight power
budgets.

Wide Bandwidth: The AD204’s full-power bandwidth of SkHz
makes it useful for wideband signals. It is also effective in appli-
cations like control loops, where limited bandwidth could result
in instability.

Excellent Common-Mode Performance: The AD202K/AD204K
provide + 2000V pk continuous common-mode isolation, while
the AD202]/AD204] provide =+ 1000V pk continuous common-
mode isolation. All models have a total common-mode input
capacitance of less than 5pF inclusive of power isolation. This
results in CMR ranging from 130dB at a gain of 100 to 104dB
(minimum at unity gain) and very low leakage current (2pA
maximum).

Flexible Input: An uncommitted op amp is provided at the
input of all models. This provides buffering and gain as required,
and facilitates many alternative input functions including filtering,
summing, high-voltage ranges, and current (transimpedance)
input.

Isolated Power: The AD204 can supply isolated power of £7.5V
at 2mA. This is sufficient to operate a low-drift input preamp,
provide excitation to a semiconductor strain gage, or to power
any of a wide range of user-supplied ancillary circuits. The
AD202 can supply +7.5V at 0.4mA which is sufficient to operate
adjustment networks or low-power references and op amps, or
to provide an open-input alarm.,

ISOLATION AMPLIFIERS 5-7
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SPECIFICATIONS ..

ical @ + 25°C and Vg= + 15V unless otherwise noted)
Model AD204] AD204K AD202J AD202K
GAIN
Range IVV-100V/iV - » .
Error +0,5% typ ( 4% max) & w r
vs. Temperature +20ppm/C typ (£ 45ppm/*Cmax) | * b *
vs, Time + 50ppm/1000 Hours * . *
vs. Supply Volage +0.001%V = 0.001%/V =0.01%V =0.01%V
Nonlinearity (G= 1V/V)' +0.05% max +0.025% max =0.05% max +0.025% max
INPUT VOLTAGE RATINGS
Linear Differential Range +5V * * *
Max CMV Input to Qutput
ac, 60Hz, Continuous 750V rms 1500V rms 750V rms 1500V rms
Continuous (dcand ac) = 1000V peak = 2000V peak = 1000V peak = 2000V peak
Common-Mode Rejection (CMR), @ 60Hz
Rs==100{2(HI & LO Inputs) G=1 110dB 110dB 105dB 105dB
G=100 130dB . " *
Rg= =1k (Input HI, LO, or Both)G = 1 104dB min 104dB min 100dB min 100dB min
G=100| 110dB min w " *
Leakage Current Input to Qutput
@240V rms, 60Hz 2pA rms max * * *
INPUT IMPEDANCE
Differential (G=1V/V) 100 o " w
G Mode 2G614.5pF . » .
INPUT BIAS CURRENT
Initial, @ + 25°C +30pA w * &
vs. Temperature (0 to +70°C) + 10nA W Ld &
INPUT DIFFERENCE CURRENT
Initial, @ +25°C =5pA * ® L
vs. Temperature (0 1o + 70°C) +2nA x L K
INPUT NOISE
Voltage, 0.1 1o 100Hz 4V pp * * *
>200Hz 50nV/VHz ¥ * L
FREQUENCY RESPONSE
Bandwidth (Vo <10V p-p, G = 1-50V/V) SkHz SkHz 2kHz 2kHz
Settling Time, to = 10mV {10V Step) Ims Les * by
OFFSET VOLTAGE(RTI)
Initial, @ + 25°C Adjustable to Zero (*£15 £ 15/G)mV max (=5=5/G)mV max (=15 £15/G)mV max {+5+5/G)mV max
vs, Temperature (0 to +70°C) ( 10+ %;E)MVFC " * *
RATEDOUTPUT
Voltage (Out Hl to Out LO) +5V * . o
Voltage at Out HI or Out LO (Ref. Pin 32) +6.5V - . *
Output Resistance 3kf2 3k Tk Tk
Output Ripple, 100kHz Bandwidth 10mV pk-pk - * *
5kHz Bandwidth 0.5mV rms " " L
ISOLATED POWER OUTPUT?
Voltage, No Load *7.5V * ' * od
Accuracy =10% ” * *
Current 2mA (Either Output)* 2mA (Either Output)® 400pA Total 400pA Total
Regulation, No Load to Full Load 5% " * 4
Ripple 100mV pk-pk " 2 »
OSCILLATOR DRIVEINPUT
Input Voltage 15V pk-pk nominal 15V pk-pk nominal N/A N/A
Input Frequency 25kHz nominal 25kHz nominal N/A N/A
POWER SUPPLY (AD202 Only)
Voltage, Rated Performance NiA N/A +15V £5% +15V 5%
Voltage, Operating N/A N/A + 15V £ 10% +15V = 10%
Current, No Load (Vs= + 15V) N/A N/A SmA SmA
TEMPERATURE RANGE
Rated Performance Oto +70°C * £ 8
Operating —40°Cto +85°C L] L i
Storage —40°Co + 85°C o . L
PACKAGE DIMENSIONS*
SIP Package (Y) 2.08" % 0.250" % 0.625" w " N
DIP Package (N) 2,107 0.700" x 0.350" - * *
NOTES
*Specifications same as AD204].

"Nonlineanty s specified as 8 % devianion from & best strarght hine.

1 0pF mun decoupling required (see text)
*3mA with ane supply loaded
*Width 1s0.25" typ, 0.26" max

without notice
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PIN DESIGNATIONS

AD202/AD204 SIPPACKAGE AD202/AD204 DIP PACKAGE

PIN | FUNCTION PIN | FUNCTION

1 +INPUT 1 +INPUT

2 INPUT/V,50 COMMON 2 INPUT/V 50 COMMON

3 —INPUT 3 —INPUT

4 INPUT FEEDBACK 18 OUTPUTLO

5 =Vi50 OUTPUT 19 OUTPUTHI

6 + V50 OUTPUT 20 +15VPOWERIN (AD202 ONLY)

21 CLOCKINPUT (AD204 ONLY)

31 +15VPOWERIN (AD202 ONLY) 22 CLOCK/POWER COMMON
32 CLOCK/POWER COMMON 36 + V50 OUTPUT
33 CLOCKINPUT (AD204 ONLY) 37 — V50 OUTPUT
37 OUTPUTLO 38 INPUT FEEDBACK
38 OQUTPUTHI

AD202/AD204 ORDERING GUIDE

Package Max Common- Max 5
Model Option Mode Voltage (Peak) | Linearity
AD202]Y SIP 1000V +0.05%
AD202KY SIP 2000V . =0.025%
AD202]N DIP 1000V +0.05%
AD202KN DIP 2000V +0.025%
AD204]Y SIP 1000V +0.05%
AD204KY SIP 2000V +0.025%
AD204]N DIP 1000V +0.05%
AD204KN DIP 2000V +0.025%
OUTLINE DIMENSIONS
Dimensions shown in inches and (mm),
AD202/AD204 SIPPACKAGE AD202/AD204 DIP PACKAGE
3?&5:3%&2 le——————— 2100 (53 3) MAX —— ]
- 0815 S MA . o
sl ADZOZIAD204 0350 (8 9)
L - SIDE VIEW MAX
“&ﬁﬁ.‘?ﬁ‘ 5 ViEw Uu H 00100020 ” U H
25 "'“l o eiomsosi 0518 (0381
L.Wu.m].ﬂ [HW_WJ n“?;g*:gﬁ’ nlo:zsw\fi:-ir— L I
“{ =010 s Tve -*l?sﬁi"- f o::{urrwa o.s[ e . o700
i 1127 BOTTOM ViEW 1178)
P l_:b BOTTOMVIEW %= =3 =m|f MAX
mis - B EEE geelll
008 o |---.4 e O ﬁ:t:: FALES 160 (40 6)
PiN 3% 15 PRESENT ONLY ON AD202 HOTE
PIN 3315 PRESENT ONLY ON AD204 P 31 15 PRESENT ONLY N ADaaa
AC1058 MATING SOCKET AC1060 MATING SOCKET
[ i:'l":l [z““: ] MME‘ ;‘1 5
o075 =
010 g o r an i —l |"
‘1 I-biz 5) _ I | 1
TVE ¢
% -3 = == = o g ey = ‘ | O_Tﬁ_m 1
N = s = =it = @- |z | | 78
g
\ 0104251 AC1058 CAN BE USED AS A SOCKET S e e - P _L l
(BOTH Ehps  FOR AD202 AD204 and AD245 300 v *
NOTE AMP ZP SOCKET (PIN 2 - 382006 - 3] \o Aizg1nia - |-
MAY BE USED IN PLACE OF THE AC1058 0128 1)

ISOLATION AMPLIFIERS 5-9

374



SPECIFICATIONS

(typical @ + 25°C and V5= + 15V unless otherwise noted)

Model AD246]Y AD246]N
OUTPUT!
Frequency 25kHz nominal *
Voltage 15V p-pnominal | *
Fan-Out 32 max *
POWER SUPPLY
REQUIREMENTS
Input Voltage +15V 5% u
Supply Current
Unloaded 3.5mA
Each AD204 Adds 2.2mA =
Each ImA Load on AD204
+ Visoor — Viso Adds 0.7mA ®

NOTES
*Specifications the same as the AD246] Y.
!The high current drive output will not support a short to ground.

Specifications subject to change without notice.

DIFFERENCES BETWEEN THE AD202 AND AD204

The primary distinction between the AD202 and AD204 is in
the method by which they are powered: the AD202 operates
directly from + 15V dc while the AD204 is powered by a non-
isolated externally-supplied clock (AD246) which can drive up
to 32 AD204s. The main advantages of using the externally-clocked
AD204 over the AD202 are reduced cost in multichannel appli-
cations, lower power consumption, and higher bandwidth. In

AD246 PIN DESIGNATIONS
PIN(Y) | PIN (N) | FUNCTION
1 12 +15VPOWER IN
2 1 CLOCK OUTPUT
12 14 COMMON
13 24 COMMON

WARNING!
4,@

ESD SENSITIVE DEVICE

CAUTION

ESD (Electro-Static-Discharge) sensitive de-
vice. Permanent damage may occur on uncon-
nected devices subject to high energy electro-
static fields. Unused devices must be stored in
conductive foam or shunts. The protective foam
should be discharged to the destination socket
before devices are removed.

addition, the AD204 can supply substantially more isolated
power than the AD202.

Of course, in a great many situations, especially where only one
or a few isolators are used, the convenience of stand-alone operation
provided by the AD202 will be more significant than any of the
AD204’s advantages. There may also be cases where it is desirable
to accommodate either device interchangeably, so the pinouts of
the two products have been designed to make that easy to do.

OUTLINE DIMENSIONS
Dimensions shown in inches and (mm).

AD246]Y PACKAGE AD246]N PACKAGE
0.330 (8.4} MAX
js+——0.995 (25.3) MAX —] fe———1.445 (36.7) MAX ————]
0.100 0.35
AD246JN
254
et | osmuse | 305 b FronT i | i
S i 0250381 == | ooroxacz0 Ul U, TL
: T by 0015/0.020
P l —4 | Je-otm: WATHA el (a8
¥ f—— 110 79—
- __I”.I O Now 0115 L
oM o i29)™ |' L f J P 2
0.197 (5.0) | 0550—  0.010%0.020 0.10(2.5)
a0 ©25x081) NOM e BOTTOM VIEW 0.70 (13.8)
0.115(29)|( 1 BOTTOMVIEW 13 || § g9 l 24 1;:
¢—F e = (25 i
L fe—— 1.00 (25.0) ——

5-10 ISOLATION AMPLIFIERS

375



AD202
SIGNAL
DEMOD A
MOD AAA 38
" v Vour
| JUR PN
= = A4
=
POWER
-
RESTA OSCILLATOR | 31)+15VDC
25kHz " n
25kHz POWER
s 32) RETURN
Figure 1a. AD202 Functional Block Diagram
* I -
SIGNAL
= DEMOD -
IN4 Mo Y 2
1 + =5V l *5V Vour
Ve (N L2 1 T L P
2 . - ° a7
IN COM Ves)
+Viso gy | 75V l POWER 1 '
Uy a RECT& e POWER cLOCK
Vo -75v FILT. CONV. {15V p-p/25kHz
5
o 26kHz mn
25kHz POWER
32) RETURN

Figure 1b. AD204 Functional Block Diagram

INSIDE THE AD202 AND AD204

The AD202 and AD204 use an amplitude modulation technique
to permit transformer coupling of signals down to dc (Figure la
and 1b). Both models also contain an uncommitted input op
amp and a power transformer which provides isolated power to
the op amp, the modulator, and any external load. The power
transformer primary is driven by a 25kHz, 15V p-p square wave
which is generated internally in the case of the AD202, or supplied
externally for the AD204.

Within the signal swing limits of approximately + 5V, the output
voltage of the isolator is equal to the output voltage of the op
amp; that is, the isolation barrier has unity gain. The output

signal is not internally buffered, so the user is free to interchange
the output leads to get signal inversion. Additionally, in multi-
channel applications, the unbuffered outputs can be multiplexed
with one buffer following the mux. This technique minimizes
offset errors while reducing power consumption and cost. The
output resistance of the isolator is typically 3k{} for the AD204
(7kQ} for AD202) and varies with signal level and temperature,
so it should not be loaded (see Figure 2 for the effects of load
upon nonlinearity and gain drift). In many cases a high-impedance
load will be present or a following circuit such as an output
filter can serve as a buffer, so that a separate buffer function
will not often be needed.

GAIN  GAINTC
NONLINEARITY CHANGE CHANGE
%) %) [ppmrC)
SRR v
020 ‘\‘ — oase i l-,c R R—
v
01s ¥ INEARITY -6 -300
NV .
ol L. - AD204 GAIN AND GAINTC S
- T
N
Y d
0os =i -2 ~100
i == T [T oo e
o LNoNLNeARiTy s e ) X T o .
o o1 02 03 04 (1 (13 o7 o8 o9 10

Figure 2. Effects of Output Loading

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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USING THE AD202 AND AD204

Powering the AD202. The AD202 requires only a single + 15V
power supply connected as shown in Figure 3a. A bypass capacitor
is provided in the module.

AD202

15V £5%

® 15VRETURN
\/

Figure 3a.
Powering the AD204. The AD204 gets its power from an ex-

ternally supplied clock signal (a 15V p-p square wave with a
nominal frequency of 25kHz) as shown in Figure 3b.

AD246
e
AD204  AD204 AD204 O +15v
[]
@ 33— —— 33 )|+

I—-’g H 15V

@

Figure 3b.

AD?246 Clock Driver. The AD246 is a compact, inexpensive
clock driver that can be used to obtain the required clock from
a single 15V supply. Alternatively, the circuit shown in Figure 4
(essentially an AD246) can be used. In either case, one clock
circuit can operate at least 32 AD204s at the rated minimum
supply voltage of 14.25V and one additional isolator can be
operated for each 40mV increase in supply voltage up to 15V. A
supply bypass capacitor is included in the AD246, but if many
AD204s are operated from a single AD246, an external bypass
capacitor should be used with a value of at least 1uF for every
five isolators used. Place the capacitor as close as possible to the
clock driver.

O +15V

L1 T: 1
].\‘ NS4 o

B 1
ouT
3 e co V e
40478
A—2d 1 4 I‘: 5 — 1uF

/Y
/| IN914)
2[9 |8 [7 |4 TELEDWNE |3 X
Tsca2s K&
PWRCOM

Figure 4. Clock Driver

1 w_2

1
L

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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Input Configurations. The AD202 and AD204 have been de-

signed to be very easy to use in a wide range of applications.
The basic connection for standard unity gain applications, useful
for signals up to +5V, is shown in Figure 5; some of the possible
variations are described below, When smaller signals must be

AD202 OR AD204

Figure 5. Basic Unity-Gain Application

handled, Figure 6 shows how to get gain while preserving a
very high input resistance. The value of feedback resistor Rg
should be kept above 20k(} for best results. Whenever a gain of
more than five is taken, a 100pF capacitor from FB to IN COM
is required. At lower gains this capacitor is unnecessary, but it
will not adversely affect performance if used.

vm¢ '

100pF

7
V°=me(!+:—;)

Re=20k{1

Figure 6. Input Connections for Gain > 1

The “noninverting” circuit of Figures 5 and 6 can also be used
to advantage when a signal inversion is needed: just interchange
either the input leads or the output leads to get inversion. This
approach retains the high input resistance of the “noninverting”
circuit, and at unity gain no gain-setting resistors are needed.
When the isolator is not powered, a negative input voltage of
more than about 2V will cause an input current to flow. If the
signal source can supply more than a few mA under such condi-
tions, the 2k{) resistor shown in series with IN + should be
used to limit current to a safe value. This is particularly important
with the AD202, which may not start if a large input current is
present.
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Figure 7 shows how to accommodate current inputs or sum
currents or voltages. This- circuit can also be used when the
input signal is larger than the +5V input range of the isolator;
for example, a =50V input span can be accommodated with
Ry = 20k and Rs = 200k. Once again, a capacitor from FB to
IN COM is required for gains above 5.

Figure 7. Connections for Summing or Current Inputs

Adjustments. When gain and zero adjustments are needed, the
circuit details will depend on whether adjustments are to be
made at the isolator input or output, and (for input adjustments)
on the input circuit used. Adjustments are usually best done on
the input side, because it is better to null the zero ahead of the
gain, and because gain adjustment is most easily done as part of
the gain-setting network. Input adjustments are also to be preferred
when the pots will be near the input end of the isolator (to
minimize common-mode strays). Adjustments on the output
side might be used if pots on the input side would represent a
hazard due 1o the presence of large common-mode voltages
during adjustment.

Figure 8a shows the input-side adjustment connections for use
with the “noninverting” connection of the input amplifier. The
zero adjustment circuit injects a small adjustment voltage in
series with the low side of the signal source. (This will not work
if the source has another current path to input commeon or if
current flows in the signal source LO lead). Since the adjustment
voltage is injected ahead of the gain, the values shown will work
for any gain. Keep the resistance in series with input LO below
a few hundred ohms to avoid CMR degradation.

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)

5k
GAIN AD202
OR
>
< 47.5k AD204

v() !

-
O-O-O-O<
+
b

Figure 8a. Adjustments for Noninverting Connection of
Op Amp

Also shown in Figure 8a is the preferred means of adjusting the

gain-setting network. The circuit shown gives a nominal Ry of
50k}, and will work properly for gains of ten or greater. The
adjustment becomes less effective at lower gains (its effect is
halved at G = 2) so that the pot will have to be a larger fraction
of the total Ry at low gain. At G = 1 (follower) the gain cannot
be adjusted downward without compromising input resistance;
it is better to adjust gain at the signal source or after the output.

Figure 8b shows adjustments for use with inverting input circuits.
The zero adjustment nulls the voltage at the summing node.
This method is preferable to current injection because it is less
affected by subsequent gain adjustment. Gain adjustment is
again done in the feedback; but in this case it will work all the
way down to unity gain (and below) without alteration.

Vs

Figure 8b. Adjustments for Summing or Current Input

ISOLATION AMPLIFIERS 5-13
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Figure 9 shows how zero adjustment is done at the output by
taking advantage of the semi-floating output port. The range of
this adjustment will have to be increased at higher gains; if that
is done, be sure to use a suitably stable supply voltage for the
pot circuit.

There is no easy way to adjust gain at the output side of the
isolator itself. If gain adjustment must be done on the output
side, it will have to be in a following circuit such as an output
buffer or filter.

Figure 9. Output-Side Zero Adjustment

Common-Mode Performance. Figures 10a and 10b show how
the common-mode rejection of the AD202 and AD204 varies
with frequency, gain, and source resistance. For these isolators,
the significant resistance will normally be that the path from the
source of the common-mode signal to IN COM. The AD202
and AD204 also perform well in applications requiring rejection
of fast common-mode steps, as described in the Applications
section.
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Figure 10a. AD204

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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Figure 10b. AD202

Dynamics and Noise. Freguency response plots for the AD202
and AD204 are given in Figure 11. Since neither isolator is
slew-rate limited, the plots apply for both large and small signals.
Capacitive loads of up to 470pF will not materially affect frequency
response. When large signals beyond a few hundred Hz will be
present, it is advisable to bypass —Visp and + Viso to IN COM
with 1F tantalum capacitors even if the isolated supplies are
not loaded.

At 50/60Hz, phase shift through the AD202/AD204 is typically
0.8°C (lagging). Typical unit — unit variation is +0.2°C
lagging).
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FREQUENCY - Hz ——=
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Figure 11. Frequency Response at Several Gains
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The step response of the AD204 for very fast input signals can
be improved by the use of an input filter, as shown in Figure
12. The filter limits the bandwidth of the input (to about 5.3kHz)
so that the isolator does not see fast, out-of-band input terms
that can cause small amounts ( +0.3%) of internal ringing. The
AD204 will then settle to =0.1% in about 300 microseconds for
a 10V step.

1 .
T

Figure 12. Input Filter for Improved Step Response

Except at the highest useful gains, the noise seen at the output
of the AD202 and AD204 will be almost entirely comprised of
carrier ripple at multiples of 25kHz. The ripple is typically 2mV
p-p near zero output and increases to about 7mV p-p for outputs
of =5V (IMHz measurement bandwidth). Adding a capacitor
across the output will reduce ripple at the expense of bandwidth:
for example, 0.05uF at the output of the AD204 will result in
1.5mV ripple at 5V, but signal bandwidth will be down to
1kHz.

When the full isolator bandwidth is needed, the simple two-pole
active filter shown in Figure 13 can be used. It will reduce
ripple to 0.1mV p-p with no loss of signal bandwith, and also
serves as an output buffer,

An output buffer or filter may sometimes show output spikes
that do not appear at its input. This is usually due to clock
noise appearing at the op amp’s supply pins (since most op
amps have little or no supply rejection at high frequencies).
Another common source of carrier-related noise is the sharing of
a ground track by both the output circuit and the power input.
Figure 13 shows how to avoid these problems: the clock/supply
port of the isolator does not share ground or 15V tracks with
any signal circuits, and the op amp’s supply pins are bypassed
to signal common (note that the grounded filter capacitor goes
here as well). Ideally, the output signal 1O lead and the supply
common meel where the isolator output is actually measured,
e.g. at an A/D converter input. If that point is more than a few
feet from the isolator, it may be useful to bypass output LO to
supply common at the isolator with a 0.1pF capacitor.

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)

In applications where more than a few AD204s are driven by a
single clock driver, substantial current spikes will flow in the
power return line and in whichever signal out lead returns to a
low impedance point (usually output LO). Both of these tracks
should be made large to minimize inductance and resistance;
ideally, output LO should be directly connected to a ground
plane which serves as measurement common.

Current spikes can be greatly reduced by connecting a small
inductance (68.H-100pH) in series with the clock pin of each
AD204. Molded chokes such as the Dale IM-2 series, with dc
resistance of about 5(}, are suitable.

+ +

POINT OF
MEASI.iREMEN’I

/

|
AD246
H \IF USED) ;

e ‘e

-15v C + 18V

POWER
SUPPLY

Figure 13. Output Filter Circuit Showing Proper
Grounding

Using Isolated Power. Both the AD202 and the AD204 provide
+7.5V power outputs referenced to input common. These may
be used to power various accessory circuits which must operate
at the input common-mode level; the input zero adjustment pots
described above are an example, and several other possible uses
are shown in the section titled Application Examples,

The isolated power output of the AD202 (400p.A total from
either or both outputs) is much more limited in current capacity
than that of the AD204, but it is sufficient for operating micropower
op amps, low power references (such as the AD589), adjustment
circuits, and the like.

The AD204 gets its power from an external clock driver, and
can handle loads on its isolated supply outputs of 2mA for each
supply terminal (+7.5V and —7.5V) or 3mA for a single loaded
output. Whenever the external load on either supply is more
than about 200p.A, a 1pF tantalum capacitor should be used to
bypass each loaded supply pin to input common.

ISOLATION AMPLIFIERS 5-15
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Up to 32 AD204s can be driven from a single AD246 (or equivalent)
clock driver when the isolated power outputs of the AD204s are
loaded with less than 200pA each, at a worst-case supply voltage
of 14.25V at the clock driver. The number of AD204s that can
be driven by one clock driver is reduced by one AD204 per
3.5mA of isolated power load current at 7.5V, distributed in
any way over the AD204’s being supplied by that clock driver.
Thus a load of 1.75mA from + Vigo to — Viso would also count
as one isolator because it spans 15V.

It is possible to increase clock fanout by increasing supply voltage
above the 14.25V minimum required for 32 loads. One additional
isolator (or 3.5mA unit load) can be driven for each 40mV of
increase in supply voltage up to 15V. Therefore if the minimum
supply voltage can be held to 15V - 1%, it is possible to operate
32 AD204’s and 52mA of 7.5V loads. Figure 14 shows the
allowable combinations of load current and channel count for

various supply voltages.
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Figure 14. AD246 Fanout Rules

Operation at Reduced Signal Swing, Although the nominal
output signal swing for the AD202 and AD204 is =5V, there
may be cases where a smaller signal range may be desirable.
When that is done, the fixed errors (principally offset terms and
output noise) become a larger fraction of the signal, but nonlinearity
is reduced. This is shown in Figure 15.
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Figure 15. Nonlinearity vs. Signal Swing
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PCB Layout for Multichannel Applications. The pinout of the
AD204Y has been designed to make very dense packing possible
in multichannel applications. Figure 16a shows the recommended
printed circuit board (PCB) layout for the simple voltage-follower
connection. When gain-setting resistors are present, 0.25" channel
centers can still be achieved, as shown in Figure 16b.
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Figure 16a.
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Figure 16b.

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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Synchronization. Since AD204’s operate from a common clock,
synchronization is inherent. AD202s will normally not interact
to produce beat frequencies even when mounted on 0.25-inch
centers. Interaction may occur in rare situations where a large
number of long, unshielded input cables are bundled together
and channel gains are high. In such cases, shielded cable may
be required or AD204’s can be used.

APPLICATIONS EXAMPLES 10k
Low-Level Sensor Inputs. In applications where the output of =
low-level sensors such as thermocouples must be isolated, a low- -1V TO * T

drift input amplifier can be used with an AD204, as shown in CHANNELS
Figure 17. A three-pole active filter is included in the design to i 3
get normal-mode rejection of frequencies above a few Hz and to | izl
provide enhanced common-mode rejection at 60Hz. If offset i
adjustment is needed, it is best done at the trim pins of the

OP-07 itself; gain adjustment can be done at the feedback 18V

resistor.
Figure 18. Process Current Input Isolator with Offset ﬂ

The circuit as shown requires a source compliance of at least
5V, but if necessary that can be reduced by using a lower value
of current-sampling resistor and configuring the input amplifier
for a small gain,

High-Compliance Current Source. In Figure 19, an isolator is
used to sense the voltage across current-sensing resistor R to
allow direct feedback control of a high-voltage transistor or FET
used as a high-compliance current source. Since the isolator has
virtually no response to dc common-mode voltage, the closed-loop
current source has a static output resistance greater than 10'40)
even for output currents of several mA. The output current
capability of the circuit is limited only by power dissipation in
the source transistor.

=10V to + 250V
Figure 17. Input Amplifier & Filter for Sensor Signals
= VE
= R * ﬁLﬁAD
Note that the isolated supply current is large enough to mandate

the use of 1uF supply bypass capacitors. This circuit can be
used with an AD202 if a low-power op amp is used instead of
the OP-07.

Process Current Input with Offset. Figure 18 shows an isolator

receiver which translates a 4-20mA process current signal into a

0 to + 10V output. A 1V to 5V signal appears at the isolator’s

output, and a — 1V reference applied to output LO provides the 470pF 100k

necessary level shift (in multichannel applications, the reference

can be shared by all channels). This technique is often useful

for getting offset with a follower-type output buffer. —
u10

Figure 19. High-Compliance Current Source

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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Motor Control Isolator. The AD202 and AD2(4 perform very
well in applications where rejection of fast common-mode steps
is important but bandwidth must not be compromised. Current
sensing in a full-wave bridge motor driver (Figure 20) is one
example of this class of application. For 200V common-mode
steps (1ps rise time) and a gain of 50 as shown, the typical
response at the isolator output will be spikes of +5mV amplitude,
decaying to zero in less than 100us. Spike height can be reduced
by a factor of four with output filtering just beyond the isolator’s
bandwidth.

=5V

v g

N =100mV

AD204

)

Figure 20. Motor Control Current Sensing

Floating Current Source/Ohmmeter. When a small floating
current is needed with a compliance range of up to = 1000V dc,
the AD204 can be used to both create and regulate the current.
This can save considerable power, since the controlled current
does not have to return to ground. In Figure 21, an AD589
reference is used to force a small fixed voltage across R. That
sets the current which the input op amp will have to return
through the load to zero its input. Note that the isolator’s output
isn’t needed at all in this application; the whole job is done by
the inpurt section. However, the signal at the output could be
useful: it’s the voltage across the load, referenced to ground.
Since the load current is known, the output voltage is proportional
to load resistance.

(Circuit figures shown on this page are for SIP style pack-
ages. Refer to third page of this data sheet for proper DIP
package pin-out.)
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AD204
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Figure 21. Floating Current Source

Photodiode Amplifier. Figure 22 shows a transresistance con-
nection used to isolate and amplify the output of a photodiode.
The photodiode operates at zero bias, and its output current is
scaled by R to give a + 5V full-scale output.

Figure 22. Photodiode Amplifier
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ANALOG
DEVICES

Precision, Wide Bandwidth,
3-Port Isolation Amplifier

AD210

FEATURES
High CMV lIsolation: 2500V rms Continuous

+ 3500V peak Continuous
Small Size: 1.00" % 2.10" x 0.350"
Three-Port Isolation: Input, Output, and Power
Low Nonlinearity: +0.012% max
Wide Bandwidth: 20kHz Full-Power (—3dB)
Low Gain Drift: +25ppm/°C max
High CMR: 120dB (G=100V/V)
Isolated Power: £ 15V @ £5mA
Uncommitted Input Amplifier

APPLICATIONS

Multi-Channel Data Acquisition

High Voltage Instrumentation Amplifier
Current Shunt Measurements

Process Signal Isolation

GENERAL DESCRIPTION

The AD210* is the latest member of a new generation of low
cost, high performance isolation amplifiers, This three-port,
wide bandwidth isolation amplifier is manufactured with surface-
mounted components in an automated assembly process. The
AD210 combines design expertise with state-of-the-art manufac-
turing technology to produce an extremely compact and economical
isolator whose performance and abundant user features far exceed
those offered in more expensive devices.

The AD210 provides a complete isolation function with both
signal and power isolation supplied via transformer coupling
internal to the module. The AD210’s functionally complete
design, powered by a single + 15V supply, eliminates the need
for an external DC/DC converter, unlike optically coupled isolation
devices. The true three-port design structure permits the AD210
to be applied as an input or output isolator, in single or multi-
channel applications. The AD210 will maintain its high per-
formance under sustained common-mode stress.

Providing high accuracy and complete galvanic isolation, the
AD210 interrupts ground loops and leakage paths, and rejects
common-mode voltage and noise that may otherwise degrade
measurement accuracy. In addition, the AD210 provides protec-
tion from fault conditions that may cause damage to other sections
of a measurement system.

PRODUCT HIGHLIGHTS

The AD210 is a full-featured isolator providing numerous user
benefits including:

High Common-Mode Performance: The AD210 provides 2500V
rms (Continuous) and + 3500V peak (Continuous) common-mode
voltage isolation between any two ports. Low input

*Patent Pending

AD210 FUNCTIONAL BLOCK DIAGRAM

POWER =
1 output [3) +Voss
POWER
+— 1 SUPPLY | (6} —Voes
POWER
OSCILLATOR AD210
=

PWR  PWR COM

capacitance of SpF results in a 120dB CMR at a gain of 100,
and a low leakage current (2pA rms max @ 240V rms, 60Hz).
High Accuracy: With maximum nonlinearity of +0.012%

(B Grade), gain drift of +25ppm/°C max and input offset drift
of (£ 10+ 30/G) pV/°C, the AD210 assures signal integrity while
providing high level isolation.

Wide Bandwidth: The AD210’s full-power bandwidth of 20kHz
makes it useful for wideband signals. It is also effective in appli-
cations like control loops, where limited bandwidth could result
in instability.

Small Size: The AD210 provides a complete isolation function
in a small DIP package just 1.00" x 2.10" x 0.350". The low
profile DIP package allows application in 0.5" card racks and
assemblies. The pinout is optimized to facilitate board layout
while maintaining isolation spacing between ports.

Three-Port Design: The AD210’s three-port design structure
allows each port (Input, Output, and Power) to remain indepen-
dent. This three-port design permits the AD210 to be used as
an input or output isolator. It also provides additional system
protection should a fault occur in the power source.

Isolated Power: +15V (@ 5mA is available at the input and
output sections of the isolator. This feature permits the AD210
to excite floating signal conditioners, front-end amplifiers and
remote transducers at the input as well as other circuitry at the
output.

Flexible Input: An uncommitted operational amplifier is provided
at the input. This amplifier provides buffering and gain as required,
and facilitates many alternative input functions as required by
the user.

ISOLATION AMPLIFIERS 5-19
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SPECIFICATIONS tyica @ + 258, = +15v s atvri spocied

MODEL AD2I0AN AD210BN
GAIN
Range IV/V - 100VIV .
Error + 2% max + 1% max
vs. Temperature (0 1o + 70°C) = 25ppm“C max |
(=25"Cto +85°C) % 50ppm/°C max .
vs. Supply Voltage +0.002%V .
Nonlinearity' +0.025% max +0.012% max
INPUT VOLTAGE RATINGS
Linear Differential Range =10V »
Maximum Safe Differential Inpur *15V *
Max. CMV Input-to-Output
ac, 60Hz, Continuous 2500V rms -
dc, Continuous =+ 3500V peak .
Common-Mode Rejecuon
60Hz, G=100V/V
Rs=5001! Impedance Imbalance 120dB .
Leakage Current Input-to-Outpur
(@ 240V rms, 60Hz 2pA rms max *
INPUT IMPEDANCE
Differential 1040 .
Common Mode SGjspF .
INPUT BIAS CURRENT
Iniual, @ +25°C 30pA typ(400pA max)  *
vs, Temperature (0 to + 70°C) 10nA max L
(—25°Cto +85°C)  30nA max -
INPUT DIFFERENCE CURRENT
Initial, @ +25°C SpAtyp (200pA max)  *
vs. Temperature (0 to + 70°C) 2nA max -
(—25°Cto +85°C)  10nA max .
INPUT NOISE
Voltage (1kHz) 180V/VHz .
(10Hz 10 10kHz) 4V rms .
Current (1kHz) 0.01pANVHz ”
FREQUENCY RESPONSE
Bandwidth { - 3dB)
G=1VV 20kHz .
G=100V/V 15kHz .
Sentling Time ( = 10mV, 20V Step)
G=1ViV 150us »
G=100V/V 500ps *
Slew Rate (G = 1V/V) 1Vius bl
OFFSET VOLTAGE (RTI)*
Initial, @ + 25°C (=15 =45GmVmax (=5 = 15/G)mV max
vs. Temperature (0 to + 70°C) (=10 £ 300G VFC . .
(—25°Cto +85°C) (=10 £50/GuVrC '
RATED OUTPUT?
Voltage, 2k} Load = 10V mm .
Impedance 1 max -
Ripple, (Bandwidth = 100kHz) 10mV p-p max .
1SOLATED POWER OUTPUTS*
Voltage, No Load =I5V "
Accuracy = 109 L
Current =5mA s
Regulation, No Load to Full Load See Text *
Ripple See Text »
POWER SUPPLY
Voliage, Rated Performance +15Vdc =5% -
Voltage, Operating +15Vde = 10% "
Current, Quiescent S0mA .
Current, Full Load - Full Signal S0mA *
TEMPERATURE RANGE
Rated Performance =25°Co +85°C .
Operating =40°Cro +85°C *
Storage —40°Cro +85C .
PACKAGE DIMENSIONS
Inches 1.00 = 2,10 x 0.350 N
Millimerers 254 x53.3x89 .
NOTES

*Specifications same as ADZI0AN.
'Gain ponlincari

increases by +0.002%/mA when the solated power outputs are used.

RTI - Referred o Input

'A reduced ugnal swing is recommended when both + Vygg and + Vies supplies are

fully loaded, due to supply voltage reduction.
ton.

“See rext for detmled informal

Speaifications subject to change without notice.
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OUTLINE DIMENSIONS
Dimensions shown in inches and (mm).
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AD210 PIN DESIGNATIONS
PIN | DESIGNATION | FUNCTION
1 Vo Output
2 |Ocom Output Common
3 |+Voss +Isolated Power @ Output
4 | —Voss —Isolated Power @ Output
14 |+Viss +Isolated Power (@ Input
15 |=Viss —Isolated Power (@ Input
16 |FB Input Feedback
17 |=IN —Input
18 |lcom Input Common
19 | +IN +Input
29 |PwrCom Power Common
30 |(Pwr Power Input

WARNING!

CAUTION

ESD (Electro-Static-Discharge) sensitive device.
Permanent damage may occur on unconnected de-
vices subject to high energy electrostatic fields.
Unused devices must be stored in conductive foam
or shunts. The protective foam should be dis-
charged to the destination socket before devices are

removed.
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INSIDE THE AD210

The AD210 basic block diagram is illustrated in Figure 1. A

+ 15V supply is connected to the power port, and =15V isolated
power is supplied to both the input and output ports via a 50kHz
carrier frequency. The uncommitted input amplifier can be used
to supply gain or buffering of input signals to the AD210. The
fullwave modulator translates the signal to the carrier frequency
for application to transformer T1. The synchronous demodulator
in the output port reconstructs the input signal. A 20kHz, three-
pole filter is employed to minimize output noise and ripple.
Finally, an output buffer provides a low impedance output
capable of driving a 2k} load.

INPUT
FB (15
™
=IN (17, = DEMOD
>4 e [ ][I
—_l | i
ot | B
JZ POWER
+Viss (10 ivpur :I: ]
POWER
- =Vigg (15)] SUPPLY ) +—1
| POWER |
OSCILLATOR
- =4
PWR PWR COM
Figure 1. AD210 Block Diagram
USING THE AD210

The AD210 is very simple to apply in a wide range of applications.
Powered by a single + 15V power supply, the AD210 will provide
outstanding performance when used as an input or output isolator,
in single and multichannel configurations.

Input Configurations: The basic unity gain configuration for
signals up to = 10V is shown in Figure 2. Additional input
amplifier variations are shown in the following figures. For
smaller signal levels Figure 3 shows how to obtain gain while
maintaining a very high input impedance.

+156V

Figure 2. Basic Unity Gain Configuration

The high input impedance of the circuits in Figures 2 and 3 can
be maintained in an inverting application. Since the AD210 is a
three-port isolator, either the input leads or the output leads
may be interchanged to create the signal inversion.

Q.

D@
+15V

Figure 3. Input Configuration for G>1

Figure 4 shows how to accommeodate current inputs or sum
currents or voltages. This circuit configuration can also be used
for signals greater than = 10V. For example, a =100V input
span can be handled with Rp=20kQ and Rg; = 200kq.

‘.
s o |

e

Vour = ~Re (g2 4 Za s )

+15V

Figure 4. Summing or Current Input Configuration

Adjustments

When gain and offset adjustments are required, the actual circuit
adjustment components will depend on the choice of input
configuration and whether the adjustments are to be made at
the isolator’s input or output. Adjustments on the output side
might be used when potentiometers on the input side would
represent a hazard due to the presence of high common-mode
voltage during adjustment. Offset adjustments are best done at
the input side, as it is better to null the offset ahead of the gain.

Figure 5 shows the input adjustment circuit for use when the
input amplifier is configured in the noninverting mode. This
offset adjustment circuit injects a small voltage in series with the

Dan®
+15V

Figure 5. Adjustments for Noninverting Input

ISOLATION AMPLIFIERS 5-21

386



low side of the signal source. This will not work if the source
has another current path to input common or if current flows in
the signal source LO lead. To minimize CMR degradation, keep
the resistor in series with the input LO below a few hundred
ohms.

Figure 5 also shows the preferred gain adjustment circuit. The
circuit shows Ry of 50k{}, and will work for gains of ten or
greater. The adjustment becomes less effective at lower gains
(its effect is halved at G=2) so that the pot will have to be a
larger fraction of the total Ry at low gain. At G=1 (follower)
the gain cannot be adjusted downward without compromising
input impedance; it is better to adjust gain at the signal source
or after the output.

Figure 6 shows the input adjustment circuit for use when the
input amplifier is configured in the inverting mode. The offset
adjustment nulls the voltage at the summing node. This is pref-
erable to current injection because it is less affected by subsequent
gain adjustment. Gain adjustment is made in the feedback and
will work for gains from 1 to 100V/V.

+ 15V
Figure 6. Adjustments for Inverting Input

Figure 7 shows how offset adjustments can be made at the
output, by offsetting the floating output port. In this circuit,
%+ 15V would be supplied by a separate source. The AD210’s
output amplifier is fixed at unity, therefore, output gain must
be made in a subsequent stage.

100k
OFFSET
+15V ~15v

By

Figure 7. Output-Side Offset Adjustment
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PCB Layout for Multichannel Applications: The unique pinout
positioning minimizes board space constraints for multichannel
applications. Figure 8 shows the recommended printed circuit
board layout for a noninverting input configuration with gain.

CHANNEL OUTPUTS
1 2 3

T

I
7
O
)
T

L OO0
1
{
SO0 0
O
T

or H L
B
GRID
R 7 - POWER
T +
¥ s
g % § e
™ ™ Y
I I
1 Ry | Re 1 ] L 1]
| 1 | | Il
1 |
1 (|
Aol L1 Bo Il Wal 11

1 2 3
CHANNEL INPUTS

Figure 8. PCB Layout for Multichannel Applications
with Gain

Synchronization: The AD210 is insensitive to the clock of an
adjacent unit, eliminating the need to synchronize the clocks.
However, in rare instances channel to channel pick-up may
occur if input signal wires are bundled together. If this happens,
shielded input cables are recommended.

PERFORMANCE CHARACTERISTICS

Common-Mode Rejection: Figure 9 shows the common-mode
rejection of the AD210 versus frequency, gain and input source
resistance. For maximum common-mode rejection of unwanted
signals, keep the input source resistance low and carefully lay
out the input, avoiding excessive stray capacitance at the input
terminals.
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-« 1
10 20 5060 100 200 500 1k 2k Sk 10k

FREQUENCY - Hz

Figure 9. Common-Mode Rejection vs. Frequency



Phase Shift: Figure 10 illustrates the AD210’s low phase shift
and gain versus frequency. The AD210’s phase shift and wide
bandwidth performance make it well suited for applications like
power monitors and controls systems.

60 T 11T o
&G = 1

40 -20

20 &G = 100 N \ —40

GAIN - dB
&
ml"’
g
PHASE SHIFT - degrees

-60
—B0 \\
10 100 % 10k 100k
FREQUENCY - Hz

Figure 10. Phase Shift and Gain vs. Frequency

Input Noise vs, Frequency: Voltage noise referred to the input
is dependent on gain and signal bandwidth. Figure 11 illustrates
the typical input noise in nV/\/Hz of the AD210 for a frequency
range from 10 to 10kHz.

X,

&
/|

NOISE - nV/VHz

Figure 11. Input Noise vs. Frequency

Gain Nonlinearity vs. Output: Gain Nonlinearity is defined as
the deviation of the output voltage from the best straight line,
and is specified as % peak-to-peak of output span. The AD210B
provides guaranteed maximum nonlinearity of +0.012% with an
output span of +10V. The AD210’s nonlinearity performance is
shown in Figure 12.

Gain Nonlinearity vs. Output Swing: The gain nonlinearity of
the AD210 varies as a function of total signal swing. When the
output swing is less than 20 volts, the gain nonlinearity as a
fraction of signal swing improves. The shape of the nonlinearity
remains constant. Figure 13 shows the gain nonlinearity of the
AD210 as a function of total signal swing.
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Figure 12. Gain Nonlinearity Error vs. Output
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Figure 13. Gain Nonlinearity vs. Output Swing

Gain vs. Temperature: Figure 14 illustrates the AD210’s gain
vs. temperature performance. The gain versus temperature
performance illustrated is for an AD210 configured as a unity
gain amplifier.

400

=400 %

GAIN ERROR [ppm OF SPAN)
[l

-5 o +25 +50 +70 +85
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Figure 14. Gain vs. Temperature
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Isolated Power: The AD210 provides isolated power at the
input and output ports. This power is useful for various signal
conditioning tasks. Both ports are rated at a nominal +15V

at SmA.

The load characteristics of the isolated power supplies are shown
in Figure 15. For example, when measuring the load rejection
of the input isolated supplies Vigs, the load is placed between
+Viss and —Vjss. The curves labeled Vigs and Vogs are the
individual load rejection characteristics of the input and the
output supplies, respectively.

There is also some effect on either isolated supply when loading
the other supply. The curve labeled CROSSLOAD indicates the
sensitivity of either the input or output supplies as a function of
the load on the opposite supply.

30

CROSSLOAD

VOLTAGE

.

B N
\ Vass
Voss SIMULTANEOUS

Y

/

Viss
Viss SIMULTANEQUS

5 10
CURRENT - mA

Figure 15. Isolated Power Supplies vs. Load

Lastly, the curves labeled Vogs simultaneous and Vigs simul-
taneous indicate the load characteristics of the isolated power
supplies when an equal load is placed on both supplies.

The AD210 provides short circuit protection for its isolated
power supplies. When either the input supplies or the output
supplies are shorted to input common or output common, re-
spectively, no damage will be incurred, even under continuous
,application of the short. However, the AD210 may be damaged
if the input and output supplies are shorted simultaneously.

L5,

100 /’/ |
a /./
: 75 o +\I'°“—|
; L—] /r
& 50 ~Visg
- --""'"—-t.\;m
I i O =
. 1 2 3 4 5 L] 7
LOAD (mA)

Figure 16a. Isolated Supply Ripple vs. Load
{External 4.7uF Bypass)
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Under any circumstances, care should be taken to ensure that
the power supplies do not accidentally become shorted.

The isolated power supplies exhibit some ripple which varies as
a function of load. Figure 16a shows this relationship. The
AD210 has internal bypass capacitance to reduce the ripple to a
point where performance is not affected, even under full load.
Since the internal circuitry is more sensitive to noise on the
negative supplies, these supplies have been filtered more heavily.
Should a specific application require more bypassing on the
isolated power supplies, there is no problem with adding external
capacitors. Figure 16b depicts supply ripple as a function of
external bypass capacitance under full load.
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Figure 16b. Isolated Power Supply Ripple vs. Bypass
Capacitance (Volts p-p, 1MHz Bandwidth, 5mA Load)

APPLICATIONS EXAMPLES

Noise Reduction in Data Acquisition Systems: Transformer
coupled isolation amplifiers must have a carrier to pass both ac
and dc signals through their signal transformers. Therefore,
some carrier ripple is inevitably passed through to the isolator
output. As the bandwidth of the isolator is increased more of
the carrier signal will be present at the output. In most cases,
the ripple at the AD210"s output will be insigificant when compared
to the measured signal. However, in some applications, particularly
when a fast analog-to-digital converter is used following the
isolator, it may be desirable to add filtering; otherwise ripple
may cause inaccurate measurements. Figure 17 shows a circuit
that will limit the isolator’s bandwidth, thereby reducing the
carrier ripple.

Figure 17. 2-Pole, Output Filter

389



Self-Powered Current Source

The output circuit shown in Figure 18 can be used to create a
self-powered output current source using the AD210. The 2k{}
resistor converts the voltage output of the AD210 to an equivalent
current Vourr/2k(). This resistor directly affects the output gain
temperature coefficient, and must be of suitable stability for the
application. The external low power op amp, powered by + Voss
and —Vpsg, maintains its summing junction at output common.
All the current flowing through the 2k{} resistor flows through
the output Darlington pass devices. A Darlington configuration
is used to minimize loss of output current to the base. The low
leakage diode is used to protect the base-emitter junction against
reverse bias voltages. Using — Vs as a current return allows
more than 10V of compliance. Offset and gain control may be
done at the input of the AD210 or by varying the 2k{} resistor
and summing a small correction current directly into the summing
node. A nominal range of 1-5mA is recommended since the
current output cannot reach zero due to reverse bias and leakage
currents. If the AD210 is powered from the input potential, this
circuit provides a fully isolated, wide bandwidth current output.
This configuration is limited to SmA output current.

+18V

Figure 18. Self-Powered Isolated Current Source

Isolated V-to-I Converter

Illustrated in Figure 19, the AD210 is used to convert a 0 to

+ 10V input signal to an isolated 4-20mA output current. The
AD?210 isolates the 0 to + 10V input signal and provides a prop-
ortional voltage at the isolator’s output. The output circuit
converts the input voltage to a 4-20mA output current, which in
turn is applied to the loop load Ry gup.

415V

Figure 19. Isolated Voltage-to-Current Loop Converter

Isolated Thermocouple Amplifier

The AD210 application shown in Figure 20 provides amplification,
isolation and cold-junction compensation for a standard ] type
thermocouple. The AD590 temperature sensor accurately monitors

the input terminal (cold-junction). Ambient temperature changes
from 0 to +40°C sensed by the AD590, are cancelled out at the
cold junction. Total circuit gain equals 183; 100 and 1.83, from
Al and the AD210 respectively. Calibration is performed by
replacing the thermocouple junction with plain thermocouple
wire and a millivolt source set at 0.0000V (0°C) and adjusting
Ro for Equr equal to 0.000V. Set the millivolt source to
+0.02185V (400°C) and adjust Rg for Vour equal to +4.000V.,
This application circuit will produce a nonlinearized output of
about + 10mV/°C for a 0 to +400°C range.

“Vias 1000pF
ADSS0 Ra |_|
L s-; ] 137k | 10m
min'l:a: T o @
_L ADOP-07
Al h
L a1
4 " 2200F
co? 37 it
JUNCTION /77 100K
k >
ok 44
¥ T
=~Viss  +Viss +18V

Figure 20. Isolated Thermocouple Amplifier

Precision Floating Programmable Reference

The AD210, when combined with a digital-to-analog converter,
can be used to create a fully floating voltage output. Figure 21
shows one possible implementation.

The digital inputs of the AD7541 are TTL or CMOS compatible.
Both the AD7541 and AD581 voltage reference are powered by
the isolated power supply + Viss. Icom should be tied to input
digital common to provide a digital ground reference for the
inputs,

The AD7541 is a current output DAC and, as such, requires an
external output amplifier. The uncommitted input amplifier
internal to the AD210 may be used for this purpose. For best
results, its input offset voltage must be trimmed as shown.

The output voltage of the AD210 will go from 0V to — 10V for
digital inputs of 0 and full scale, respectively. However, since
the output port is truly isolated, Vour and Ogom may be freely
interchanged to get 0 to + 10V,

This circuit provides a precision 0-10V programmable reference
with a £3500V common-mode range.

+Vigs

HP5082-2811
OR EQUIVALENT

Figure 21. Precision Floating Programmable Reference
ISOLATION AMPLIFIERS 5-25

390



CHANNEL 1

+V -V cOmM

[¥

CHANNEL 2
i
AD7502 TO
MULTIPLEXER M
———
CHANNEL 3
CHANNEL
SELECT
CHANNEL 4
DCPOWER
SOURCE

Figure 22. Multichannel Data Acquisition Front-End

MULTICHANNEL DATA ACQUISITION FRONT-END
Illustrated in Figure 22 is a four-channel data acquisition front-end
used to condition and isolate several common input signals
found in various process applications, In this application, each
AD210 will provide complete isolation from input to output as
well as channel to channel. By using an isolator per channel,
maximum protection and rejection of unwanted signals is obtained.
The three-port design allows the AD210 to be configured as an
input or output isolator. In this application the isolators are
configured as input devices with the power port providing addi-
tional protection from possible power source faults.

Channel 1: The AD210 is used to convert a 4-20mA current
loop input signal into a 0-10V input. The 25{) shunt resistor
converts the 4-20mA current into a + 100 to +500mV signal.
The signal is offset by — 100mV via Rg to produce a 0 to +400mV
input. This signal is amplified by a gain of 25 to produce the
desired 0 1o + 10V output. With an open circuit, the AD210
will show — 2.5V at the output.

Channel 2: In this channel, the AD210 is used to condition and
isolate a current output temperature transducer, Model AD590.
At +25°C, the AD590 produces a nominal current of 298.2pA.
This level of current will change at a rate of 1pAFC. At —17.8°C
(0°F), The AD590 current will be reduced by 42.8p.A to
+255.4pA. The AD580 reference circuit provides an equal but
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opposite current, resulting in a zero net current flow, producing
a 0V output from the AD210. At +100°C (+212°F), the AD590
current output will be 373.2pA minus the 255.4p.A offsetting
current from the AD580 circuit to yield a +117.8pA input
current. This current is converted to a voltage via Ry and Rg to
produce an output of + 2,12V. Channel 2 will produce an output
of +10mV/°F over a 0 to +212°F span.

Channel 3: Channel 3 is a low level input channel configured
with a high gain amplifier used to condition millivolt signals.
With the AD210’s input set to unity and the input amplifier set
for a gain of 1000, a £10mV input will produce a =10V at the
AD210’s output.

Channel 4: Channel 4 illustrates one possible configuration for
conditioning a bridge circuit. The AD584 produces a + 10V
excitation voltage, while A1 inverts the voltage, producing negative
excitation. A2 provides a gain of 1000V/V to amplify the low
level bridge signal. Additional gain can be obtained by reconfig-
uration of the AD210’s input amplifier. * Vjgs provides the
complete power for this circuit, eliminating the need for a separate
isolated excitation source.

Each channel is individually addressed by the multiplexer’s
channel select. Additional filtering or signal conditioning should
follow the multiplexer, prior to an analog-to-digital conversion
stage.



ANALOG
DEVICES

Precision Hybrid
Isolation Amplifier

AD295

FEATURES

Low Nonlinearity: +0.012% max (AD295C)

Low Gain Drift: +60ppm/°C max

Floating Input and Output Power: =15V dc @ 5mA
3-Port Isolation: +2500V CMV (Input to Output)
Complies with NEMA ICS1-111

Gain Adjustable: 1V/V to 1000V/V

User Configurable Input Amplifier

APPLICATIONS

Motor Controls

Process Signal Isolator

High Voltage Instrumentation Amplifier
Muiti-Channel Data Acquisition Systems
Off Ground Signal Measurements

GENERAL DESCRIPTION

The AD295 is a high accuracy, high reliability hybrid isolation
amplifier designed for industrial, instrumentation and medical
applications, Three performance versions are available offering
guaranteed nonlinearity error at 10V p-p output: +0.05% max
(AD295A), +0.025% max (AD295B), +0.012% max (AD295C).
Using a pulse width modulation technique the AD295 provides
3-port isolation between input, output and power supply ports.
Using this technique, the AD295 interrupts ground loops and
leakage paths and minimizes the effect of high voltage transients.
Additionally, floating (isolated) power =+ 15V dc @ SmA is
available at both the input and output. The AD295’s gain can
be programmed at the input, output or both sections allowing
for user flexibility. An uncommitted input amplifier allows
configuration as a buffer, inverter, subtractor or differential
amplifier.

The AD295 is provided in an epoxy sealed ceramic 40-pin
package that insures quality performance, high stability and
accuracy. Input/output pin spacing complies with NEMA
(ICS1-111) separation specifications required for many industrial
applications.

WHERE TO USE THE MODEL AD295

Industrial: The AD295 is designed for measuring signals in
harsh industrial environments. The AD295 provides high
accuracy with complete galvanic isolation and protection from
transients or where ground fault currents or high common-mode
voltages are present. The AD295 can be applied in process
controllers, current loop receivers, motor controls and weighing
systems.

Instrumentation: In data acquisition systems the AD295
provides common-mode rejection for conditioning thermocouples,
strain gauges or other low-level signals where high performance
and system protection is required.

AD295 FUNCTIONAL BLOCK DIAGRAM

Medical: In biomedical and patient monitoring equipment like
diagnostic systems and blood pressure monitors, the AD295
provides protection from lethal ground fault currents. Low level
signal recording and monitoring is achieved with the AD295’s
low input noise (2uV p-p @ G=1000V/V) and high CMR
(106dB @ 60Hz).

DESIGN FEATURES AND USER BENEFITS

Isolated Power: Isolated power supply sections at the input and
output provide =15V dc @ 5SmA. Isolated power is load
regulated to 4%. This feature permits the AD295 to excite
floating signal conditioners, front-end buffer amplifiers and
remote transducers at the input and external circuitry at the
output. This eliminates the need for a separate dc/dc converter,
Input Amplifier: The uncommitted input amplifier allows the
user to configure the input as a buffer, inverter, subtractor or
differential amplifier to meet the application need.

Adjustable Gain: Gain can be selected at the input, output or
both. Thus, circuit response can be tailored to the user’s
application, The AD295 provides the user with flexibility

for circuit optimization without requiring external active
components.

Three-Port Isolation: Provides true galvanic isolation between
input, output and power supply ports. Eliminates the need for
power supply and output ports being returned through a
common ground.

Wide Operating Temperature: The AD295 is designed to
operate over the —40°C to + 100°C temperature range with
rated performance over —25°C to +85°C.

Leakage: The low coupling capacitance between input and
output yields a ground leakage current of less than 2pA rms at
115V ac, 60Hz. The AD295 meets standards established by
UL STD 544.
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SPECIFICATIONS s @ +25%, & v, = +15v wes atrvie ot

MODEL AD2954 AD20:B AD95C OUTLINE DIMENSIONS
GAIN Di ; T
R A D0V ‘ " imensions shown in inches and (mm).
Open Loop 100dB . .
Accuracy G = IV/V =1,5% . . |-._ l;‘;;}} ]
vs Temperature(—25°C o +85°C)
G=1V/V 1o 100VV ' + 60ppm/~C max . ”
Nonlineanty ( = 3V Swing) G = 1V-100V/V = (1,05% max =0 025% max = [0.012% max ﬂ-'l'ﬁ“l:!il
INPUT VOLTAGE RATINGS
Linear Dufferentul Range = 10V min " * 0200 so11
Max Safe Differentual loput +15V " " 15 081 10 278}
Max CMV {Input 1o Qutpur) 0800 (15 24)
Continuous ac or de = 2500V peak * $ - --MAK———'
ac, 60Hz, | Munute Duration 2500V rms o e
Max CMV (Input to Power Common/Output to Power Common) |--—"9§‘33“'|—--|
Continuous ac or do + 2000V peak . * L0
ac, 60Hz, | Minute Duranon 2000V rms - * T
CMR, Input to Output 60Hz, G = 1V/V
Rs = 1kfl Balanced Source Impedance 10648 . . B CES
R = 1k Source Impedance Imbalance 103dB mun L * 1o “ :::'
Max Leakage Current, Input to Qutput 2 » T
i 115V ac, 80Hz 2uA rms max . . ? :‘:
INPUT IMPEDANCE 5 ETY
Dhfferental 5 107033pF . -
Common Mode 10°(1|20pF k A i
INPUT BIAS CURRENT MaX
Imal, G +25°C SnA max . = AD235
vs Temperature (- 25°Cto +85°C) — 25pAFC max . ’ (27 30
INPUT DIFFERENCE CURRENT 2568
Tnnial, @ +25°C = InA max " i 164 34}
vs. Temperature (— 25°Co + 85°C) + SpASC max o -
INPUT NOISE (Gam = 1000V/V)
16 25
Voluge w 2
0 01Hz 1w 10Hz uVpp o i 73
10Hz 0 1kHz IV rms . e 19 22
Corrent 28 an 01 [254)
0 01Hzw 10Hz 10pA p-p s n,
FREQUENCY RESPONSE D ia1n
Small Signal{ - 3dB) o1 [ (R
G = 1V/V 10 100V vV 4 SkHz . * TOP VIEW
G = 1000V/V 600Hz " " RECOMMENDED MATING SOCKET AC1220
Full Power, 20V p-p Qutput
G o= IV/V 1o 100V/IV 1 4kHz - .
G = 1000V/V 200Hz ol "
Slew Rate G = 1VIV 10 100V/V 0 1Vips . . PIN DESIGNATIONS
Sertling Time G = 1V/V
(to =0 1% for 10V Step) 550us - . PIN | FUNCTION PIN_| FUNCTION
(to = 0.1% for 20V Step) T00ps & . 1 + 16V [ +Vigas! 40 | INPUT FEEDBACK
OFFSET VOLTAGE, REFERRED TO INPUT 2 | Viso) COM 38 | +INPUT
P I 3 | - 1BVI=Vigol 38 | —INPUT
Inutial @ + 25°C{Adjustable to Zero) 3% o mVmax * " 37 | INPUTCOM
IN. 5 pod
vs. Temperature ( — 25°Cro +85°C) (Hn:%@)“\m‘: [:3 t(—?-'i)uvr‘c (tl 5 =é1£]“w,c
, N/ max NS max N/ max 1 Vs e 3“ pure
o 00 o
v Supply (—' % @)PV’" * * 17 | POWERCOMMON | 24 | FILTER
] OUTPUT FEEDBACK
RATEDOUTPUT ] + 15V [+ Vigoa! 22 | OUTPUT
Voltage, 2k Load + 10V min * * 20 =15V + Vigozl 21 | OUTPUTOFFSET TRIM
Dutput Impedance 203 (de to 100Hz) s "
Qutput Ripple (10Hz 10 10kHz) &6mV p-p . .
(10Hz 1o 100kHz) 40mV p-p . .
ISOLATED POWER SUPPLIES' (Visa & Visaa)
Voltage £15Vde " b
Accumacy 5% . .
Current® £ 5mA max . "
Load Regulanion (No Load to Full Load) — 4% * »
Rapple, 100kHz BW 12mV p-p . *
POWER SUPPLY ( +Vs)
Voltage, Rated Performance +15Vde = 3% . *
Volage, Operanng +12Vdcwo + 16Vde  * o
Current, Quiescent (Vg = + 15V} 40mA g -
With Vyso Loaded 45mA . .
TEMPERATURE RANGE
Rated Performance —25°Cto +85°C w. *
Operating —40°Cro + 100°C . Ll
Storage —40°C 1o + 100°C " *
CASE DIMENSIONS 2,77 < 0.88" x 0 375 - '
NOTES
W ypun mcracy snd regilston 10% *Specifications same 2 ADZ9SA
2 10mA can be sapplied by Ve, if Visos 1 oot used Specifications subgect to change without notice
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Understanding the Isolation Amplifier Performance

INTERCONNECTIONS AND SHIELDING TECHNIQUE
To preserve the high CMR performance of the AD295, care
must be taken to keep the capacitance balanced about the input
terminals. Use twisted shielded cable for the input signal to
reduce inductive and capacitive pick-up. During circuit layout
or interassembly connections, twisted wire pairs are recommended
for power input and signal output. For basic isolator connections,
see Figure 1. Capacitors C1-CS are required in all applications
to achieve the low noise rating and provide adequate filtering of
the power supply.

. Q \ Q

noTES -

1 RESISTORSARE 1%0pp CMETALALMTYPE & Cour = ooy FARADS ~
MATCHED TO'S PPMSC [ 5 ]

2 IaFR,

10dppm G CERMET TYPE
3 CAPACITORS, C1-C5 ARE 2 2uF FOR GAINS LESS THAN W0

Figure 1. Basic Isolator Interconnection

THEORY OF OPERATION

The AD295 obtains its outstanding performance from a pulse
width modulation technique using transformer coupling. This
technique permits both signal and power transfer from input to
the output stage of the isolator. Additionally, this technique
provides higher noise immunity and lower nonlinearity than
obtained from optically coupled or amplitude modulated trans-
former coupled techniques.

The three basic sections of the AD295 are shown in Figure 2.
The power section 80kHz oscillator signal is transferred to the
input and output sections via T2. The signal is then rectified
and filtered providing dc power for that section’s circuitry and
for external application use. The input section consists of input
amplifier Al and the input modulator attenuator circuit. A
triangular waveform derived from the 80kHz oscillator is sent to

Figure 2. Basic Block Diagram

the modulartor. If the input signal of Al is zero, the triangle
wave remains symmetrical. If Al moves away from zero, the
triangle wave moves positive or negative becoming asymmetrical.
These modulated signals are converted to a pulsed waveform
and transferred to the output section via T1. In the output
section the signals are demodulated and filtered. The output
amplifier A2 provides gain and additional filtering.

INTERELECTRODE CAPACITANCE AND TERMINAL
RATINGS

Capacitance: Interelectrode terminal capacitance arises from
stray coupling capacitance effects between the input terminals
and signal output terminals. Each are shunted by leakage resistance
values exceeding 50G(}. Figure 3 illustrates the AD295’s capaci-
tance between terminals.

Terminal Ratings: CMV performance is given in both continuous
ac, or dc peak ratings. Continuous peak ratings apply from dc
up to the normal full power response frequency. Figure 3 illustrates
the AD295’s ratings between terminals. Note that for the = 2500V
rating between the input and output terminals to apply, the
AD295 must be used in a three port configuration. If the output
common is tied to the power common, the input to output
CMV rating is = 2000V,

r ————— === |

| |

| |
o_i_ Anmw :

1pF

T

]

I | I

| :I I

[P [T ff g |

Figure 3. Interelectrode Capacitance and Terminal Ratings

OFFSET AND GAIN ADJUSTMENT PROCEDURE

The calibration procedure, illustrated in Circuits 1 and 2, shows
the recommended techniques that can be used to minimize
output error. In this example, the output span is — 10V to
+10V.

Offset Adjustment
1. Configure the AD295 as shown in Circuit 1. G=1.
2. Apply Epn=0V dc and adjust Rg for Eo=0 volts.
3. Configure the AD295 as shown in Circuit 2. G=100.
4. Apply Epy=0V dc and adjust Ry for Eg=0 volts.
5. Repeat steps 14 if necessary.
Gain Adjust
6. Apply Epg= +0.1V dc adjust Rg for Eg= + 10.000V dc.
7. Apply Epg= —0.1V dc and measure the output error (see

Curve a.)
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OUTPUT VOLTAGE — Volts
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8. Adjust Rg until the output error is one half that measured Input to output gain greater than unity can be independently set

in step 6 (see Curve b). at the input, output, or both, For input gain configuration see
9. Apply Epy= +0.1V dc and adjust R until the output error Figures 4b and 4c. Output gain configuration is shown in Figure
is one half that measured in step 7 (see Curve c). 4d.

10. Repeat steps 6-9 if necessary.

R
*R=10k REQUIRED FOR 8,>1V 18V so= {E'n?—'} Tagd

Ry +R,=10k
b. Basic Gain Noninverting Configuration

Circuit 1. G=1

OUTPUT OFFSET
ADJUST

23
(7)) el i
25, R 3 oo
e -

coMm
*A= 10k REQUIRED FOR &,>1V o {’s::‘: “x} (4) s
Circuit 2. G=100 d. Output Gain Noninverting Configuration
SELECTING GAIN

Figure 4. Input/Output Gain Confil tions
The AD295 basic gain is unity from input to output. All input e EEFEATPEL R SR

signals are attenuated by 2.5 at the input modulator/attenuator PERFORMANCE CHARACTERISTICS

then amplified at the output (see Figure 2). Phase Shift vs. Fqu: The'phag shift vs. frequency re-
The AD295 contains both input and output amplificrs, the spanse; for the AD295 is shown in Figure 5.

gains of which can be set independently. Figure 4 illustrates the 360

basic gain configurations. Taking input gain helps dilute output

stage offset drift and is recommended where offset drift is to be 300

minimized since taking output gain multiplies output drift by
the gain taken. Output gain can be used for improved linearity
and frequency response at the expense of higher offset drift.
Figure 4a illustrates the basic unity gain configuration. With the
uncommitted input amplifier configured as a buffer and pins 22
and 23 of the output amplifier jumpered, eg=es.

50 _/f/
100 1
FREQUENCY - Hz
Figure 5. Typical AD295 — Phase Shift vs. Frequency

PHASE SHIFT - Degrees

10 k 10k

CMR vs. Frequency: Input-to-output CMR is dependent on
source impedance imbalance, input signal frequency and amplifier
gain. CMR is rated at 60Hz and 1k{} source impedance imbalance

"R=TOKREQUREDFOR 651V 4 oy at a gain of 1V/V. Figure 6 illustrates the CMR vs. frequency
for the AD295. CMR approaches 120dB at dc with a source
a. Basic Unity Gain Configuration impedance imbalance of 1k,
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1 10 100 1k 10k
FREQUENCY - Hz

Figure 6. Typical AD295 - CMR vs. Frequency
Input Voltage Noise vs. Bandwidth: Voltage noise referred to
the input is dependent on gain and bandwidth. Figure 7 illustrates
the typical input noise in wV peak-to-peak in a 10Hz to 10kHz
frequency range.

g 4
g g s Gn= o000
3
01
10 100 1000 10,000

BANDWIDTH - Hz
Figure 7. Typical AD295 - Input Voltage Noise vs.
Bandwidth
Output Voltage Noise vs. Bandwidth: Voltage noise referred to
the output is dependent on gain, bandwidth, input and output
noise contributions. Figure 8 illustrates the typical output noise
in mV peak-to-peak in a 10Hz to 10kHz frequency range.

10

=1V
S

Wl

v

OUTPUT VOLTAGE NOISE - mV p-p

1o

100 1000 10,000
BANDWIDTH - Hz

Figure 8. Typical AD295 - Output Voltage Noise vs.

Bandwidth

Gain Nonlinearity vs. Qutput Swing: Linearity error is defined
as the deviation of the output voltage from the best straight line
and is specified as % peak-to-peak of output voltage span, e.g.,
nonlinearity of model AD295A operating at an output span of
10V peak-to-peak ( £ 5V)is £0.05% or + SmV. Figure 9 illustrates
the gain nonlinearity for output swing up to =+ 10V (20V peak-to-
peak).

/7

001 01 w20
OUTPUT SWING - Vip-p

Figure 9. Typical AD295 - Gain Nonlinearity vs. Output Swing
Full Power Bandwidth vs. Gain: Figure 10 illustrates the full
power bandwidth vs. gain for the AD295. A 1.4kHz full power
response is possible with gain up to 100V/V.

10,000

GAIN NONLINEARITY - %
\'-...._

]

0.001

FULL POWER BANDWIDTH - Hz

10

Gue VIV, Goyr=1
Figure 10. Typical AD295 - Full Power Bandwidth vs. Gain
Small Signal Bandwidth vs. Gain: Figure 11 illustrates the
small signal bandwidth vs. gain for the AD295. The small signal
response remains at 4.5kHz for gain up to 100V/V.

10.000

\

SMALL SIGNAL BANDWIDTH - Hz

1 00 1000

10 1
Gy VIV, Gour=1

Figure 11. Typical AD295 — Small Signal Bandwidth vs. Gain

3 =
—

NONLINEARITY - %
5
i

Vour= £ 10V

1 10 100 1,000

G VIV, Gourr =1

Figure 12. Typical AD295 - Gain Nonlinearity vs. Gain
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Isolated Strain Gauge Using Front End of AD295

The AD295 can be used to condition and isolate differential
signal sources like those present with strain gauge measurements.
Figure 13 illustrates one possible configuration for conditioning
a strain gauge. Amplifiers Al and A2 are powered by the AD295’s
input isolated power supply. This eliminates the need for a
separate de/dc converter and provides a completely floated differen-
tial input. Input gain is selected via Rg and determined by the
input gain formula.

+EXCITATION

~ EXCITATION
GAIN = 1 + !%*

INPUT AMPLIFIER 15

FLOATING SUPPLY
ANAZ = ADOP.OT

Figure 13. Isolated Strain Gauge Using Front End of
AD295

Isolated Temperature Measurement with Cold Junction
Compensation

The AD295 can be used to condition, isolate and provide cold
junction compensation of thermocouples in temperature meas-
urement applications. With the circuit shown in Figure 14, the
ADS590 must be thermally connected to the cold junction terminal
for an accurate temperature measurement of the terminals.
Using this circuit, accurate temperature measurements using the
industry’s popular J type thermocouple can be made.

aosso g
unmaci"/
HOT rd
JUNCTION
I vvvvv
1
w = |
JUNG :
2303 (l)mm

ACCURACY /2" From 0 to 40°C

Figure 14. Isolated Temperature Measurement with Cold
Junction Compensation
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Isolated Voltage-to-Current Loop Converter

Illustrated in Figure 15, the AD295 is used to convert a 0 to

+ 10V input signal o a standard 4-to-20mA current. Here high
common-mode rejection and high common-mode voltage sup-
pression are easily obtained with the AD295. The AD295 condi-
tions the 0 to + 10V input signal and provides a proportional
voltage at the isolator’s output. This output signal is converted
to a 4-to-20mA current, which in turn is applied to the loop
load R]__DAD-

FOR O TO + 10V IN [-h‘lonn
4-20mA OUT
nares X
VWA~——0 CURRENT
Rioan LooP

Figure 15. Isolated Voltage-to-Current Loop Converter

Noise Reduction in Data Acquisition Systems

In critical low noise applications like when an isolation amplifier
precedes an analog to-digital converter, it may be desirable to
add filtration, otherwise output ripple may cause inaccurate
conversions. The 2-pole low-pass active filter shown in Figure
16 limits isolator bandwidth of the AD295. The filter will reduce
output ripple and provide smoothing of discontinuous high
frequency waveforms.

Figure 16. 2-Pole, 2kHz Active Filter
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ANALOG
DEVICES

Economy, High Performance,

Self-Contained Isolation Amplifier

Model 284)

FEATURES

Low Cost

Low Nonlinearity: £0.05% @ 10V pk-pk Output

High Gain Stability: +0.0075%/°C, £0.001%/1000 hours
Isolated Power Supply: £8.5V dc @ £t5mA

High CMR: 110dB min with 5k Imbalance

High CMV: £5000V_, , 10ms Pulse; £2500V dc continuous
Small Size: 15" x 15 x 0.6 "

Adjustable Gain: 1 to 10V/V; Single Resistor Adjust
Meets IEEE Std 472: Transient Protection (SWC)

Meets UL Std 544 Leakage: 2.0uA max @ 115V ac, 60Hz

APPLICATIONS

Biomedical and Patient Monitoring Instrumentation
Ground Loop Elimination in Industrial Control
Off-Ground Signal Measurements

4-20mA Isolated Current Loop Receiver

GENERAL DESCRIPTION

Model 284] is a low cost isolation amplifier featuring isolated
power, *8.5V dc @ £5mA loads, #2500V dc off-ground isola-
tion (CMV) and 110dB minimum CMR at 60Hz, 5k source
imbalance, in a compact 1.5" x 1.5" x 0.6" epoxy encapsulated
package. This improved design achieves low nonlinearity gf
+0.05% @ 10V pk-pk output, gain stability of £0.0075%/ C
and input offset drift of +30uV/°C at G= 10V/V. Using modu-
lation techniques with reliable transformer isolation, model 284]
will interrupt ground loops, leakage paths and high voltage
transients to £5k V. (10ms pulse) providing dc to 1kHz (-3dB)
response over an agjustab]e gain range of 1V/V to 10V/V.
Model 284]’s fully floating guarded input stage and floating
isolated power for external input circuitry, offers versatility
for both medical and industrial OEM applications.

WHERE TO USE MODEL 284]

Medical Applications: In all biomedical and patient monitoring
equipment such as multi-lead ECG recorders and portable diag-
nostic designs, model 284] offers protection from lethal ground
fault currents as well as 5kV defibrillator pulse inputs. Low
level bioelectric signal recording is achieved with model 284]'s
low input noise (8uV p-p) and high CMR (110dB, min).

Industrial Applications: In computer interface systems, process
signal isolators and high CMV instrumentation, model 284]
offers complete galvanic isolation and protection against dam-
age from transients and fault voltages. High level transducer
interface is afforded with model 284]'s 10V pk-pk input signal

capability at a gain of 1V/V operation. In portable field designs,

model 284]’s single supply, low power drain of 85mW @ +12V
operation offers long battery operation.

284] FUNCTIONAL BLOCK DIAGRAM
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25V
Vao T )mwsn
FOWER
SUPPLY
o MUY RIELD)
100u11
L. - T
GAIN =14 o VIV T 1oV

DESIGN FEATURES AND USER BENEFITS

Isolated Power: Dual 8.5V dc @ #5mA, completely isolated
from the input power terminals (¥2500V dc isolation), pro-
vides the capability to excite floating signal conditioners, front
end buffer amplifiers and remote transducers such as thermis-
tors or bridges. ¢

Adjustable Gain: Model 284] s adjustable gain combined with
its 10V pk-pk output signal dynamic range offers compatibility
with a wide class of input signals. A single external resistor en-
ables gain adjustment from 1V/V to 10V/V providing the flexi-
bility of applying model 284] in both high level transducer
interfacing as well as low level sensor measurements.

Floating, Guarded Front-End: The input stage of model 284]
can directly accept floating differential signals, such as ECG
biomedical signals, or it may be configured as a high perfor-
mance instrumentation front-end to accept signals having CMV
with respect to input power common.

High Reliability: Model 284] is a conservatively designed,
compact module, capable of reliable operation in harsh envi-
ronments. Model 284] has a calculated MTBF of over 400,000
hours and is designed to meet MIL-STD-202E environmental
testing as well as the IEEE Standard for Transient Voltage Pro-
tection (472-1974: Surge Withstand Capability). As an addi-
tional assurance of reliability, every model 284] is factory
tested for CMV and input ratings by application of 5kV pk,
10ms pulses, between input terminals as well as input/output
terminals.
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SPECIFICATIONS (e @ + 270 ntt = + 15v s v i

MODEL 284)
GAIN (NON-INVERTING) "
Range (50k£) Load) 1 to 10V/V 100k02
Formula Gamm= |1+ 07K + R.{kED R'(kn)l
Deviauon from Formula +£3%
vs. Time £0 001%/1000 Hours
vs Temperature (0 to +70°C)" 40,0075%/°C
Nonhneanity, G = 1V/V to 10v/V? +0.05%
INPUT VOLTAGE RATINGS
Linear Differennial Range, G = 1V/V £5V min
Max Safe Differential Input
Conunuous 240V g
Pulse, 10ms duranon, 1 pulse/10 sec 26500V, max
Max CMV, Inputs to Outputs
AC, 60Hz, 1 minute duration 2500V ang
Pulse, 10ms duration, 1 pulse/10 sec £2500V ) max
With 510kS2 in series with Guard 5000V py max
Continuous, ac or de £2500Vpy max
CMR, Inputs to Outputs, 60Hz, Rg = 5kl
Balanced Source Impedance 114dB
5k} Source Impedance Imbalance 110dB min
CMR, Inputs 1o Guard, 60Hz
1kD2 Souree Impedance Imbalance 78dB
Max Leakage Current, Inputs to Power Commaon
@115V ac, 60Hz 2.0iA rms max
INPUT IMPEDANCE
Differennal 10° Ql70pF
Overload 300k
Common Mode sx10'% g I20pF
INPUT DIFFERENCE CURRENT
Inimal, @ +25°C +7nA max
vs. Temperature (0 to +70°C) +0.1nA/°C
INPUT NOISE
Voltage, G = 10V/V
0.05Hz 1o 100Hz 8uV pp
10Hz to 1kHz 10uV rms
Current
0.05Hz to 100Hz SpA pp
FREQUENCY RESPONSE
Small Signal, -3dB, G = 1V/V 1o 10V/V 1kHz
Slew Rate 25mVius
Full Power, 10V p-p Output
Gamn = 1V/V TOOHz
Gan = 10V/V 200Hz
Recovery Time, to +100uV after Application
of 16 SODV& Differential Input Pulse 200ms
OFFSET VOLTAGE REFERRED TO INPUT
Inital, @ +25°C, Adjustable to Zero +(5 + 20/G)mV

vs. Temperature (0 to +70°C)
v Supply Voltage

*(15 + 150/GluV/°C
£1mV/%

RATED OUTPUT

OUTLINE DIMENSIONS

Dimensions shown in inches and (mm).

SEEGUARDING
TECHNIOUES BEL
=t 11
Hegr o om -4 4wy 7
i3 GArk i—#:&
151 (38 1) MAX W !!‘ o nmc{u'a o
L b4 vieg |
& i Hian
2844 s7 1 ] gt
T -1]5:«;|- mlOl T Bt
520700 78 1 oor b
u " “ 186 TO 6 4} 1‘ i
00411021 D1A-a] -} H@s .
e e s =] =cmoo1 s
AC1049

SHIELDED MOUNTING SOCKET

INTERCONNECTION AND GUARDING TECHNIQUES
Model 284] can be applied directly to achieve rated perform-
ance as shown in Figure 1 below. To preserve the high CMR
performance of model 284], care must be taken to keep the
capacitance balanced about the input terminals. A shield
should be provided on the printed circuit board under model
284] as illustrated in the outline drawing above (screened
area), The GUARD (Pin 6) should be connected to this shield.
This guard-shield is provided with the mounting socket, model
AC1049. A recommended guarding technique using model
AC1049 is illustrated in Figure 1. To reduce effective cable
capacitance, cable shield should be connected to the common
mode signal source by connecting the shield as close as possi-
ble to the signal low.

Offset Voltage Trim Adjust: The trim adjust circuit shown in
Figure 1 can be used to zero the output offset voltage over the
gain range from 1 to 10V/V. The output terminals, HI OUT
and LO OUT, can be floated with respect to PWR COM up to
50V, max, offering three-port isolation. A 0.1uF capacitor
is required from LO OUT to PWR COM whenever the output
terminals are floated with respect to PWR COM. LO OUT can
be connected directly to PWR COM when output offset trim-
ming is not required.

Voltage, 50k} Load 5V min

Output Impedance k2

Outpur Ripple, 1IMHz Bandwidth SmV pk-pk
ISOLATED POWER OUTPUTS

Voltage, £5mA Load +8.5V dec

Accuracy +5%

Current +5mA min

Regulanion, No Load to Full Load +0,-15%

Ripple, 100kHz Bandwidth 100mV p-p
POWER SUPPLY, SINGLE POLARITY?

Voltage, Rated Performance +15V de

Voltage Operating * #8015 5)Vde

Current, Quiescent +10mA
TEMPERATURE RANGE

Rated Performance 010 +70°C

Operatng -25°C 1o +85°C

Storage -55°Cto +85°C

CASE DIMENSIONS

15"x15" x062"

! Gain drift 15 speaifred as 8
3 Gas I ficdasn p

F of outpur signal level
ge of 10V ph-pk output span

m Ity 5 3P
* Recommended power supply, ADI model 904, £15V @ 50mA outpur $41 (1-9)

Specifications subject to change withour nouce.
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BANDWIDTH ROLLOFF
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£200VDE MAX W FOWER 0l

WOTE | GAIN RESISTOR, R, 1%, S0ppm "C METAL FILM TYPL 15 AECOMMENDED
FOR GAIN = 1W/V, LEAVE TERMINAL 2 OPEN
FOR GAIN = 10v/V, BHORT TERMINAL 2 TO TERMINAL 1

100w |
N ol
aam LECE
NOTE 2 GUARD RESISTOR, Ag, REQUIRED ONLY FOR CMV > 12500V [16kiiey MAX)
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Rg MAY BE
(USE % WATT, 5%, CARBON COMPOSITION TYPE, ALLEN BRADLEY RECOMMENDED)

WOTE 3 DUTPUT FILTER CAPACITOR. C SELECT TO ROLLOFF NOISE
AND QUTPUT RIPPLE {ny SELECT C = 1 fuF FOR de TO 1008 BANDWIDTH|

Figure 1. Basic Isolator Interconnection
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Understanding the Isolation Amplifier Performance

THEORY OF OPERATION

The remarkable performance of model 284] is derived from
the carrier isolation technique which is used to transfer both
signal and power between the amplifier’s guarded input stage
and the rest of the circuitry. The block diagram for model 284]
is shown in Figure 2 below.

The 320k£2 input protection resistor limits the differential in-
put current during periods of input amplifier saturation and
also limits the differential fault current to approximately 35uA
in case the preamplifier fails.

The bipolar input preamplifier operates single-ended (non-
inverting). Only a difference bias current flows with zero net
bias current. A third wire return path for input bias current is
not required. Gain can be set from 1V/V to 10V/V by chang-
ing the gain resistor, R;. To preserve bigh CMR, the gain resistor
must be guarded. Best performance is achieved by shorting
terminal 2 to terminal 1 and operating model 284] at a gain of
10V/V.

For powering floating input circuitry such as buffer amplifiers,
instrumentation amplifiers, calibration signals and transducers,
dual isolated power is provided. High CMV isolation is achieved
by the low-leakage transformer coupling between the input
preamplifier, modulator section and the output circuitry. Only
the 20pF leakage capacitance between the floating guarded in-
put section and the rest of the circuitry keeps the CMR from
being infinite.

POWER ®
SUPPLY
L e WeUTSHIELD]
. -
GAIN=1 0 Tt + Ryt VA TO YWY

Figure 2. Block Diagram — Model 284J

INTERELECTRODE CAPACITANCE, TERMINAL RATINGS
AND LEAKAGE CURRENTS LIMITS

Capacitance: Interelectrode terminal capacitance arising from
stray coupling capacitance effects between the input terminals
and the signal output terminals are each shunted by leakage
resistance values exceeding 50kMS2, Figure 3 illustrates the
CMR ratings at 60Hz and 5k£2 source imbalance between sig-
nal input/output terminals, along with their respective capaci-
tance.

{
[—
V040 N
*WHEN GUARD TIED TO INPUT COMMON MODE SOURCE

Figure 3. Model 284)
Terminal Capacitance
and CMR Ratings

L

Figure 4. Model 254
Terminal Ratings

Terminal Ratings: CMV performance is given in both peak
pulse and continuous ac or dc peak ratings. Pulse ratings are
intended to support defibrillator and other transient voltages.
Continuous peak ratings apply from dc up to the normal full
power response frequencies. Figure 4 and Table 1 illustrate
model 284]'s ratings between terminals.

__SYMBOL RATING REMARKS
V1 ipulse) | £6500Vpy (10ms) Withstand Volrage, Defibnllator
V1 {cont ) 240V ams Withstand Voliage, Steady Stare
V2 (pulse) | £2500Vpg (10ms) Rg = 0 Transient
V2 (pulse) | £5000Vpg (10ms) Rg = 510k82 | Isolanon, Defibnilator
V2 {cont } *2500Vpx Isolation, Steady State
V3icont) | £50Vpy Isolation, de
Z1 S0kMEL[20pF Isolation Impedance
1 35pA mms Input Fault Limut, DC to 60kHz

Table 1. Isolation Ratings Between Terminals

Leakage Current Limits: The low coupling capacitance between
inputs and output yields a ground leakage current of less than
2.0p4A rms at 115V ac, 60Hz (or 0.024A/V ac). As shown in
Figure 5, the transformer coupled modulator signal, through
stray coupling, also creates an internally generated leakage cur-
rent of about 5uA rms @ 60kHz. Line frequency leakage cur-
rent levels are unaffected by the power on or off condition of
model 284].

For medical applications, model 284] is designed to improve
on patient safety current limits proposed by F.D.A., U.L.,
A.AM.L and other regulatory agencies. (e.g. model 284] com-
plies with leakage requirements for the Underwriters Labora-
tory STANDARD FOR SAFETY, MEDICAL AND DENTAL
EQUIPMENT as established under UL544 for type A and B
patient connected equipment — reference Leakage Current,
paragraph 27.5).

In patient monitoring equipment, such as ECG recorders,
model 284] will provide adequate isolation without exposing
the patient to potentially lethal microshock hazards. Using
passive components for input protection, this design limits
input fault currents even under amplifier failure conditions.

TEST CIRCUITS & MAX CURRENT LIMITS FOR
ANY SWITCH CLOSURE COMBINATION

& ..;;IE;..;
- ot =3

15V
LINE INDUCED
TEST i)

L nwu‘.‘.m

b
4
2
oA
[
REJECT ACCEPT|
- - RE
£ 4 {_ GION REGION
s
Y ouA
5 Sty e aam — a0
& ATPATIENT SAFETY LIMIT: 4
BEECPRA SO LEAKAGE CURRENT
A
s 284
- 4 LINE INDUCED LEAKAG
2 CURRENT
e B 1
0 0
g L= 2 Ouh rms "; B A e
W, IVAC
* ? trvp )
01,
w00 00K ™

10k
FREQUENCY - Mz

Figure 5. Model 284 Leakage Current Performance from Line
Induced and Internally Generated (Modulator) Operating
Conditions
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PERFORMANCE CHARACTERISTICS

Common Mode Rejection: Input-to-Output CMR is dependent
on source impedance imbalance, signal frequency and ampli-
fier gain. CMR is rated at 115V ac, 60Hz and 5k{2 imbalance
at a gain of 10V/V, Figure 6 illustrates CMR performance as a
function of signal frequency. CMR approaches 146dB at dc
with source imbalances as high as 5k€2. As gain is decreased,
CMR is reduced. At a gain of 1V/V, CMR is typically 6dB
lower than at a gain of 10V/V.

o

GUARANTEED CMR 8.6 = 191V
11008 MIN @ 60Hz
"‘“-..__mmmt SOURCE ANCE
3
1 ~
| | \"“'-.._‘
I N

s
|
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|

COMMON MODE RLICTION - a8
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Ll L
T | BRI 1T
“TEST CIRCUIT = Skil EACH RESISTOR
UARU&LUEONENFD“WC&SEHEW‘D?MMW

1000 o

1 i 100
FREQUENCY - H1

Figure 6. Common Mode Rejection vs. Frequency

Figure 7 illustrates the effect of source imbalance on CMR per-
formance at 60Hz and Gain = 10V/V. CMR is typically 120dB
at 60Hz and a balanced source. CMR is maintained greater than
80dB for source imbalances up to 100k£2.

g | GUARANTEED CMA & G = 10V/V
110 MIN 8 BOHz AND 5kil
SOURCE IMPEDANCE IMBALANCE

[[]
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COMMON MODE REJECTION - B8
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s
|

[T |

*TEST CIRCUIT — EACH RESISTOR ADJUSTED 71 TO 100w11
CMR VALUE GIVEN FOR WORST CASE RESISTOR COMAINATION |
w 00 AL 0%

SOURCE IMPEDANCE IMBALANCE — 11

Figure 7. Common Mode Rejection vs. Source Impedance
Imbalance

Input Voltage Noise: Voltage noise, referred to input, is de-
pendent on gain and bandwidth as illustrated in Figure 8. RMS
voltage noise is shown in a bandwidth from 0.05Hz to the fre-
quency shown on the horizontal axis. The noise in a band-
width from 0.05Hz to 100Hz is 8uV pk-pk at a gain of 10V/V.
This value is derived by multiplying the rms value at f = 100Hz
shown in Figure 8 (1.2uV rms) by 6.6.
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Figure 8. Input Voltage Noise vs. Bandwidth
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For lowest noise performance, a low pass filter at the output
should be used to selectively roll-off noise, output ripple and
undesired signal frequencies beyond the bandwidth of interest
(see note 3, Figure 1).

Input Offset Voltage Drift: Total input voltage drift is com-
posed of two sources, input and output stage drifts and is gain
dependent. The curve of Figure 9 illustrates the total input
voltage drift over the gain range of 1 to 10V/V.

s

4 & 883883

INPUT VOLTAGE DRIFT — uV/'C
E

1 2 3 4 E & 7 8 8 10
GAIN - V/V

Figure 9. Input Offset Voltage Drift vs. Gain

Gain Nonlinearity: Linearity error is defined as the peak de-
viation of the output voltage from the best straight line and is
specified as a % of peak-to-peak output voltage span; e.g. non-
linearity of model 284] operating at an output span of 10V
pk-pk (¥5V) is £0.05% or £5mV. In applying model 284],
highest accuracy is achieved by adjustment of gain and offset
voltage to minimize the peak error over the operating output
voltage span. A calibration technique illustrating how to mini-
mize output error is shown below. In this example, model 284]
is operating over an output span of +5V to -5V and a gain of
5V/V.
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Figure 10. Gain and Offset Adjustment



Applying the Isolation Amplifier

GROUNDING PRACTICES

The more common sources of electrical noise arise from ground

loops, electrostatic coupling and electromagnetic pickup. The

guidelines listed below pertain to guarding low level, millivolt

signals in hostile environments such as current shunt signals in

“heavy industrial” plants.

Guidelines:

® Use twisted shielded cable to reduce inductive and capaci-
tive pickup.

® Drive the transducer cable shield, S, with the common mode
signal source, Eg, to reduce the effective cable capacitance
as shown in Figure 11 below. This is accomplished by con-
necting the shield point S, as close as possible to the trans-
ducer signal low point B. This may not always be possible.
In some cases the shield may be separated from signal low
by a portion of the medium being measured (e.g. pressure
transducer). This will cause a common mode signal, Ey, to
be generated by the medium between the shield and the
signal low. The 78dB CMR capability of model 284] between
the input terminals (H1 IN and LO IN) and GUARD, will
work to suppress the common mode signal, Ey.

® To avoid ground loops and excessive hum, signal low, B, or
the transducer cable shield, S, should never be grounded at
more than one point.

® Dress unshielded leads short at the connection terminals and
reduce the area formed by these leads to minimize inductive
pickup.

FC CARD SHIELD

TR, A ——

ANEDUCE 24
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5
B | 24,

MEDIUM -~
MODE

VOLTAGE

VOLTAGE

i+ =
GROUND COMMON MODE =
TRENSDUCER voatane MO%E syeTem
GROUND GROUND

Figure 11. Transducer- Amplifier Interconnection

Isolated Power and OQutput Voltage Swing: Model 284] offers
a floating power supply providing 8.5V dc outputs with
+5mA output current rating. As shown in Figure 12, the mini-
mum voltage output for Vg, as well as the maximum load
capability, is dependent on the input power supply, +Vg. Fig-
ure 12 also illustrates the typical output voltage range as both
input supply, +Vg, and the isolated supply loads, 1 , are
varied. At £5mA isolated load and Vg = +15V dc, model 284]
can provide an output voltage swing of £7.5V.
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Figure 12. Isolated Power (£Vgp) and Output Voltage
Swing (+Ey) Versus Power Supply Input (V)
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APPLICATIONS IN INDUSTRIAL MEASUREMENT AND
CONTROL SYSTEMS

Remote Sensor Interface: In chemical, nuclear and metal pro-
cessing industries, model 284] can be applied to measure and
control off-ground millivolt signals in the presence of

+2500V dc CMV signals. In interface applications such as pH
control systems of on-line process measurement systems such
as pollution monitoring, model 284] offers complete galvanic
isolation to eliminate troublesome ground loop problems. Iso-
lated power outputs and adjustable gain add to the application
flexibility of this model. ‘

Figure 13 illustrates how model 284] can be combined with a
low drift, 1;.1W°C max, front-end amplifier, model AD517K,
to interface low level transducer signals. Model 284]'s isolated
+8.5V dc power and front-end guard eliminate ground loops
and preserve high CMR (114dB @ 60Hz).
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Figure 13. Input Signal Conditioning Using Isolated Power for
Transducer Buffer Amplifier

Instrumentation Amplifier: Model 284] provides a floating
guarded input stage capable of directly accepting isolated differ-
ential signals. The non-inverting, single-ended input stage offers
simple two wire interconnection with floating input signals,

In applications where the isolated power is applied to trans-
ducers such as bridges which generate differential input signals
with common mode voltages measured with respect to the iso-
lated power common, model 284] can be connected as shown

in Figure 14. To achieve high CMR with respect to the ISO PWR
COM, the following trim procedure is recommended.

CMR Trim Procedure

1) Connect a 1V pk-pk oscillator between the +IN/-IN and
IN COM terminals as shown in Figure 14.

2) Set the input frequency at 0.5Hz and adjust R1 for mini-
mum €g.

3) Set the input frequency at 60Hz and adjust R2 for mini-
mum eg.

4) Repeat steps 2 and 3 for best CMR performance.
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Figure 14. Application of 284J as Instrumentation Amplifier
ISOLATION AMPLIFIERS 5-37

402



APPLICATIONS IN BIOMEDICAL DESIGNS

Cardiac Monitoring: Heart signals can be masked by muscle
noise, electrochemical noise, residual electrode voltages and
60Hz power line pickup. To achieve high performance in cardi-
ac monitoring, model 284]'s design provides high CMR in the
dc to 100Hz bandwidth and substantial source impedance —

to 5k£2. An especially demanding ECG requirement is that of
fetal heart monitoring as illustrated in Figure 15. The low input
noise of model 284] and the dual CMR ratings are exploited

in this application to extract the fetal ECG signals. The separa-
tion between the mother’s and the fetal heartbeat is enhanced
by the 78dB of CMR between the input electrodes and guard,
while the 110dB of CMR from input to output ground screens
out 60Hz pickup and other external interference.

MOTHER'S HEART SIGNALS

Vi (TYPICALLY 1mV]

SHIELDED CABLE

TO FETAL
HEART
MONITOR

1541
FETAL HEART
SIGNALS

Vg (=50pV)

OFF-GROUND COMMON
MODE VOLTAGE DUE TO
PICKUP LEAKAGE, ETC.

Vem [=1mV - 100mV) Vo = Vi * Vin/TBAB + Vi, /11048

+15V

SHIELDED CABLE

FETAL

HEARTBEAT VoTo FETAL
i 0, (10) MONITOR
MOTHER'S

HEARTBEAT 284)

mV 0)0 1.5

PICKUP TmV - 100mV

®

AMPLIFIER'S 7848 INPUT-TO-SHIELD CMR SEPARATES FETAL HEART BEAT
FROM MOTHER'S, WHILE 11048 INPUT-TO-GROUND CMR ATTENUATES 60Hz PICKUP,

Figure 15, Fetal Heartbeat Monitoring

Single Lead ECG Recorder with Leads Off Indicator: In single
lead applications model 284] offers simple two-wire hook-up
to the ECG signal as illustrated in Figure 16. The floating signal
can be connected directly to the HI IN and LO IN terminals
using the GUARD tied to the patients’ right leg for best CMR
performance. Using the isolated power from model 284] an
inexpensive calibration signal is easily provided. In ECG appli-
cations, model 284] provides a simple means to determine
whenever a “Leads-Off"” condition exists at the input. A “Leads-
Off" condition (Rg = °°) will cause the HI OUT terminal to be
at a negative output saturation level; i.e. eg = -8.5V 10 -9.5V @
Vs = +15V.

GUARD BOX
ARDUND  ~
CALIBRATION

CIRCUIT

CABLE

RL CABLE SHIELD

Figure 16. Single Lead ECG Recorder with 1mV Calibration
Circuit and Leads Off Indicator

Multi-Lead ECG Recorder with Right Leg Drive: The small size,
economy and isolated power makes model 284] an ideal isola-
tion amplifier for application in clinical ECG recorders. Figure
17 illustrates how this new isolator can be applied in a high
performance, portable multi-lead ECG recorder. In this applica-
tion, model 284]’s input is configured as an instrumentation
amplifier with high CMR to the floating input common. The
right leg drive offers improved CMR between input and isola-
ted common by driving to zero any CMV existing between
these points. The isolated power, £V|gq, is used to drive the
lead buffer amplifiers and the front-end, 1mV calibration signal.
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Figure 17. Multi-Lead ECG Recorder Application Using Model
284J with Right Leg Drive Output
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ANALOG
DEVICES

High CMV, High Performance,

Synchronized Isolation Amplifiers

Models 286J, 281

FEATURES

Low Cost

Single or Multi-Channel Capability Using External Oscillator
Isolated Power Supply: £15V dc @ £15mA

Low Nonlinearity: 0.05% @ 10V pk-pk Output

High Gain Stability: 0.001%/1000 Hours; 0.0075%/°C
Small Size: 15" x 1.5" x 0.62"

Low Input Offset Voltage Drift: 10uV/°C (Gain = 100V/V)
Wide Input/Output Dynamic Range: 20V pk-pk

High CMV lsolation: 2500V dc¢ Continuous

Wide Gain Range: 1 to 100V/V

APPLICATIONS

Ground Loop Elimination in Industrial and Process Control
High Voltage Protection in Data Acquisition Systems
Biomedical and Patient Monitoring Instrumentation
Off-Ground Signal Measurements

GENERAL DESCRIPTION

Model 286] is a low cost, compact, isolation amplifier that is
optimized for single or multi-channel use in data acquisition
systems for industrial and medical applications. A single ex-
ternal synchronizing oscillator can drive from 1 to 16 model
286]'s, or a virtually limitless number of model 286’s can be
configured using multiple ganged oscillators. The oscillator
drive circuit can be supplied by the user of specified in a com-
pact, low cost, epoxy encapsulated module, model 281, which
also includes a voltage regulator for operation over a wide single
voltage range of +8V 1o +28V.

In addition to providing multi-channel operation, this new
design features adjustable gain, 1 ro 100V/V, dual isolated
power, £15V dc @ £15mA, +2500V dc off ground isolation
(CMV) and 110dB minimum CMR at 60Hz, 5k§2 source im-
balance, in a compact 1.5" x 1.5" x 0.6" epoxy encapsulated
package. Model 286] achieves a low input noise of 8uV pk-pk
(100Hz bandwidth, G = 100V/V), nonlinearity of £0.05% @
10V pk-pk output, and an input/output dynamic range of
20V pk-pk. )

Using modulation techniques with reliable transformer isola-
tion, model 286] will interrupt ground loops, leakage paths,
and high voltage transients to *5kV pk (10ms pulse), providing
de to 1kHz (-3dB) response.

WHERE TO USE MODEL 286]

Industrial Applications: In multi-channel data acquisition sys-
tems, computer interface systems, process signal isolators and
high CMV instrumentation, model 286] offers complete gal-
vanic isolation and protection against damage from transients
and fault voltages. High level transducer interface capability
is afforded with model 286]’s 20V pk-pk input signal range at
a gain of 1V/V operation. In portable multi-channel designs,
model 286]’s single supply, wide range operation (+8V to
+16V) offers simple battery operation.

MODEL 286] FUNCTIONAL BLOCK DIAGRAM

BIPOLAR INPUT wun:n_:
1

DCTO TeHr

OSCILLATOR
BUFFER

100KL
e TR VIV TO 10EVIV)
s il « A, kil) ks

MODEL 281 FUNCTIONAL BLOCK DIAGRAM

"LEAVE TERMINAL B OPEN, WHEX POWER 15 APPLIED TO TERMINAL 7

Medical Applications: In biomedical and patient monitoring
equipment such as multi-channel VCG, ECG, and polygraph
recorders, model 286] offers protection from lethal ground
fault currents as well as 5kV defibrillaror pulse inputs. Low
level bioelectric signal recording is achieved with model 286] s
low input noise (8uV pk-pk @ G = 100V/V) and high CMR
(110dB, min @ 60Hz).

DESIGN FEATURES AND USER BENEFITS

High Reliability: Model 286] is a conservatively designed,
compact module, capable of reliable operation in harsh envi-
ronments. Model 286] has a calculated MTBF of 392,125 hours
and is designed to meet MIL-STD-202E environmental testing
as well as the IEEE Standard for Transient Voltage Protection
(472-1974: Surge Withstand Capability). As an additional
assurance of reliability, every model 286] is factory tested for
CMYV and input ratings by application of 5kV pk, 10ms pulses,
between input terminals as well as input/output terminals,

Isolated Power Supply: Dual £15V dc @ +15mA, completely
isolated from the input power terminals (+2500V dc isolation),
provides the capability to excite floating signal conditioners,
front end buffer amplifiers as well as remote transducers such
as thermistors or bridges.

Adjustable Gain: A single external resistor enables gain adjust-
ment from 1V/V to 100V/V providing the flexibility of apply-
ing model 286] in both high-level transducer interfacing as
well as low-level sensor measurements.
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SPECIFICATIONS

MODEL 286)* QUTLINE DIMENSIONS
GAIN (NONINVERTING) Dimensions shown in inches and (mm).
Range (50k{} Load) 1 to 100V/V SEE GUARD
Formula Gain=1+ TS euon — o o
[100kSU/(1KS+R, (k)] o b1 Lo minso bwn cow | v 761
Deviation from Forinula 4% I ksl » J,t¢* GAIN + £
vs. Temperature (0 to +70°C)" +0,0075%/°C 93 Vao o=t rwn cam 891
vs. Tune £0,001%/1000 hours [ Vo ¥ 90—
Nonlinearity,2 5V Output (G = 110 100V/V)  $005% L oA T - 1)
Nonlincanty, 10V Output (G = 1 to 100V/V) £0,2% R + ? 10011 lax
-t [
INPUT VOLTAGE RATINGS 1 [Pese B ol T T
Linear Dufferential Range, G = 1V/V £10V mun oot il —"T 144 ouT 128
Max Safe Differnual Input bl |5 5 + | i
Conunuous 240V mms "'“'. o 1
Pulse, 10ms Duration, 1 Pulse/10sec £6500V pk max ey i
Max CMV, Inputs to Outputs WEIGHT :‘ol;-l e el
ac, 60Hz, 1 Minute Duranion 2500V mms
Pulse, 10ms Duration, 1 Pulse/10scc +2500V pk max SHIELDED MOUNTING SOCKET
With 510k{2 in series with Guard 5000V pk max AC1054
Continuous, d 12500V pk
CMR"‘II'J::R;:UE\::;“:’; 6{"'13, RS ‘ sm P max COPPER CLAD SHIELD GUARD FEEDTHROUGH WIRE (M)
Balanced Source Impedance 114dB 4'_"
5k§2 Source Impedance Imbalance 110dB min T
CMR, Inputs to Guard, 60Hz
1k{2 Source Impedance Imbalance 78dB

Max Leakage Current, Inputs to Power Common

@ 115V ac 60Hz

2.5pA rms max

OFFSET VOLTﬁGE REFERRED TO INPUT

Initial, @ +25° C [Adjustable to zero)
vs. Temperature (0 to +70°C)

At Gan = 100V/V

At Other Gains (1 to 100V/V)
vs. Supply Voltage

+(5 + 45/G) mV

10pViC
(7 + 250/G v FC
£1mVi%

INPUT IMPEDANCE
Differenual
Overload
Common Mode

10° £2/|1 50pF
00k
5 x 10'°02ll20pF

INPUT DIFFERENCE CURRENT

*TE 1w T
3 -§ =4_§ 0 34 DA HOLE
i (2 PLACES]
B
L] n r
we HHO} | MR R (OH
e 49 5 COPPPR CLAD SHIELD GUARD i
TETES 1L 1 5 0
§l@il st g
N A R YN oy
21O
T43+a 16 +118
I H1 5 ;
BOTTOM VIEW  WENGHT 15 Gramy T B TR

GUARDING TECHNIQUES

To preserve the high CMR performance of model 286, care
must be taken to keep the capacitance balanced about the in-
put terminals. A shield should be provided on the printed cir-
cuit board under model 286 as illustrated in the outline drawing
above (screened area). The GUARD (pin 6) must be connected
to this shield. This shield is provided with the mounting socket,
model AC1054 (solder feedthrough wire to the socket guard
pin and copper foil surface.) A recommended guarding tech-

Initial, @ +25°C £TnA max
vs Temperature {0 1o +70°C) +0 1A C
INPUT NOISE {Gain = 100V/V)
Voltage
0 05He to 100H, BuV phepk
10H: o TkHe 3.0pV rms
Current
0 05Hz to 100H. SpA pk-pk
FREQUENCY RESPONSE (Gain 1V/V 1o 100V/V)
Small Sygnal Bandwidth, -3dB 1 OkHz
Slew Rate 25mVius
Full Power, 10V pk-pk Output F00Hz
Full Power, 20V pk-pk Output 400Hz
Recovery Time, to 21004V 200ms
RATED OUTPUT
Voltage, 50k Load £10V min
Output Impedance 1k$2
Ourput Ripple, lmHz Bandwidth 20mV pk-pk

OSCILLATOR DRIVE INPUT*
Input Voltage
Input Frequency

(8 1o 16)V pk-pk
100kHz +5%, max

ISOLATED POWER SUPPLY

Voltage +15V de

Accuracy 0, -6%

Current £13mA min

Regulation, No Load to Full Load 0, ~10%

Ripple, 100kHz Bandwidth 200mV pkpk
POWER SUPPLY, SINGLE POLARITY?

Voltage, Rated Performance +15V de

Voltage, Operating
Current, Quiescent

+{8V dc to 16V de)
+13ImA

TEMPERATURE RANGE
Rated Performance

Storage

Do +70°C
-55°C to +85°C

CASE DIMENSIONS

15" x 15" x 0.62"

" Gun temperature dnift 15 specified 15 a percentage of cutput signal level

*Gan s specificd s a

of output sgnal span,

* Recommended power supply, .M)Iawdd.ﬂ-l‘ 215V & = 50mA ou

tput.
*Specificarions are for model 286] when driven by ADI model 281 osaillator cireuit (see Figure 12)

Specifications subject to change without notice
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nique using model AC1054 is illustrated in Figure 1.

Best CMR performance will be achieved by using twisted,
shielded cable to reduce inductive and capacitive pickup. To
reduce effective cable capacitance, cable shield should be con-
nected to the common mode signal source by connecting the
shield as close as possible to signal low as shown in Figure 1.
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el
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A2S00VDE MAX FOWER GROUND =

NOTE 1 GAIN RESISTOR R, USE Stppr C METZL FILM TYPE
R GAIN = 1/ LEAVE TERMINAL 2 DPE
FOR GAIN + Y00V, SHORT TERMINAL 2 TO TERMINAL 1
FOR GAINS FROM TV T0 100V/Y 1ot

Fr
T+ Ay
WO -CHTNAL GUARE Re10R g menusinesi Y FoR ca -
¥ I CONVENIENTLY 100 MOUNTING SOCHES B usne
£ SYANGUEF SABVIDED ) DSE VA WATT £4 CARBON COMPORTION T

uu EN BRADLEY AECOMMENDE)
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Figure 1. Basic Isolator Interconnection
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Understanding the Isolation Amplifier Performance

THEORY OF OPERATION

The remarkable performance of model 286] is derived from
the carrier isolation technique which is used to transfer both
signal and power between the amplifier's guarded input stage
and the rest of the circuitry. The block diagram for model 286]
is shown in Figure 2 below.

The 320k§2 input protection resistor limits the differential in-
put current during periods of input amplifier saturation and
also limits the differential fault current to approximately
50uA in case the preamplifier fails.

The bipolar input preamplifier operates single-ended (non-
inverting). Only a difference bias current flows with zero net
bias current. A third wire return path for input bias current

is not required. Gain can be set from 1V/V to 100V/V by
changing the gain resistor, R;. To preserve high CMR, the gain
resistor must be guarded, Best performance is achieved by
shorting terminal 2 to terminal 1 and operating model 286] at
a gain of 100V/V,

For powering floating input circuitry such as buffer amplifiers,
instrumentation amplifiers, calibration signals and transducers,
dual isolated power is provided. High CMV isolation is achieved
by the low-leakage transformer coupling between the input pre-
amplifier, modulator section and the output circuitry.

MOD.
DRIVE T
INPUT FLT

com

OSCILLATOR
BUFFER

GAIN =1+ IV TO 100V

_toan
TRt + B, ki)
Figure 2. Block Diagram — Model 286J

OPTIONAL TRIM ADJUSTMENTS

Model 286] can be applied directly to achieve rated perform-
ance as shown in Figure 1, on previous page. Additional trim
adjustment capability for bandwidth, output offset voltage and
gain (for gains greater than 100V/V) is easily provided as
shown in Figure 3 (below). The OUT and TRIM terminals can
be floated with respect to PWR COM up to £50V pk, max of-
fering three-port isolation.

The TRIM terminal (pin 11) must be connected to the PWR
COM terminal (pin 8) when not used to adjust the output off-
set voltage. A 0.1uF capacitor from pin 11 to PWR COM is
recommended whenever the TRIM terminal is used.

BANDWIDTH ROLLOFR
i i
1i-308 o

LOAD

b PN
i ::: : :3
20ue: [OFFSET VOLTAGE
. THIM ADJUET
g BT = o001

1

= POWER COM

Figure 3. Optional Connections: Offset Voltage Trim Adjust,
Bandwidth (-3dB) Rolloff and Gain Adjust (G>100V/V)

INTERELECTRODE CAPACITANCE, TERMINAL RATINGS
AND LEAKAGE CURRENTS LIMITS

Capacitance: Interclectrode terminal capacitance arising from
stray coupling capacitance effects between the input terminals
and the signal output terminals are each shunted by leakage
resistance values exceeding S0kMS. Figure 4 illustrates the
CMR ratings at 60Hz and 5k source imbalance between sig-
nal input/output terminals, along with their respective capaci-
tance.

V10dB MIty

“WHEN GUIARD TIED TO INFUT COMMON MODE SOURCE

Figure 4. Model 286J
Terminal Capacitance
and CMR Ratings

Figure 5. Model 286J
Terminal Ratings

Terminal Ratings: CMV performance is given in both peak
pulse and continuous ac or dc peak ratings. Pulse ratings are
intended to support defibrillator and other transient voltages.
Continuous peak ratings apply from dc up to the normal full
power response frequencies. Figure 5 and Table 1 illustrate
model 286] ratings between terminals,

SYMBOL | RATING | REMARKS

V1 (pulse) | t6500Vpy (10ms) Withstand Voltage, it

V1 {cont.} +240Vpms Withstand Voltage, Steady Stare
V2 (pulse) | #2500Vpy (10ms) Rg =0 Transient

V2 (pulse} | £5000Vpg (10ms) Rg = 510ki1| Isolanon, Defibnllator
V2Z{cont) | 22500Vpy Isolation, Steady State

V3 {cont.) £50Vpy Isolation, dc

z1 50kMOI20pF Isolation Impedance

1 50pA rms Input Fault Limit, de 1o 200kHz

Table 1. Isolation Ratings Between Terminals

Leakage Current Limits: The low coupling capacitance between
inputs and output yields a ground leakage current of less than
2.5pA rmsat 115V ac, 60Hz (or 0.02uA/V ac). Asshown in Fig-
ure 6, the transformer coupled modulator signal, through stray
coupling, also creates an internally generated leakage current
of about 5uA rms @ 100kHz. Line frequency leakage current
levels are unaffected by the power on or off condition’of
model 286].

For medical applications, model 286] is designed to improve
on patient safety current limits proposed by F.D.A., U.L.,
A.A.M.1 and other regulatory agencies (e.g., model 286] com-
plies with leakage requirements for the Underwriters Labora-
tory STANDARD FOR SAFETY, MEDICAL AND DENTAL
EQUIPMENT as established under UL544 for type A and B
patient connected equipment — reference Leakage Current,
paragraph 27.5).

In patient monitoring equipment, such as ECG recorders,
model 286] will provide adequate isolation without exposing
the patient to potentially lethal microshock hazards. Using
passive components for input protection, this design limits
input fault currents even under amplifier failure conditions.
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TEST CIRCUITS & MAX CURRENT LIMITS FOR
ANY SWITCH CLOSURE COMBENATION
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Figure 6. Model 286 Leakage Current Performance from Line
Induced and Internally Generated (Modulator) Operating

Conditions

PERFORMANCE CHARACTERISTICS

Common Mode Rejection: Input-to-Output CMR is dependent
on source impedance imbalance, signal frequency and amplifier
gain. CMR is rated at 115V ac, 60Hz and 5k{2 imbalance ata
gain of 100V/V, Figure 7 illustrates CMR performance as a
function of signal frequency. CMR approaches 156dB at dc
with source imbalances as high as 5k{2. As gain is decreased,
CMR is reduced. At a gain of 1V/V CMR is typically 6dB
lower than at gain of 100V/V.
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Figure 7. Common Mode Rejection vs. Frequency

Figure 8 illustrates the effect of source imbalance on CMR per-
formance at 60Hz at gains of 1V/V, 10V/V, and 100V/V.
CMR is typically 140dB at 60Hz and a balanced source. CMR
is maintained greater than 80dB for source imbalances up

to 100k(2.

GAIN - 100V, GUARANTEED CR @ G - 100V/V
T T i 0B MEN @ B0H2 AND Sait
e~ SOURCE IMPEDANCE IMBALANCE
viv
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i ' o
*TEET CIRCUIT — EACH RESISTOR ADJUSTE!
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i
0 06! TO 100kIT

SOURCE IMPEDANCE IMBALANCE — 02

Figure 8. Common Mode Rejection vs. Source Impedance
Imbalance
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Gain Nonlinearity: Linearity error is defined as the deviation
of the output voltage from the best straight line and is speci-
fied as a % of peak-to-peak output voltage span; e.g., nonlinear-
ity of model 286] operating at an output span of 10V pk-pk
(£5V) is £0.05% or £5mV, Figure 9illustrates gain nonlinearity
for any output span to 20V pk-pk (£10V).

o

o
i, HRERNA
EON 7
E o
fom A
£ //
S o6
-5 pd

L
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Figure 9. Gain Nonlinearity vs. Output Voltage

Input Voltage Noise: Voltage noise, referred to input, is de-
pendent on gain and bandwidth as illustrated in Figure 10.
RMS voltage noise is shown in a bandwidth from 0.05Hz to
the frequency shown on the horizontal axis. The noise in 2
bandwidth from 0.05Hz to 100Hz is 8uV pk-pk at a gain of
100V/V. This value is derived by multiplying the rms value at
f = 100Hz shown in Figure 10 (1.2u4V rms) by 6.6.

For best noise performance in particular applications, a low
pass filter at the output should be used to selectively roll-off
noise and undesired signal frequencies beyond the bandwidth
of interest (see note 3, Figure 1). Increasing gain will also
reduce the input noise.
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Figure 10. Input Voltage Noise vs. Bandwidth

Input Offset Voltage Drift: Total input drift is composed of
two sources, input and output stage drifts and is gain depend-
ent. The curve of Figure 11 illustrates total input drift over the
gain range of 1 to 100V/V,
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Figure 11. Input Offset Voltage Drift vs. Gain
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Applying the Multi-Channel Isolation Amplifier

REFERENCE EXCITATION OSCILLATOR

When applying model 286], the user has the option of building
a low cost 100kHz excitation oscillator, as shown in Figure 12,
or purchasing a module from Analog Devices — model 281.

HEX SCHMITT TRIGGER

FREQ
ADJUST _1 3ol [ #3 MMTACIAN OR FA00MPC
kil
e 1 [ T S—_
out
] F] 13
El e 12 7 our
S¥YNC
N 4 ol
W00pF T
ISEE NOTE 3 [} w
L] =9
7 [ B ouT
POWER
o TR VIEW] ,

NOTES

1 FREQ ADJUST ADJUST TRIM POT FOR OUTPUT FREQUENCY OF 100kHz t8%

2 FOR SLAVE OPERATION. REMOVE JUMPER FROM SYNC DUT AND SYNC IN PINS
3 USE CERAMIC CAPACITOR, “COG" DR “NPO™ CHARACTERISTIC

Figure 12. Model 281 100kHz Oscillator — Logic and
Interconnection Diagram

The block diagram of model 281 is shown in Figure 13. An
internal +12V dc regulator is provided to permit the user

the option of operating over two, pin selectable, power in-
put ranges; terminal 6 offers a range of +14V dc to +28V dc;
terminal 7 offers an input range of +8V dc to +14V dc.

g 105w
14w T vamvy
SYNCOUT (5 v I—I r
100 Ha L i
ouTPuT
svncm (3 osciLLATOR [~
o LITL
vwr com (3 3)s0uTruT

SLEAVE TERMINAL § OPEN, WHEN POWER IS APPLIED TO TERMINAL 7
Figure 13. Model 281 Block Diagram

Model 281 oscillator is capable of driving up to 16 model
286]'s as shown in Figure 14, An additional model 281 may
be driven in a slave-mode, as shown in Figure 15, to expand
the total system channels from 16 to 32. By adding additional
model 281°s in this manner, systems of over 1000 channels
may be easily configured.

SPECIFICATIONS
(typical @ +25°C and Vg = +15V dc unless otherwise noted)
MODEL 281
OuTPUT
Frequency 100kHz 5%
Waveform . Squarewave
Voltage (¢ and § terminals) 010 +12V pk
Fan-Out! 16 max

POWER SUPPLY RANGE'
High Input, Pin 6
Quiescent Current, N L.

+{14 to 28)V dc
+ImA

FL +16mA
Low Input, Pin 7 +(8 1o 14}V dc
Quiescent Current, N L +12mA
FL +33mA
TEMPERATURE
Rated Performance Oro +70°C
Storage -55°C 10 +85°C
MECHANICAL
Case Sice 14" x 06" x 049"
Weight 10 grams

EXTERNAL OSCILLATOR INTERCONNECTION

Figure 14. Model 281/286 Connection for Driving from
1 to 16 Isolators

Figure 15. Model 281/286 Connection for Driving > 16
Isolators

! Model 286 oscillator derve nput represents unity oscillator foad

* For spphcations requinng more than 16 286)°s, sddinonal 281 may be used
in 8 master/slave mode Refer to Figure 1%

* Full load consists of 16 model 286]'s and 281 oscillator slave

Specilicanions subpeet to change without notice

OUTLINE DIMENSIONS
Dimensions shown in inches and (mm).
MODEL 281

[l TAMAX -l
35 6 I

—

i Ef’u
I
coflesoans: |

0EMAX
nsy

BOTIOM VIEW
WEIGHT 10 GRAMS

—.I L-—O 102 54) GRID
PIN TERMINAL IDENTIFICATION

5 SYNC OUTPUT
HIGH RANGE (14 o 201V,

1 POWIR
7 Fourteur
3 7 LOW FANGE 18 1 141V,

& OUTPUT
4 SYNC INPUT

MATING SOCKET: CINCH #16 DIP OR EQUIVALENT
GUIDELINES ON EFFECTIVE SHIELDING &
GROUNDING PRACTICES
@ Use rwisted shielded cable to reduce inductive and capaci-
tive pickup.

® Drive the transducer cable shield, S, with the common mode
signal source, Eg, to reduce the effective cable capacitance
as shown in Figure 16. This is accomplished by con-
necting the shield point S, as close as possible to the trans-
ducer signal low point B. This may not always be possible,
In some cases the shield may be separated from signal low
by a portion of the medium being measured (e.g. pressure
transducer). This will cause a common mode signal, Ey;, to
be generated by the medium between the shield and the sig-
nal low. The 78dB CMR capability of model 286] between
the input terminals (HI IN and LO IN) and GUARD, will
work to suppress the common mode signal, Ey,.

® Dress unshielded leads short at the connection terminals
and reduce the area formed by these leads to minimize in-
ductive pickup.
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P.C.CARD SHIELD 288J

MEDIUM —~
COMMON

MODE
VOLTAGE (TRANSDUCER
TERMINALS A, B, C)
GROUND COMMON .l-'
Tﬁsggnﬁﬁ VOLTAGE SYSTEM
GROUND

Figure 16. Transducer — Amplifier Interface

GAIN AND OFFSET TRIM PROCEDURE
In applying the isolation amplifier, highest accuracy is achieved
by adjustment of gain and offset voltage to minimize the peak
error encountered over the selected output voltage span. The
following procedure illustrates a calibration technique which
can be used to minimize output error. In this example, the
output span is +5V to -5V and operation at Gain = 10V/V
is desired.
1. Apply epy = 0 volts and adjust Ry, for e = 0 volts.
2. Apply epy = +0.500V dc and adjust Rg; for eg = +5.000V dc.
3. Apply epy = —0.500V dc and measure the output error
(see curve a).
4. Adjust R until the output error is one half that measured
in step 3 (see curve b).
5. Apply +0.500V dc and adjust Rg, until the output error is
one half that measured in step 4 (see curve c).

s B

$20 ;l Zb €

élﬁh / 5 '
5 SESEAS =L
3 * = —

B -2 -3 -2 -1 o +1 +2 3 + +5
OUTPUT VOLTAGE — Volts

350k

Figure 17. Gain and Offset Adjustment

APPLICATIONS IN INDUSTRIAL MEASUREMENT AND
CONTROL SYSTEMS

Remote Sensor Interface: In chemical, nuclear and metal proc-
essing industries, model 286] can be applied to measure and
control offground millivolt signals in the presence of
+2500Vde CMV signals. In interface applications such as pH
control systems or on-line process measurement systems such
as pollution monitoring, model 286] offers complete galvanic

5-44 |SOLATION AMPLIFIERS

He OSC INPUT FROM MODEL 281 OSCILLATOR

isolation to eliminate troublesome ground loop problems.
Isolated power outputs and adjustable gain add to the applica-
tion flexibility of this model.

Figure 18 illustrates how model 286] can be combined with a
low drift, 1,(.1VI° C max, front-end amplifier, model AD510K,
to interface low level transducer signals. Model 286]'s isolated
+15V dc power and front-end guard eliminate ground loops
and preserve high CMR (110dB min @ 60Hz).
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aaIN 4%
ADJUST

18w

Figure 18. Input Signal Conditioning Using Isolated Power for
Transducer Buffer Amplifier

Current Loop Receiver: Model 286] can be applied to measure-
ment of analog quantities transmitted via 4-20mA current
loops over substantial distances through harsh environments.
Figure 19 shows an application of model 286] as a current
loop receiver. A 2552 resistor converts the 4-20mA current
input from a remote loop to a 100-500mV differential voltage
input, which the 286] amplifies, isolates, and translates to a

0 to +5V output level at local system ground.

Among the most-helpful characteristics of the 286] in this kind
of measurement are the high common-mode rejection (110dB
minimum at 60Hz with 5k{2 source unbalance) and the high
common-mode rating (£2500 volts dc). The former means low
noise pickup; the latter means excellent isolation and protec-
tion against large transients. The high common-mode rejection,
permitting relatively low input voltage to be used (0.4V span,
in this case), permits the use of a low current-metering resist-
ance, which in turn results in low compliance-voltage loading
on the current loop, and therefore permits insertion into exist-
ing loops without encountering overrange problems. The gain
of 12.5 provides a substantial output span, and the floating out-
put permits biasing to a 0 to 5V range.

280
4-20mA MEASURING
CURRENT RESISTOR G =12BVIV imsﬁl&g"
woor 10042 OSC INPUT - £\ en
SHIELDED A
CABLE s
0
i T ’ 2 1uF i o
\ )= T 3 2001 | 10T V)
ZERD) |
| - 2864 e LR
132: 100 $ 2 60k81
RESISTOR 5§ mowr :
2 20611 —'Ib
cMy = 12 sw/a—.-'
et A5V

Figure 19. Isolated Analog Interface; 4 to 20mA is Converted
to O to +5V at the Output, with Up to 2500V of Isolation
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ANALOG
DEVICES

Precision, Wide Bandwidth,

Synchronized Isolation Amplifier

Model 289

FEATURES
Low Nonlinearity: +0.012% max (289L)
Frequency Response: (-3dB) dc to 20kHz
(Full Power) dc to SkHz
Gain Adjustable 1 to 100V/V, Single Resistor
3-Port Isolation: +2600V CMV lsolation Input/Output
Low Gain Drift: £0.005%/° C max
Floating Power Output: £15V @ +5mA
120dB CMR at 60Hz: Fully Shielded Input Stage
Meets UL Std. 544 Leakage: 2uA rms max, @ 115V ac, 60Hz

APPLICATIONS

Multi-Channel Data Acquisition Systems
Current Shunt Measurements

Process Signal Isolator

High Voltage Instrumentation Amplifier
SCR Motor Control

GENERAL DESCRIPTION

Model 289 is a wideband, accurate, low cost isolation ampli-
fier designed for instrumentation and industrial applications.
Three accuracy selections are available offering guaranteed
gain nonlinearity error at 10V p-p outpur: £0.012% max
(289L), £0.025% max (289K), £0.05% max (289]). All ver-
sions of the 289 provide a small signal frequency response
from de to 20kHz (-3dB) and a large signal response from de
to 5kHz (full power) at a gain of 1V/V, This new design offers
true 3-port isolation, 2500V dc between inputs and outputs
(or power inputs), as well as 240V rms between power supply
inputs and signal outputs. Using carrier modulation tech-
niques with transformer isolation, model 289 interrupts
ground loops and leakage paths and minimizes the effect of
high voltage transients. It provides 120dB Common Mode
Rejection between input and output common, The high CMV
and CMR ratings of the model 289 facilitate accurate measure-
ments in the presence of noisy electrical equipment such as
motors and relays.

WHERE TO USE THE MODEL 289

The model 289 is designed to interface single and multichannel
data acquisition systems with dc sensors such as thermo-
couples, strain gauges and other low level signals in harsh in-
dustrial environments. Providing high accuracy with complete
galvanic isolation, and protection from line transients of fault
voltages, model 289's performance is suitable for applications
such as process controllers, current loop receivers, weighing
systems, high CMV instrumentation and computer inter-

face systems.

Use the model 289 when data must be acquired from floating
transducers in computerized process control systems. The
photograph above shows a typical multichannel application
allowing potential differences or interrupting ground loops,
among transducers, or between transducers and local ground.

MODEL 289 FUNCTIONAL BLOCK DIAGRAM
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DESIGN FEATURES AND USER BENEFITS

Isolated Power: The floating power supply section provides
isolated £15V outputs @ £5mA. Isolated power is regulated to
within £5%. This feature permits model 289 to excite floating
signal conditioners, front-end buffer amplifiers and remote
transducers such as thermistors or bridges, eliminating the need
for a separate isolated dc/dc converter.

Adjustable Gain: A single external resistor adjusts the model
289's gain from 1V/V to 100V/V for applications in high and
low level transducer interfacing.

Synchronized: The model 289 provides a synchronization
terminal for use in multichannel applications. Connecting the
synchronization terminals of model 289s synchronizes their
internal oscillators, thereby eliminating the problem of oscil-
lator “‘beat frequency” interference that sometimes occurs
when isolation amplifiers are closely mounted.

Internal Voltage Regulator: Improves power supply rejection
and helps prevent carrier oscillator spikes from being broad-
cast via the isolator power terminal to the rest of the system.

Buffered Output: Prevents gain errors when an isolation ampli-
fier is followed by a resistive load of low impedance. Model
289 can drive a 2k{2 load.

Three-Port Isolation: Provides true galvanic isolation between
input, output and power supply ports. Eliminates need for
power supply and output ports being returned through a com-
mon terminal.

Reliability: Model 289 is conservatively designed to be capable
of reliable operation in harsh environments. Model 289 has a
calculated MTBF of 271,835 hours. In addition, the model
289 meets UL Std. 544 leakage, 2uA rms @ 115V ac, 60Hz,
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SPECIFICATIONS (typical @ +25°C and Vg = =144V to +25V dc unless otherwise noted)

Modd 189) 189K 289L OUTLINE DIMENSIONS
GAIN (NONINVERTING) Dimensions shown in inches and {(mm).
Range 1 1o 100V/V
e [1]11] 1--———2.02 (61 18) m\x-——-i
Formula G=1 e, (k1)
Deviatwon from Formula +1.5% max i
vs Temperature (0 to +70°C)' 15ppm/“C typ (S0ppm/”C max) 0.75
Nonhneanty, (£5V Swing)*? £005% max___ $0025% max £0,012% max MODEL 289 (18.86)
INPUT VOLTAGE RATINGS
Linear Differential Range (G = 1V/V) £10V min 1 _L
Max Safe Differential Input +’ 0.04 11 021 014 H
Continuous 120V rms i 0.20 TO 0.25
1 Minute 240V rms {670 04) wizi ooy
Max CMV (Inputs to Outpurs) E s l.,, LO INEIEL +'U'; 6 o]
Continuous ac or de 12500V peak max g4 P9, COM
ac, 60Hz, 1 Minute Duration 2500V rms o 2 "5V 5D }- POWER COM 7 0
CMR, Inputs to Outputs 60Hz g 3.-v IS0 Hswwe s o 5,
Rg = 1k{2, Balanced Source Impedance 120d8 H i 38 1)
R = 1k£2, HI IN Lead Only 104dB min j:“,&";" LoouT 9 6 LRy
Max Leakage Current, Input to Outpur @ g2 5 HI T peded HIOUT 10 &H
115V W 2uA rms max -1
INPUT IMPEDANCE +
Differential 33pFi10* D
Overload 100k§2
BOTTOM VIEW
Common Mode 20pF||5 X 1090 WEIGHT 40 GRAMS -I'-‘ !-- 0.1 (2.54) GRID
INPUT DIFFERENCE CURRENT
Imuial @ +25°C 10nA (75nA max)
vs. Temperature (0 1o 70°C) 0 150A°C SHIELDED MATING SOCKET
INPUT NOISE (GAIN = 100V/V) AC1214
Voltage
Tote o T v 28
2 o 2 uV rms 3
1 F ———l MAX
Gt 3 Iomm 5::1::;0 SHIELD ]
0.05Hz to 100Hz 3pA rms A ! ¥ (== T o
FREQUENCY RESPONSE A, | ST s
Small Signal ~3dB I JHEB/AN an 1127) Max
G=1ViV 20kHz &02’% FEEDTHROUGH WIRE I
G=100V/V skHe REF
Full Power, 10V p-p Qutput —
G=1W/V SkHz L |
G=100V/V 3 SkHz H
Full Power, 20V p-p Output n
G=1ViV 2 3kHe =
G=100V/V 2 3kHz » i
Slew Rate 014Vips REF
Settling Time* +0.05%, £10V Step 400us
OFFSET VOLTAGE, REFERRED TO INPUT 10
Initial, ® +25°C =5 2 mV max
200 100 50 : =
vs Temperature (0 to +70°C) £20 4= max 415 #2100 g £10 £ 7 pV/C max BOTTOM VIEW ‘
G 2 G TS Bt -I i-»ouz.s-l: GRID
vs Supply Voltage (+15V to +20V change) £2 2 VIV GOREER CLAD
RATED OUTPUT
Valtage, 2k Load £10V min INTERCONNECTIONS AND SHIELDING
g:ﬁ: :'l!pplc OCTMHZ Bandwidth i JTECHNIQUE
No Signal IN SmV pp To preserve the high CMR performance of
+10Vpy S0mV p-p model 289, care must be taken to keep the
ISOLATED POWER SUPPLY capacitance balanced about the input terminals.
Voltage 15V de Avehiislidahould B ided * v
Avciivacy t10% shield should be provided on the printed cir-
:urreﬁt G s E::ﬁ.mm cuit board under model 289 as illustrated in the
cgulation No 1w Fu O t ¢ .
Ripple, 0.1MHz Bandwadth, No Load 25mV pp outline drawing abovg (screened area). The LO
Full Load 75mV pp IN/ISO PWR COM (pin 1) must be connected

POWER SUPPLY , SINGLE POLARITY®
Voltage, Rated Performance
Voltage, Operatng

+14.4V to +25V
+8 5V to +25V

to this shield. This shield is provided with the
mounting socket, model AC1214 (solder feed-

Current, Quiescent (@ Vg = +15V) +25mA through wire to the socket pin 1 and copper
TEMPERATURE RANGE R foil surface). A recommended shiclding tech-
Rated Performance 010 +70°C i i isi i
ot s nique using model AC1214 is illustrated in
Storage -55°C to +85°C Figure 1.
CASE DIMENSIONS 1.5"%20"X0.75" Best CMR performance will be achieved by
NOTES using twisted, shielded cable for the input signal

¥ Gain temperature drft 1s specified as 2 percentage of output sgnal level

* Gain it isspecified asa f 10V pk-pk output span,

! When isolated power output 1s used, «nereases by +0.002%/mA of current drawn,
4G = 1V/V, with 2-pole, SkHz output filter {see Figure 13).

* Recommended power supply, ADI model 904, 215V @ SOmA output.

Specificanons subject to change without nonee,

to reduce inductive and capacitive pickup. To
further reduce effective cable capacitance, the
cable shield should be connected to the com-

mon mode signal source as close to signal low
as possible (see Figure 1).
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Understanding the Isolation Amplifier Performance

REQUIRED)

2H00V de MAX
NOTE
GAIN RESISTOR Rg, 1% 50ppm/°C METAL FILM TYPE IS RECOMMENDED

FOR GAIN = 1/, LEAVE PIN 4 OPEN
FOR GAIN > 1W/V, CONNECT GAIN RESISTOR (Rg| BETWEEN PIN 4 AND FIN 1

10k
GAIN =1+ T

Figure 1. Basic Isolator Interconnection

THEORY OF OPERATION

The remarkable performance of the model 289 is derived from
the carrier isolation technique used to transfer both signal and
power between the amplifier’s input stage and the rest of the
circuitry. A block diagram is shown in Figure 2.

EH

' rab[lds ouTPUT
H 1 a4t
i - 1SOLATED
} L rowen
COMMON P} it : . )
B o |
s P ]
POWE [} -AEY i
ot (3 T i
: 1}
iwerowes AU
[

Figure 2. Model 289 Block Diagram

The input signal is filtered and appears at the input of the non-
inverting amplifier, A1. This signal is amplified by A1, with its
gain determined by the value of resistance connected exter-
nally between the gain terminal and the input common termi-
nal. The output of Al is modulated, carried across the isola-
tion barrier by signal transformer T1, and demodulated. The
demodulated voltage is filtered, amplified and buffered by
amplifier A2, and applied to the output terminal. The voltage
applied to the Vg terminal is set by the regulator to +12V
which powers the 100kHz symmetrical square wave power
oscillator. The oscillator drives the primary winding of trans-
former T2. The secondary windings of T2 energize both input
and output power supplies, and drives both the modulator
and demodulator.

INTERELECTRODE CAPACITANCE AND TERMINAL
RATINGS

Capacitance: Interelectrode terminal capacitance, arising from
stray coupling capacitance effects between the input terminals
and the signal output terminals, are each shunted by leakage
resistance values exceeding 50GS2. Figure 3 illustrates model
289's capacitance, between terminals.

2500V rms 1 MINUTE
2500V pk or de CONT

120V rms CONT
240V rena 1 MIN

2500V rma 1 MINUTE
2500V pk or de CONT

Figure 3. Model 289
Terminal Capacitance

Figure 4. Model 289
Terminal Ratings

Terminal Ratings: CMV performance is given in both peak
pulse and continuous ac, or de peak ratings. Continuous peak
ratings apply from de up to the normal full power response
frequencies. Figure 4 illustrates model 289 ratings between
terminals,

GAIN AND OFFSET TRIM PROCEDURE

The following procedure illustrates a calibration technique
which can be used to minimize output error. In this example,
the output span is +5V to -5V and Gain = 10V/V.

1. Apply Epy = 0 volts and adjust Rg for Eg = 0 volts.

2. Apply Epy = +0.500V dc and adjust Rg for Eg =
+5.000V dec.

3. Apply Ejn = -0.500V dc and measure the output error
(see curve a).

4, Adjust Rg until the output error is one-half that measured
in step 3 (see curve b).

5. Apply +0.500V dc and adjust Rg until the output error is
one-half that measured in step 4 (see curve c).

i a b €

jw 1717

g o /14 _
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OUTPUT VOLTAGE — Velts

Figure 5a. Recommended Offset and Gain Adjustment
for Gains > 1
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Figure 5b. Recommended Offset Adjustment for G=1V/V
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PERFORMANCE CHARACTERISTICS

Figure 6 shows the phase shift vs. frequency. The low phase
shift and wide bandwidth of the model 289 make it suitable
for use in SCR Motor Controller and other high frequency
applications,
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Figure 6. Typical 289 Phase vs. Frequency

Figure 7 illustrates the effect of source impedance imbalance
on CMR performance at 60Hz for gains of 1V/V, 10V/V, and
100V/V. CMR is typically 120dB at 60Hz and a balanced
source impedance. CMR is > 60dB for source impedance im-
balances up to 100k{2.
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£ T N |
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SOUNCE IMBALANCE - i

Figure 7. Typical 289 Common Mode Rejection vs.
Source Impedance

Input Voltage Noise: Voltage noise, referred to input, is
dependent on gain and bandwidth. Figure 8 shows rms voltage
noise in a bandwidth from 0.05Hz to the frequency shown on
the horizontal axis. The noise in a bandwidth from 0.05Hz to
100Hz is 8uV pk-pk at a gain of 100V/V. The peak-to-peak
value is derived by multiplying the rms value at F = 100Hz
(1.2uV rms) by 6.6.

For best noise performance in particular applications, a low
pass filter at the output should be used to selectively roll-
off noise and undesired signal frequencies beyond the band-
width of interest. Increasing gain will also reduce the noise,
referred to input.
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Figure 8. Typical Input Voltage Noise vs. Bandwidth
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Gain Nonlinearity: Linearity error is defined as the deviation
of the output voltage from the best straight line and is speci-
fied as a % peak-to-peak output voltage span; e.g., nonlin-
earity of model 289] operating at an outputspan of 10V pk-pk
(£5V) is £0.05% or £5mV, Figure 9 illustrates gain nonlin-
earity for any output span to 20V pk-pk (£10V). Figure 10
shows the effect of gain vs. gain nonlinearity.
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Figure 9. Typical Gain Nonlinearity vs. Output Swing
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Figure 10. Typical Gain Nonlinearity vs. Gain

Common Mode Rejection: Input-to-output CMR is dependent
on source impedance imbalance, signal frequency and ampli-
fier gain. CMR is rated at 115V ac, 60Hz and 1k balanced
source at a gain of 100V/V, Figure 11 illustrates CMR per-
formance as a function of signal frequency. CMR approaches
156dB at dc with source imbalance as high as 1k{2. As gain is
decreased, CMR is reduced. At a gain of 1V/V, CMR is typi-
cally 6dB lower than at a gain of 100V/V.
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Figure 11. Typical Common Mode Rejection vs. Frequency
at a Gain of 1V/V, CMR is typically 6dB Lower than at a
Gain of 100V/V
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Applications

MULTICHANNEL APPLICATIONS

Isolation amplifiers containing internal oscillators may exhibit
a siowly varying offset voltage at the output when used in
multichannel applications. This offset voltage is the result of
adjacent internal oscillators beating together. For example, if
two adjacent isolation amplifiers have oscillator frequencies of
100.0kHz and 100.1kHz respectively, a portion of the dif-
ference frequency may appear as a slowly varying output
offset voltage error, Model 289 eliminates this problem by
offering a synchronization terminal (pin 8). When this terminal
is interconnected with other model 289 synchronization ter-
minals, the units are synchronized. Alternately, one or more
units may be synchronized to an external 100kHz 2% square-
wave generator by the connection of synchronization termi-
al(s) to that generator. The generator output should be
2.5V—5.0V p-p with 1k2 source impedance to each unit.

Use an external oscillator when you need to sync to an ex-
ternal 100kHz source, such as a sub-multple of a micropro-
cessor clock. A differential line driver, such as SN75158, can
be used to drive large clusters of model 289. When using the
synchronization pin, keep leads as short as possible and do

not use shielded wire. These precautions are necessary to avoid -

capacitance from the synchronization terminal to other points.
Itshould be noted thatunits synchronized must share the same
power common to ensure a return path,

APPLICATIONS IN INDUSTRIAL MEASUREMENT AND
CONTROL SYSTEMS

Isolated DAS: In data acquisition systems where multiple
transducers are powered by a single supply and the magnitude
of that supply is low enough for a multiplexer to handle the
voltages on all the transducers, it is economical to multiplex
ahead of an isolator, The fast settling time of the model 289
makes this configuration practical where slower isolators would
not be usable.

Figure 12 shows an application where the difference in voltage
between any two terminals of any of the transducers does not
exceed 30 volts. Though the input of the model 289 is pro-
tected against line voltage, its power terminals are not; neither
is the multiplexer so protected. This circuit will not, therefore,
withstand the differential application of line voltage.

Multiplexer addressing is binary, an enable providing selection
of the circuit shown as a signal source. Optical isolation is pro-
vided for digital signals. When several of these circuits are used
for several groups of transducers, the model 289’s should be
synchronized.
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Figure 12. DAS with MUX Ahead of Isolator
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Figure 13. 2-Pole, 5kHz Active Filter

Noise Reduction in Data Acquisition Systems: Transformer
coupled isolators must have a carrier to pass dc signals through
their signal transformers. Inevitably some carrier frequency
ripple passes through to the isolator output. As the bandwidth
of an isolator becomes a larger fraction of its carrier frequency,
this ripple becomes more difficult to control. Despite this dif-
ficulty, the model 289 produces very low ripple; therefore,
additional filtration will usually be unnecessary. However, in
some applications, particularly where a fast analog-to-digital
converter is used following the isolator, it may be desirable to
add filtration; otherwise, ripple may cause inaccurate conver-
sions. The 2-pole low-pass shown in Figure 13 limits isolator
bandwidth to 5kHz, which is the full power bandwidth of the
model 289. Carrier ripple is much reduced. Another beneficial
effect of an output filter is smoothing of discontinuous high
frequency waveforms.

Motor Control and AC Load Control: Phase shift and band-
width are important considerations for motor control and ac
load control applications. The model 289 possesses sufficient
bandwidth and acceptable phase shift for such rasks.

Figure 14 shows two model 289’s sensing the armature voltage
and current of a motor, Faithful replicas of the waveforms

of these variables are applied to the motor control. Al oper-
ates at unity gain from divided R1—R3 to deliver an output
that is 1/100 of the armatre voltage of the motor. A2
operates at a gain of 100V/V to deliver a voltage 100 times
that developed across the current sensing shunt.

m ™
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Figure 14. Isolating a Motor Controller
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Figure 15 shows three model 289’s sensing the voltages on the
three phases of an ac load, The ¥ network shown divides the
voltages of the three phases and creates a neutral for the input
commons of the isolators. The output of each isolator is a
faithful replica of the phase of the waveform it senses. The
isolator outputs provide the feedback necessary for the trig-
ger control to correctly fire the triacs. In other applications,
the outputs of the isolators might have been fed to rms-to-dc
converters,
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Figure 15. Isolating a 3 Phase Load Controller

Isolated DAGs: Figure 16 shows a 12-bit DAC with £5V
isolated output. A buffered -5V reference voltage is provided
to the DAC by Ala, Alb and associated circuitry. The digital
input causes a proportion of DAC current to flow into OUT1,
of the DAC. The remaining DAC current flows into OUT2,
Current flowing into OUT1 causes positive voltage at the out-
put of Alc. Current flowing into OUT2 causes a positive volt-
age at the output of Ald, which in turn causes a negative
voltage at the outpurt of Alc. Voltage appearing at the output
of Alc is reproduced at the output of the model 289. R5 and
R8 must be adjusted to produce less than 0.5mV at OUT1 and
OUT?2 of the DAC respectively. R15 may beused to adjust gain
and R11 to adjust offset with the binary code 1000 0000 0000
to zero.
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Figure 16. 12-Bit Isolated Voltage DAC
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Figure 17 shows the model 289 providing an isolated 4-to-
20mA output from a 12-bit DAC. Ala provides a -4V refer-
ence to the DAC, The digital input causes a portion of DAC
current to flow into QUT1, causing a positive voltage at the
output of Ald, Alb produces a voltage across R4 proportional
to DAC current, Alc and associated circuitry sink a current
which is one-fourth of the full scale current of the DAC,
causing a positive voltage of 1 volt at the output of Ald.
With the code 1111 1111 1111, +5 volts appears at the out-
put of Ald. Operation is unipolar with a positive offset. The
output voltage of Ald is reproduced at the output of the
isolator, where the circuitry shown converts it into a 4-to-
20mA current which may be applied to the load Ry.
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Figure 17. 12-Bit Isolated Process Current DAC

Temperature Measurement: Figure 18 shows the model 289
providing a ground-referred output in an application measuring
the temperature of an object floating at a high common mode
voltage. The AD590 temperature sensor sinks a current of
-1ptA/K. This current flows into the gain terminal of the model
289, developing +10mV/K across the internal feedback resistor.
This voltage also appears at the output of the model 289.

The circuitry shown connected by a dotted line may be useful
if an output of 10mV/°C is desired. A current of +273pA

is sourced through the 8.66k resistor and the potentiometer
cancelling the AD590 current at 0°C (273K), resulting in
OmV at the output at 0°c.
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Figure 18. Isolated Temperature Measurement



ANALOG
DEVICES

Low-Cost, Single and

Multichannel Isolation Amplifiers

Models 290A/292A

FEATURES

Low Cost

Multichannel Capability Using External Oscillator (292A)

Isolated Power Supply: £13V dc @ +5mA (290A) or £15mA
(292A)

Low Nonlinearity: 0.1% @ 10V pk-pk Output

High Gain Stability: 0.001%/1000 Hours; 0.01%/°C

Small Size: 1.5" X 1.5" X 0.62"

Low Input Offset Voltage Drift: 10pV/°C (Gain = 100V/V)

Wide Input/Output Dynamic Range: 20V pk-pk

High CMV Isolation: 1500V dc, Continuous

Wide Gain Range: 1 to 100V/V

APPLICATIONS

Ground Loop Elimination in Industrial and Process Control
High Voltage Protection in Data Acquisition Systems

Fetal Heart Biomedical and Monitoring Instrumentation
Off-Ground Signal Measurements

GENERAL DESCRIPTION

Models 290A and 292A are low-cost, compact, isolation ampli-
fiers that are optimized for single and multichannel industrial
applications, respectively. The model 290A has a self-contained
oscillator and is intended for single channel applications. A
single external synchronizing oscillator can drive up to 16
model 292As or, a virtually limitless number of model 292As
can be configured using multiple oscillators. The user can sup-
ply the external oscillator circuit or specify model 281 oscil-
lator module, which includes a voltage regulator for operation
over a wide single supply voltage range of +8V to +28V.

Models 290A and 292A design features include: adjustable gain,
from 1 to 100V/V, dual isolated power, £13V dc, £1500V de
off ground isolation, 100dB minimum CMR at 60Hz, 1k
source imbalance, in a compact 1.5" X 1.5" X 0.6" module.
Models 290A and 292A achieve low input noise of 1uV pk-pk
(10Hz bandwidth, G = 100V/V), nonlinearity of £0.1% @ 10V
pk-pk output, and an input/output dynamic range of 20V
pk-pk.

Using modulation techniques with reliable transformer isola-
tion, models 290A and 292A will interrupt ground loops,
leakage paths, and voltage transients, while providing dc to
2kHz (-3dB) response.

WHERE TO USE MODELS 290A AND 292A

Industrial Applications: In data acquisition systems, computer
interface systems, process signal isolators and high CMV instru-
mentation, models 290A and 292A offer complete galvanic iso-
lation and protection against damage from transients and fault
voltages. High level transducer interface capability is afforded

MODELS 290A/292A FUNCTIONAL BLOCK DIAGRAM
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with 20V pk-pk input signal range at a gain of 1V/V operation.
In portable single or multichannel designs, single power supply
operation (+8V to +16V) enables battery operation.

DESIGN FEATURES AND USER BENEFITS

Isolated Power: Dual 13V dc output, completely isolated from
the input power terminals (£1500V dc isolation), provides the
capability to excite floating signal conditioners, front end buf-
fer amplifiers and remote transducers such as thermistors or
bridges.

Adjustable Gain: Models 290A and 292A adjustable gain offers
compatibility with a wide class of input signals. A single ex-
ternal resistor enables gain adjustment from 1V/V to 100V/V
providing flexibility in both high level transducer interfacing
as well as low level sensor measurement applications.

Floating, Guarded Front-End: The inpur stage of models 290A
and 292A can directly acceprt floating differential signals or it
may be configured as a high performance instrumentation
front-end to accept signals having CMV with respect to input
power common.

High Reliability: Models 290A and 292A are conservatively
designed, compact modules, capable of reliable operation in
harsh environments. They have a calculated MTBF of over
400,000 hours and are designed to meet MIL-STD-202E en-
vironmental testing as well as the IEEE Standard for Transient
Voltage Protection (472-1974: Surge Withstand Capability).
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SPECIFICATIONS (typical @ + 25°C; 6= 100V/V and V5= + 15V unless otherwise noted)

MODEL 290A 292A
GAIN (NONINVERTING) OUTLINE DIMENSIONS
Range (50k{} Load) 1 to 100V/V Dimensions shown in inches and (mm).
Formula Gain= 100k
[1 = 1k + R, (kI I-—un 38 1) uax—.-l
Devianion from Formula
vs. Time +0,001%/1000 Hours
vs. Temperature (-25°C to +85°C)" £0,0075%/°C 0,
Nonlineanty, G = 1V/V to 100V/V? £0,1% (£0.25%)° 290A/292A s
INPUT VOLTAGE RATINGS
Linear Differential Range, G = 1V/V £5V mun (£10V min)®
Max Safe Dufferenvial Input _u ” c[:“‘:::?‘“ﬁ“
Conunuous, 1 min 110V ms 0.08 (1.02)
Max CMV, Inputs to Outpurs DIA —-‘i
ac, 60Hz, 1 Minute Duration 1500V rms max N W N O
Conunuous, ac 1000V pk max o 1 LO IN/ISO PWR -30‘11-‘;{;‘70—- |
Continuous, de £1500V pk max +6 2 A e
CMR, Inputs te Qutpurs, 60Hz, Rg <1k —1: 3 Vg PWR COM 80—
Balanced Source Impedance 106dB : : '_ 5
1k€2 Hi In Lead Only 100dB min —{F‘I V) 7 90—
Max Leakage Current, Inputs to Power Common 1 4 !'l 5:
@ 115V ac, 60Hz 10uA rms max T 1091 .,u.;
INPUT IMPEDANCE L& s i Loour 110—H
Differential 10° 821 70pF t 4
Overload 100kS2 1r HI OUT 12 O~
Common Mode 5 X 10"°0)1100pF 1 1
b r——— 4 8 GUARD
INPUT DIFFERDENCECURRENT ! JI E 7. |
Initial, @ +25°C +3nA e
¥ BOTTOM VIEW
vs. Temperature (-25°C to +85°C) £0,1nA/°C WEIGHT: 40 Grams  —"] GRID 01 (2.54)
INPUT NOISE *PINS 9 AND 10 NOT PRESENT ON 2004
Voltage, G = 100V/V
i i - SHIELDED MOUNTING SOCKET
10Hz to 1kHz 1.54V rms AC1054
Current
0,05Hz to 100Hz SpA pp COPPER CLAD SHIELD GUARD FEEDTHROUGH WIRE [H]
FREQUENCY RESPONSE _L L M
Small Signal, -3dB, G = 1V/V 2.5kHz | S : 0
Slew Rate 50mVius ‘J I oon 1127
Full Power, 10V p-p Output U8 REF 2oz ax
Gain - 1V/V thru 100V/V 2.0kHz(1.0kHz)? 3 0kHz(1 OkHz)" _—*_
OFFSET VOLTAGE REFERRED TO INPUT
Initial, @ +25°C, Adjustable to Zero £(5 + 50/G)mV
vs Temperature (-25°C to +85°C) 10+ 150/G)uv/C 4(8 + 250/G)uV/C
vs, Supply Voltage *imVi% Po—
RATED OUTPUT i
Voltage, 50k Load £5V mun (£10V min)’ -
Output Impedance 1k e LI 'O‘___
Output Ripple, IMHz Bandwidth 10mV pk-pk k) =]
OSCILLATOR DRIVE INPUT
Input Voltage N/A 8to 16V pk-pk r
Input Frequency NIA 100kHz £5%, max P
ISOLATED POWER OUTPUTS \T’
Voltage Full Load £13V dc BOTTOM VIEW  WEIGHT 18 Grams e crinot e
A:cum)r 5%
Current £5mA min +15mA min
Regulanon, No Load to Full Load +0,-15%
Ripple, 100kHz dwidth 200mV pp 250mV p-p
POWER SUPPLY, SINGLE POLARITY
Voltage, Rated Performance +15V dc
Voltage, Operating +8V dc o #15.5V de
Current, Quiescent +20mA

TEMPERATURE RANGE
Rated Performance

-25°C 10 +85°C

Storage -55°C 10 +85°C
CASE DIMENSIONS 15" X 1.5" X 0.62"
—_—

! Gawn remperature drft 1s specified a5 & percentage of output signal level,
age of 10V pk-pk output span,

' Gain 15 specified as a p
* These specs apply for 2 20V pk-pk output span.

*Da not load Viso when operating at output spans greater than 10V pkopk

Speaficanons subect to change without nonce.
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Figure 1. Model 290A and 292A Terminal Ratings

Symbol

Raring
110V rms (cont.)
+1000V pk (cont.)
11500V pk (cont )
+1500V rms (1 min)
+50V pk (cont.)
50GSY|20pF

Remarks

Withstand Voltage, Steady State
Isolation, Steady State, ac
Isolation, Steady State, dc
Isolation, ac, 60Hz

Isolation, de

Isolanon Impedance

Table I. Isolation Ratings Between Terminals



Understanding the Isolation Amplifier Performance

THEORY OF OPERATION

The remarkable performance of models 290A and 292A are
derived from the carrier isolation technique which is used to
transfer both signal and power between the amplifier’s guarded
input stage and the rest of the circuitry. The block diagram for
both models is shown in Figure 2 below.

The bipolar input preamplifier operates single-ended (non-
inverting). Only a difference bias current flows with zero net
bias current. A third wire return path for input bias current is
not required. Gain can be set from 1V/V to 100V/V by chang-
ing the gain resistor, R;. To preserve bigh CMR, the gain resis-
tor must be guarded. Best performance is achieved by shorting
terminal 2 to terminal 1 and operating the isolator at a gain

of 100V/V.

For powering floating input circuitry such as buffer amplifiers,
instrumentation amplifiers, calibration signals and transducers,
dual isolated power is provided. High CMV isolation is achieved
by the low-leakage transformer coupling between the input
preamplifier, modulator section and the output circuitry. Only
the 10pF leakage capacitance between the floating inputsection
and the rest of the circuitry keeps the CMR from being infinite.
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Figure 2. Block Diagram — Models 290A and 292A

GUIDELINES ON EFFECTIVE SHEILDING &

GROUNDING PRACTICES

® Use twisted shielded cable to reduce inductive and capaci-
tive pickup.

® Drive the transducer cable shield, S, with the common
mode signal source, Eg, to reduce the effective cable ca-
pacitance as shown in Figure 3, This is accomplished by
connecting the shield point S, as close as possible to the
transducer signal low point B. This may not always be pos-
sible. In some cases the shield may be separated from signal
low by a portion of the medium being measured (e.g. pres-
sure transducer). This will cause a common mode signal,
Ep, to be generated by the medium between the shield and
the signal low. The 86dB CMR capability of both models
between the input terminals (HI IN and LO IN) and
GUARD, will work to suppress the common mode signal,
Em.

® Dress unshielded leads short at the connection terminals
and reduce the area formed by these leads to minimize
inductive pickup.
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VOLTAGE _[TRANSDUCER ¢ (3 oliuon yone
TERMINALS A.B.C) O™ 00 vare
GROUND COMMON MODE .

SYSTEM
GROUND

7
TRANSDUCER VOLTAGE
GROUND

Figure 3. Transducer — Amplifier Interface

GAIN AND OFFSET TRIM PROCEDURE

In applying the isolation amplifier, highest accuracy is achieved
by adjustment of gain and offset voltage to minimize the peak
error encountered over the selected output voltage span. The
following procedure illustrates a calibration technique which
can be used to minimize output error. In this example, the
output span is +5V to -5V and operation at Gain = 10V/V

is desired.

1. Apply Epy = 0 volts and adjust Rg for Eg = 0 volrs,

2. Apply Ejy = +0.5V dc and adjust Rg for Eg = +5.0V dc.

3. Apply Epy = -0.5V dc and measure the output error (see
curve a),

4. Adjust Rg until the output error is one half that measured
in step 3 (see curve b).

5. Apply +0.5V dc and adjust Rg until the output error is
one half that measured in step 4 (see curve c).
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AA—O +15V 3
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kil
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GAIN RESISTOR, R,, 1%, S0ppm/“C METAL FILM TYPE IS RECOMMENDED
FOR GAIN = 1V/V, LEAVE TERMINAL 2 OPEN.
FOR GAIN = 100V/V, SHORT TERMINAL 2 TO TERMINAL 1
100%2

GAIN =1 s R TkD

UT FILTER, 10kl RESISTOR AND CAPACITOR, C.
SELECT € TO ROLL-OFF NOISE AND OUTPUT RIPPLE
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Figure 4. Gain and Offset Adjustment
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SELECTING BANDWIDTH

In low frequency signal measurements, such as thermocouple
temperature measurements, strain gage measurements and
geophysical instrumentation, an external filter is used to
select bandwidth and minimize output noise.

When used with a buffer amplifier as shown in Figure 5a be-

low, a series resistor (Rg) is used to lower the effective value
of the filter capacitor required to achieve very low frequency
(under 200Hz) noise filtering.

;

NOTE MOUNT FILTER AS CLOSE TO EXTERNAL
AMPLIFIER AS POSSIBLE

BANDWIDTH = 1{-3dB} ':m“-m

1%a

oy
1Ry (1012} 1

AL 10k82

Figure 5a. Selecting Bandwidth with External Capacitor and
Buffer

An active filter, as illustrated in Figure 5b will significantly
improve 60Hz noise reduction at the output by providing a
sharp roll-off characteristic. The 5Hz 3-pole active filter design
illustrated in Figure 5b, will increase the 60Hz noise reduction
by 50dB. Overall CMR performance of models 290 and 292
and the 5Hz active filter approaches 150dB @ 60Hz and 1k&)
imbalance.

NOTE. MOUNT FILTER AS CLOSE TO EXTERNAL
AMPLIFIER AS POSSIBLE

Figure 5b. Selecting Bandwidth with a 3-Pole 5Hz Active Filter

PERFORMANCE CHARACTERISTICS

Common Mode Rejection: Input-to-Output CMR is dependent
on source impedance imbalance, signal frequency and ampli-
fier gain. CMR is rated at 115V ac, 60Hz and 1k{2 imbalance
at a gain of 100V/V. Figure 6 illustrates CMR performance as
a function of signal frequency. CMR approaches 130dB at de
with source imbalances as high as 1k£2. As gain is decreased,
CMR is reduced. At a gain of 1V/V, CMR is typically 12dB
lower than at a gain of 100V/V.
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10048 MIN © 60Hz
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v 1090 Tok
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Figure 6. Typical Common Mode Rejection vs. Frequency

Figure 7 illustrates the effect of source imbalance on CMR per-
formance at 60Hz and Gain = 100V/V. CMR is typically
110dB at 60Hz and a balanced source. CMR is maintained
greater than 70dB for source imbalances up to 100k§2.
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ED CMR @ G = 100V
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Figure 7. Typical Common Mode Rejection vs. Source
Impedance Imbalance

Gain Nonlinearity: Linearity error is defined as the deviation
of the output voltage from the best straight line and is speci-
field as a % of peak-to-peak output voltage span; e.g., nonlinear-
ity of models 290A and 292A operating at an output span of
10V pk-pk (£5V) is 0.1% or £10mV. Figure 8 illustrates gain
nonlinearity for any output span to 20V pk-pk (£10V).
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Figure 8. Typical Gain Nonlinearity vs. Output Voltage

Input Voltage Noise: Voltage noise, referred to input, is de-
pendent on gain and bandwidth as illustrated in Figure 9.
RMS voltage noise is shown in a bandwidth from 0.01Hz to
the frequency shown on the horizontal axis. The noise in a
bandwidth from 0.01Hz to 10Hz is 14V pk-pk at a gain of
100V/V. This value is derived by multiplying the rms value at
f = 10Hz shown in Figure 9 by 6.6.

For best noise performance in particular applications, a low
pass filter at the output should be used to selectively roll-off
noise and undesired signal frequencies beyond the bandwidth
of interest. Increasing gain will also reduce the input noise.
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Figure 9. Typical Input Voltage Noise vs. Bandwidth



The Multichannel Isolation Amplifier

Input Offset Voltage Drift: Total input drift is composed of
two sources, input and output stage drifts and is gain depend-
ent. The curve of Figure 10 illustrates total input drift over
the gain range of 1 to 100V/V,

1000
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Figure 10. Typical Input Offset Voltage Drift vs. Gain

REFERENCE EXCITATION OSCILLATOR, MODEL 281
When applying model 292A, the user has the option of building
a low cost 100kHz excitation oscillator, as shown in Figure 11,
or purchasing a module from Analog Devices—model 281,
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10006F = j==
(SEE NOTE 3) -—Eﬁ 10
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1 8 | ouT
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com TToR viEw]
NOTE
1 FREO ADJUS

T ADJUST TRIM POT $DFI OUTPUT FI'IEQUENCY OF 100kHz 15%
2 FOR SLAVE OPERATION, AEMOVE J 'NC OUT AND SYNC IN PINS
3 USE CERAMIC CAPACITOR, "COG" DFI m m'l!ﬂ ISTIC

Figure 11. 100kHz Oscillator Interconnection Diagram

The block diagram of model 281 is shown in Figure 12, An
internal +12V dc regulator is provided to permit the user
the option of operating over two, pin selectable, power in-
put ranges; terminal 6 offers a range of +14V dc to +28V dc;
terminal 7 offers an input range of +8V dc to +14V de.

+12V
REGULATOR

0Ok Hr
OSCILLATOR

*LEAVE TEAMINAL 6 OPEN, WHEN POWER 15 APPLIED TO TERMINAL 7

Figure 12. Model 281 Block Diagram

Model 281 oscillator is capable of driving up to 16 model
292As. Asshown in Figure 13, an additional model 281 may be
driven in a slave-mode to expand the total system channels
from 16 to 32. By adding additional model 281’s in this man-
ner, systems of over 1000 channels may be easily configured.

TO PINS 0 AND 10 OF ISOLATORS 18 THRY 12

Figure 13. External Oscillator Interconnection

SPECIFICATIONS
(typical @ +25°C and V§ = +15V dc unless otherwise noted)
MODEL 281
OUTPUT
Frequency 100kHz 5%
Waveform _ Squarewave
Voltage (¢ and ¢ terminals) 0to+12V pk
Fan-Out 16 max

POWER SUPPLY RANGE®

High Input, Pin 6 +(14 1o 28)V de

Quiescent Current, N L +5mA
FL +16mA
Low Input, Pin 7 +{8 10 14)V dc
Quiescent Current, N L +12mA
FL +3ImA
TEMPERATURE
Rared Performance 0o +70°C
Storage -55°C 1o +85°C

! Model 2924 drwve input unity load,

? For applicanons requiring more than 16 292As, additional 1!1- may
be used in a master/slave mode, Refer to Figure 13,

T Full load consists of 16 model 292As and 281 oscillator slave,

Specificanons subject w change without notice.

OUTLINE DIMENSIONS
Dimensions shown in inches and (mm).

l %6 I

—

T s
| —

ng“

g

BOTTOM VIEW
WEIGHT 10 GRAMS _—l l——n_} 12 B4) GRID

PiN TERMINAL IDENTIFICATION

1 POWER COMMON 6 SYNCOUTPUT

2 ¥ 6 Vg HIGH RANGE +(14 10 281V de
3 goumuy 7 +Vg: LOW RANGE +8 1o W1V do
4 NC INPUT

MATING SOCKET:
CINCH #16 DIP OR EQUIVALENT
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APPLICATIONS IN INDUSTRIAL MEASUREMENT AND
CONTROL SYSTEMS

Remote Sensor Interface: In chemical, nuclear and metal pro-
cessing industries, models 290A and 292A can be applied to
measure and control off-ground millivolt signals in the pres-
ence £1500V dc CMV signals, In interface applications such
as pH control systems or on-line process measurement sys-
tems such as pollution monitoring, models 290A and 292A
offer complete galvanic isolation to eliminate troublesome
ground loop problems. Isolated power outputs and adjust-
able gain add to the application flexibility of these models.

Figure 14 illustrates how model 290A or 292A can be com-
bined with a low drift, luvf C front-end amplifier, model
ADS517L, to interface low level transducer signals. Both
products provide isolated £13V dc power and front-end
guard in addition to eliminating ground loops and pre-
serving high CMR (100dB @ 60Hz).

001:F
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com
Figure 14. Input Signal Conditioning Using Isolated Power for
Transducer Buffer Amplifier

Instrumentation Amplifier: Models 290A and 292 A provide

a floating guarded input stage capable of directly accepting
isolated differential signals. The noninverting, single-ended
input stage offers simple two wire interconnection with
floating input signals,

In applications where the isolated power is applied to trans-
ducers such as bridges which generate differential inputsignals
with common mode voltages measured with respect to the iso-
lated power common, models 290A and 292A can be con-
nected as shown in Figure 15. To achieve high CMR with
respect to the ISO PWR COM, the following trim procedure
is recommended.

CMR Trim Procedure

1) Connecta 1V pk-pk oscillator between the +IN/-IN and
IN COM terminals as shown in Figure 15.
Set the input frequency at 0.5Hz and adjust R1 for mini-
mum Eg.
3) Set the input frequency at 60Hz and adjust R2 for mini-
mum Eg.
Repeat steps 2 and 3 for best CMR performance,
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Figure 15. Application of 290A as Instrumentation Amplifier
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Isolated Temperature Measurements: Industrial temperature
measurements are often performed in harsh environments
where line voltages or transients can sometimes be impressed
on the temperature sensor. To provide protection for the deli-
cate recording instrumentation, models 290A and 292A can be
applied as shown in Figure 16. The Analog Devices’ AC2626
probe is a temperature sensor whose output is a current di-
rectly proportional to absolute temperature, The isolation
amplifier provides the isolated power (+13V dc) as well as the
input/output isolation. Zero calibration is performed by
placing the AC2626 probe in a zero temperature bath and
adjusting Rg for Eg to 0 volts. Full scale output adjustment
is performed by placing the AC2626 probe in boiling water
(100°C) and adjusting Rg for 1.000V output.

Figure 16. Isolated Temperature Measurements

Current Loop Receiver: Model 290A and 292A can be applied
to measurement of analog quantities transmitted via 4-20mA
current loops over substantial distances through harsh environ-
ments. Figure 17 shows an application of model 290A or 292A
as a current loop receiver, A 25 resistor converts the 4-20mA
current input from a remote loop to a 100—500mV differen-
tial voltage input, which the isolator amplifies, isolates, and
translates to a 0 to +5V output level at local system ground.

Among the most-helpful characteristics of the isolator in this
kind of measurement are the high common-mode rejection
(100dB minimum at 60Hz with 1k{2 source unbalance) and
the high common-mode rating (1500 volts dc). The former
means low noise pickup; the latter means excellent isolation
and protection against large transients. The high common-
mode rejection, permitting relatively low input voltage to be
used (0.4V span, in this case), permits the use of a low current-
metering resistance, which in turn results in low compliance-
voltage loading on the current loop, and therefore permits in-
sertion into existing loops without encountering overrange
problems, The gain of 12.5 provides a substantial output
span, and the floating output permits biasing to a 0 to 5V
range.

80
4-20mA MEASURING
CURRENT RESISTOR G= 128V ZERD ADJST
LooP ADJUST FOR
Ep = OV WHEN
kma
_?“"' Eg
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Figure 17. Isolated Analog Interface; 4 to 20mA is Converted
to 0 to +5V at the Output, with Up to 1500V of Isolation
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Selection Guide

Analog Multipliers/Dividers

Small Signal Full-Scale X Y
Bandwidth A li ity Nonli y Full-Scale
Model MHz % % of FS % of FS Qutput Page  Notes
AD3532 1 1 0.5 0.2 1oV 6-7 4-quadrant muluplication
ADS534 1 0.25 0.12 0.01 1oV 6-13 4-quadrant multiplication
ADS538 0.4 0.5 - - 10V 6-23 Multiplication, division, powers, roots
AD539 30 1 - - ImA 6-31  2-quadrant multiplication/division
AD632 1 0.5 0.08 0.01 10V 6-39
ADS34 500 0.5 - - 4mA 6~43  Highfrequency 4-quadrant multiplier
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Orientation
Analog Multipliers/Dividers

The devices catalogued in this section are high-performance ICs
* that accept analog voltages and multiply, divide, square and/or
square-root them, depending on device properties and connections.
Other multiplying devices available from Analog Devices include
digital multipliers (in DSP Products Databook) and multiplying
D/A converters (Data C Products Databook).

Multiplication: For two inputs, V, and Vy, a multiplier will
provide the output, Eyy =V, V/E,, where E, is a dimensional
constant, usually of 10V nominal value. If E,s= 10V, Eg, =10V
when Vy and V, are 10V. Multipliers are used for modulation
and demodulation, fixed and variable remote gain adjustment,
power measurement and mathematical operations in analog
computing, curve fitting and linearizing.

If the inputs may be of either positive or negative polarity and
the output polarity is in a correct relationship for multiplication,
the device is called a “four-quadrant” multiplier, reflecting the
four quadrants of the X-Y plane.

Squaring: If V, = V, = V,,,, a multiplier’s output will be Vie/Erer.
A four-quadrant multiplier, used as a squarer, will have an out-
put that is positive whether V,, is positive or negative. Squarers
are useful in frequency doubling, power measu of cc

loads and mathematical operations.

Division: For a numerator input, V,, and a denominator input,
V., an analog divider will provide the output, E,y, = Ee(V/Vy).
If Eper = 10V, Eqy, will be 10V or less for V, < V. V, is of a
single polarity and will not provide meaningful results if it
approaches zero too closely. If V, may be of either positive or
negative polarity, the device is described as a “two-quadrant”
divider, and the output will reflect the polarity of V,. Analog
dividers are used to compute ratios —such as efficiency, attenuation,
or gain; they are also used for fixed and variable remote gain
adjustment, ratiometric measurements and for mathematical
operations in analog computing.

Square Rooting: For a numerator input, Vi,, and a denominator
input, E, (the output fed back to the denominator input), the
output of a divider is E, = E_; (V,/E); hence E, =

A square rooter works in one quadrant; some devices require
external diode circuitry to prevent latchup if the input polarity
changes, even momentarily. Square roots are used in vector and
rms computation, to linearize flowmeters, and for mathematical
operations in analog computing.

rel'vin'

CHOOSING A MULTIPLIER, DIVIDER, ETC.
A number of devices are listed here, differing in internal ar-
architecture, external functional configuration and performance
specifications. Most have essentially fixed references; the ADS538
is a multifunction device that performs the one-quadrant operation,
E, = V.J/(V,/V,)™, where m is an exponent adjustable from 1/5
to 5.

Considerable information on these functions, the nature of devices
to perform them and extensive discussions of their applications
can be found in the Nonlinear Circuits Handbook." A wealth of
information is also to be found in the data sheets for the individual

! Nonli Circuits Handbook, D.H. Sheingold, ed., 1976, 536pp., $5.95,
Analog Devices, Inc., P.O. Box 796, Norwood, MA 02062
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devices published in this section. In addition to the products
listed here, a number of popular earlier products are still available;
data sheets are available upon request.

Internal Architecture: All of the devices in this section rely on the
logarithmic properties of silicon P-N junctions. An example of
the translinear principle that they embrace can be seen in the
circuitry of a “Gilbert cell,” employed in various forms for
analog multiplication. Its four-quadrant multiplying circuitry
and performance are described in (1), with further references to
the original sources. The input voltages are converted to currents;
the currents are multiplied together and divided by a reference,
and the net output current, II,/I,., is converted to voltage by
feedback around the output amplifier. The feedback terminals
are available as inputs for applications involving division.

Ity oty

|||._I

Basic Four-Quadrant Variable-Transconductance Multiplier
Circuit 2V,

!o=f-"3*fs)-ﬂ4+!s)=;Rny

2| C

v, L] "\
o 1] ANTILOG v

(N E] LOG LIRS

AD538 Functional Block Diagram

In multifunction devices like the AD538, the feedback currents
of the V, and V input op amps are used to develop logarithmic
voltages across transistor base-emitter junctions; these voltages
are differenced to provide the logarithm of the ratio, V,/V,.



At the user’s choice, this log ratio is either amplified (m>1),
attenuated (m<1) or unchanged (m = 1), then applied to a product-
antilog circuit which adds the logarithm of V,, then takes the
antilogarithm to produce the output equation,

Vor = %, (%

Wideband Multipliers have bandwidths greatly exceeding 1MHz.
The output is generally in the form of current, for maximum
bandwidth (current-to-voltage conversion tends to reduce
bandwidth and is unnecessary in many applications). The user
can choose an appropriate external amplifier — or other circuitry
— to meet the needs of the application. The AD539 is a dual
multiplier/divider with two independent two-quadrant signal
channels (inputs Y1 and Y2) and a common X-input, which
provides linear control of gain for both channels. Signal bandwidth
is 30MHz and control bandwidth is SMHz. The AD834 is a
four-quadrant multiplier with S00MHz large-signal bandwidth
and 0.5% static-accuracy specifications. It has differential X and
Y inputs and differential open-collector current output. For
1-volt inputs, its differential output current is +4mA.

External Functional Configuration: Most of the devices listed
here can be used for multiplication, division, squaring and/or
square-rooting (MDSSR), by the appropriate connection of
external jumpers. Performance of pretrimmed devices is optimized
in specified modes of operation. The data sheets show how
devices are connected for the various modes of operation; where
appropriate, the suggested trim circuits and procedures for
optimizing performance are provided.

Technologies: The devices described in these two volumes are
monolithic integrated circuits. For any application, the user will
evaluate a device on the basis of its performance in the desired
mode(s). The pretrimmed ICs use laser trimming of thin-film-on-
silicon chips at the wafer stage and buried-Zener reference cir-
cuitry, as well as thermally balanced input stages and “core”
circuitry, for overall maximum errors as low as 0.25%, and high
linearities.

Performance: Multiplier performance, specifications and test
circuitry are described in great detail in the Nonlinear Circuits
Handbook. Here is a brief digest of the factors relating to low-
frequency performance.

An ideal multiplier has an output which is the product of two
input variables, X and Y, divided by the 10V scaling voltage.
However, the practical multiplier is subject to various offset
errors and nonlinearities which must be accounted for in its
application. This discussion is intended to assist the designer in
understanding and interpreting multiplier and divider specifica-
tions and obtaining insight into device performance.

In practical (see the simplified single-ended multiplier in the
figure), a multiplier may be considered as having two parts, one
(M) contains the input circuitry and the multiplying cell; the
other is a gain-conditioning op amp, A.

Also summed at the op-amp input is the feedback variable, Z,
In multiplication, Z is connected to the output circuit. In division,
Z and X are the inputs, and Y is connected to the output. The
figure shows a model with 10-volt scale factor used for considering

XY
* Jg (MULTIPLY)

" lxz {DIVIDE}

Functional Block Diagram of Typical Multiplier/Divider

errors. X, and Y, are input offset voltages, Z, is the offset-referred-
to-the-input of the output amplifier, and f(X’, Y") is the non-
I}i{t}sfa'rity, viewed as the departure from the ideal multiplication,
TR The output equation, including the errors is of the form

_XY orXy Xy, xv]]
BE=t8 * Lo * o8 * % * fXY)
Product Koffser  Yoffset Output Nonlinearity

e — offset and
‘Linear Feedthrough Feedthrough
I(Y‘! “x‘l

The errors are included in the bracketed term, except for gain
error, which is the departure of “B”, the gain-error term, from
its nominal value of unity. The effects of input offsets (called
“linear feedthrough™) can be set to zero by adding external
input biases, the output offset can be set to zero by biasing the
output amplifier, and the gain can be externally calibrated by
adjusting the reference or the feedback resistance. The remaining
departure from the ideal output for any combination of input
values is the irreducible linearity error, or nonlinearity, a function
of X and Y that differs from device to device and, with temperature,
within a given device. The component of nonlinearity for X =0
is called “Y feedthrough™ and for Y =0, it is called “X feed-
through™.

The “total error” specification includes the effects of all these
errors. Although a guide to performance, it may produce an
excessively conservative design in some applications. For example,
output offset is not important if the output is to be capacitively
coupled or the initial offset is nulled. Gain error is not important
if system gain is to be adjusted elsewhere in the system or if
gain is not a critical factor in system performance. If frequent
calibration of offset and scale-factor errors is available (e.g., in a
“smart” instrument, via software) nonlinearity becomes the
limiting parameter. In such cases, improvements in predicted
error can be achieved by using the approximate linearity
equation:

fX,Y) = [Vile, + Wsr"?

where €, and €, are the specified fractional linearity errors (%/100)
and V, and Vy are the input signals.
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When multipliers are fed back for use in division applications, it
is important to recognize that maximum multiplication errors
are increased approximately in proportion to the inverse of the
denominator voltage (10V/V,), and bandwidth is decreased in
proportion to denominator voltage. Pretrimmed multipliers used
in such applications, with wide dynamic range of X (i.e., >10:1),
will always benefit greatly by the trimming of offsets, especially
Z, (affects offsets) and X, (affects gain), for small values of X.

DEFINITIONS OF SPECIFICATIONS*

Accuracy is defined in terms of total ervor of the multiplier at
room temperature and constant nominal supply voltage. Total
ervor includes the sum of the effects of input and output de
offsets, nonlinearity, and feedthrough. Temperature dependence
and supply-voltage effects are specified separately.

Scale Factor: The scale-factor error (or gain error) is the difference
between the average scale factor and the ideal scale factor (e.g.,
(10V)~"). It is expressed in percent of the output signal. Tem-
perature dependence is specified.

QOutput Offset refers to the offset voltage at the output-amplifier
stage. This offset is usually minimized at manufacture and can
be trimmed where high accuracy is desired. OQutput offset vs.
temperature is also specified.

Linearity Error or Nonlinearity is the maximum difference between
actual and “best-straight-line” theoretical output, for all pairs of
input values, expressed as a percentage of full scale, with all
other dc errors nulled. It is the irreducible minimum error. It is
usually expressed in terms of X and Y nonlinearity, with the
named input swinging over its full-scale range and the other
input at (%) 10V. Y nonlinearity is considerably less than X
nonlinearity in simple “Gilbert-cell” multipliers, This specification
includes nonlinear feedthrough.

X or Y Feedthrough is the signal at the output for any value of X
or Y input in the rated range, when the other input is zero. It
has two components, a linear one, corresponding to an input
offset at the zero input, which can be trimmed out (but can drift

and has a temperature specification), and a nonlinear one, which
is irreducible. Feedthrough is usually specified at one frequency
(50Hz) for a 20V p-p sine wave input. It increases with frequency,
and plots of typical feedthrough vs. frequency are provided on
multiplier data sheets.

Noise is specified and measured with both inputs at zero signal
and zero impedance (i.e., shorted). For low-frequency applica-
tions, filtering the output of the mulitplier may improve small-
signal resolution significantly,

Dynamic Parameters include: small-signal bandwidth, full-power
response, slew(ing) rate, small-signal amplitude error and settling
time.

Small-Signal Bandwidth is the frequency at which the output is
down 3dB from its low-frequency value (i.e., by about 30%) for
a nominal output amplitude of 10% of full scale.

Full-Power Response is the maximum frequency at which the
multiplier can produce the full-scale voltage into its rated load
without noticeable distortion.

Slew(ing) Rate (V/ps) is the maximum rate of change of output
voltage for the product of a full-scale dc voltage and a full-scale
step input.

Small-Signal Amplitude Error is defined in relation to the frequency
at which the amplitude response, or scale-factor, is in error by
1%, measured with a small (10% of full-scale) signal.

Settling Time, for the product of a = 10V step and 10V dc, is
the total length of time the output takes to respond to an input
change and stay within some specified error band of its final
value. Settling time cannot be accurately predicted from any
other dynamic specifications; it is specified in terms of a prescribed
measurement.

Vector Error is the most sensitive measure of dynamic error. It is

usually specified in terms of the frequency at which a phase
error of 0.01 radians (0.57°) occurs.

¥ —4—GOUT
VeINO—IXT s DENOMINATOR — | X1 E°
- A LOAD
" vy : T 2 aun eouTe b 5 [MLST BE PROVIOED)
- x2 out
OV I @1V V | aosss
71 z 24 AD535
i 75 = NUMERATOR, V, 7 +
vy INO—I Y1 z 6 ‘5 T A
v2 vz v ¥1 o l— ¢
| Y2
BASIC RELATIONSHIP: [y - Xzl [y - Yzl =10V (Z4- Z3) v E, =/-10V Y,
V.V, = 10V E, VER10VY, B e-l02 B 16,0 = 10V Y,
Muitiplier Divider Square Rooter

*These are general definitions. Further definitions are provided as
footnotes to the Specifications tables; they should be read carefully.
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ANALOG
DEVICES

Internally Trimmed
Integrated Circuit Multiplier

AD532

FEATURES

Pretrimmed To +1.0% (AD532K)

No External Components Required

Guaranteed £1.0% max 4-Quadrant
Error (AD532K)

Diff Inputs For (Xq—X2) (Y1=Y3)/10V
Transfer Function

Monolithic Construction, Low Cost

APPLICATIONS

Multiplication, Division, Squaring,
Square Rooting

Algebraic Computation

Power Measurements

Instrumentation Applications

Available in Chip Form

PRODUCT DESCRIPTION

The AD532 is the first pretrimmed single chip monolithic
multiplier/divider. It guarantees 2 maximum multiplying

error of +1.0% and a 10V output voltage without the need
for any external trimming resistors or output op amp. Because
the AD532 is internally trimmed, its simplicity of use provides
design engineers with an attractive alternative to modular
multipliers, and its monolithic construction provides
significant advantages in size, reliability and economy. Further,
the AD532 can be used as a direct replacement for other IC
multipliers that require external trim networks (such as the
AD530).

FLEXIBILITY OF OPERATION
The AD532 multiplies in four quadrants with a transfer
function of (X1 —X3)(Y;—Y32)/10V, divides in two quadrants
with a 10VZ/(X1—X3) transfer function, and square roots in
one quadrant with a transfer function of £+/10VZ. In addi-
tion to these basic functions, the differential X and Y inputs
provide significant operating flexibility both for algebraic
computation and transducer instrumentation applications.
Transfer functions, such as XY/10V, (X2—Y2)/10V,£X2/
10V, and 10VZ/(X;—X,) are easily attained, and are ex-
tremely useful in many modulation and function generation
applications, as well as in trigonometric calculations for
airborne navigation and guidance applications, where the
monolithic construction and small size of the AD532 offer
able system advantages. In addition, the high CMRR
(75dB) of the differential inputs makes the AD532 especially
well qualified for instrumentation applications, as it can
provide an output signal that is the product of two transducer-
generated input signals.

AD532 PIN CONFIGURATIONS
AD532H

TOPVIEW
(Notto Scale) &

T O W
NC £ GND Vos
NCARENOCONNECT PiNS

CRCE

i
Y2 Vg

GUARANTEED PERFORMANCE OVER TEMPERATURE
The AD532] and AD532K are specified for maximum multi-
plying errors of 2% and 1% of full scale, respectively at
+25°C, and are rated for operation from 0 to +70°C. The
AD532S has a maximum multiplying error of £1% of full
scale at +25°C; it is also 100% tested to guarantee a maximum
error of 4% at the extended operating temperature limits of
-55°C and +125°C. All devices are available in cither the
hermetically-sealed TO-100 metal can or TO-116 ceramic DIP.

ADVANTAGES OF ON-THE-CHIP TRIMMING

OF THE MONOLITHIC AD532

1.  True ratiometric trim for improved power supply
rejection.

2. Reduced power requirements since no networks
across supplies are required.

3. More reliable since standard monolithic assembly
techniques can be used rather than more complex
hybrid approaches.

4.  High impedance X and Y inputs with negligible
circuit loading.

5.  Differential X and Y inputs for noise rejection and
additional computational flexibility.
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SPEBIFI CATIONS (@ +25°C, V5= =15V, R=2k{) V5 grounded)

ADS1ZK ADS532S
Min Typ Max Min Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE
2 (X - XY - Yy (X - XY, - Ya) (X, =X (- Y)

Transfer Function 10V 10V 10V
Total Error{ — 10V=X, Y= + 10V) =15 +2.0 =0.7 =1.0 =0.5 +1.0 %
Ta = nun to max =25 =L5 +4.0 %
Total Error vs Temperature =0.04 =0.03 +=0.01 +0.04 WO
Supply Rejecton (= 15V = 10%) =0.05 =0.05 +0.05 Yal%
Nonlinearity, X (X = 20V pk-pk, Y = 10V) +0.8 =0.5 +0.5 %
Nonlinearity, Y (Y = 20V pk-pk, X = 10V) =03 =0.2 =0.2 %o
Feedthrough, X (Y Nulled, .

X =20V pk-pk 50Hz) 50 200 0 100 30 100 mV
Feedthrough, Y (X Nulled,

Y = 20V pk-pk 50Hz) 30 150 25 80 25 B0 mV
Feedthrough vs. Temp. 2.0 1.0 1.0 mV p-p~C
Feedthrough vs. Power Supply =0.25 =0.25 =0.25 mVi%

DYNAMICS
Small Signal BW (Voyur =0 1 rms) 1 1 1 MHz
1% Amplitude Error 75 75 75 kHz
Slew Rate [V oy 20 pk-pk) 45 45 45 Vius
Setthing Time (1o 2%, AV oy = 20V) 1 1 1 e
NOISE
‘Wideband Nowse { = 5SHz o 10kHz 0.6 0.6 0.6 mV {rms)
f=5Hz1w5SMHz 3.0 30 0 mV (rms)
OUTPUT
Output Voltage Swing =10 =13 =10 =13 =10 213 v
Output Impedance {f=1kHz) 1 1 1 n
Output Offset Voltage =40 +30 +30 mV
Ourput Offset Voltage vs Temp. 0.7 0.7 2.0 mVFC
Output Offser Voltage vs. Supply =25 =2.5 +2.5 mV/%
INPUT AMPLIFIERS (X, Y and Z)
Signal Voltage Range (Duff. or CM.

Operaung Diff) =10 =10 . =10 v
CMRR 40 50 50 dB
Input Bias Current

X, Y Inputs 3 1.5 4 1.5 4 pA

X, Y Inputs T 10 Ty 10 8 8 A

ZInput =10 =5 =15 +5 =15 A

ZInput Towg 10 T =30 =25 =25 A
Offset Current =03 =0.1 =0.1 pA
Dufferential Resistance 10 10 10 M0

DIVIDER PERFORMANCE
Transfer Function (X, >X;) 10V ZiX, - X3 10V ZIX, - Xy 10V ZH(X, - X;)
Total Error
(Vx=— 10V, - 10V=Vz= + 10V) %4 =1 #1 Yo
(Vx = — 1V, — 10V=Vz= + 10V) =4 =3 =3 %
SQUARE PERFORMANCE
Transfer Function &, =X Sha=1F L b
1oV 10V 10V
Total Error =0.8 =04 =0.4 W
SQUARE-ROOTER PERFORMANCE
Transfer Function -VIOVZ -VIOVZ -VIOVZ
Total Error (0V=Vz=10V) =15 =1.0 =1.0 %
POWER SUPPLY SPECIFICATIONS
Supply Voltage

Rated Performance =13 =15 =15 v

Operating =10 =18 =10 +18 =10 +22 v
Supply Current

Quiescent 4 6 4 6 4 6 mA

PACKAGE OFTIONS' '
TO-116(D-14) ADS32)D ADS3ZKD AD5328D
TO-100 (H-10A) ADS532JH ADS532KH AD5325H
NOTE
'See Section 16 for package outline information.
S pecifications subject to change without notice.
Specifications shown in boldface are tested on all production uruts at final electr- All min and max specifications are d, although only these shown
ical test. Results from those tests are used to calculate outgoing quality levels. in bold! tested on all production units,
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FUNCTIONAL DESCRIPTION

The functional block diagram for the AD532 is shown in
Figure 1, and the complete schematic in Figure 2. In the
multiplying and squaring modes, Z is connected to the output
to close the feedback around the output op amp. (In the
divide mode, it is used as an input terminal.)

The X and Y inputs are fed to high impedance differential
amplifiers featuring low distortion and good common mode
rejection. The amplifier voltage offsets are actively laser
trimmed to zero during production. The product of the two

inputs is resolved in the multiplier cell using Gilbert's o K1) (Y4 < ¥a) R
linearized transconductance technique. The cell is laser = oV L
rimmed to obtain Vg = (X1 —X2)(Y1—Y2)/10 volts. (WITH Z TIED TO OUTPUT)

The built-in op amp is used to obtain low output impedance
and make possible self-contained operation. The residual '
output voltage offset can be zeroed at Vg in critical applica-
tions . . . . otherwise the Vg pin should be grounded.

Figure 1. Functional Block Diagram

= o )

l
r@-"ptr;:_:@!
TR

1

Figure 2. AD532 Schematic Diagram

ORDERING GUIDE

Model Max Mult Error Temperature Range Model Max Mult Error Temperature Range
AD532JH +2.0% 0to +70°C AD532SH +1.0% -55°C to +125°C
AD532]D +2.0% 0to +70°C AD5325D +1.0% -55°C to +125°C
AD532KH +1.0% 0 to +70°C AD5325H/883B +1.0% -55°C to +125°C
AD532KD £1.0% 0to +70°C AD532SD/883B +1.0% -55°C to +125°C

CHIP DIMENSIONS AND BONDING DIAGRAM

Dimensions shown in inches and (mm).

0.107 |
(2.718)
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AD532 PERFORMANCE CHARACTERISTICS
Multiplication accuracy is defined in terms of total error at
+25°C with the rated power supply. The value specified is in
percent of full scale and includes Xjp and Yjp nonlinearities,
feedback and scale factor error. To this must be added such
application-dependent error terms as power supply rejection,
common mode rejection and temperature coefficients
(although worst case error over temperature is specified for
the AD5328). Total expected error is the rms sum of the
individual components, since they are uncorrelated.

Accuracy in the divide mode is only a little more complex. To
achieve division, the multiplier cell must be connected in the
feedback of the output op amp as shown in Figure 13. In this
configuration, the multiplier cell varies the closed loop gain of
the op amp in an inverse relationship to the denominator
voltage. Thus, as the denominator is reduced, outpur offset,
bandwidth and other multiplier cell errors are adversely af-
fected. The divide error and driftare then €y, = 10V/X1—X3)
where €y, represents multiplier full scale error and drift, and
(X1—X2) is the absolute value of the denominator.

NONLINEARITY

Nonlinearity is easily measured in percent harmonic distortion.
The curves of Figures 3 and 4 characterize output distortion as
a function of input signal level and frequency respectively,
with one input held at plus or minus 10V dc. In Figure 4 the
sine wave amplitude is 20V(p-p).

PERCENT D-IT(IW
\

L L ® W N 3 W
PEAK SIGNAL AMPLITUDE - Viohts

Figure 3. Percent Distortion vs. Input Signal

1
| [ I

o

X
T /
1 i
°% %0 » ok T00% ™
FREQUENCY - He

Figure 4. Percent Distortion vs. Frequency
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AC FEEDTHROUGH

AC Feedthrough is 2 measure of the multiplier’s zero
suppression. With one input at zero, the multiplier output
should be zero regardless of the signal applied to the other
input. Feedthrough as a function of frequency for the
AD532 is shown in Figure 5. It is measured for the condition
Vx =0, Vy = 20V(p-p) and Vy = 0, Vx = 20V(p-p) over the
given frequency range. It consists primarily of the second
harmonic and is measured in millivolts peak-to-peak.

1000 T

L~

100 ® 10k 00k [ 10m
FREGUENCY - Mr

Figure 5. Feedthrough vs. Frequency

COMMON MODE REJECTION

The AD532 features differential X and Y inputs to enhance
its flexibility as a computational multiplier/divider. Common
mode rejection for both inputs as a function of frequency is
shown in Figure 6. Itismeasured with X = X = 20V(p-p),
(Y1—Y3)=%10Vdcand Yy = Y, = 20V(p-p), (X;—X3) =
+10V de.

--:H\
LA N
& } r\\\ MODE RES
IING?
§ an a] u]nmmluonl.:&\
Jovy-rghs wiov [N
" WA
N
w? w0l w0t w0 By prt]

FREQUENCY - Mz

Figure 6. CMRR vs. Frequency
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FREQUENCY - Hr

Figure 7. Frequency Response, Multiplying



Applying the AD532

DYNAMIC CHARACTERISTICS

The closed loop frequency response of the AD532 in the
multiplier mode typically exhibits a 3dB bandwidth of
1MHz and rolls off at 6dB/octave thereafter. Response
through all inputs is essentially the same as shown in
Figure 7. In the divide mode, the closed loop frequency
response is a function of the absolute value of the
denominator voltage as shown in Figure 8.

Stable operation is maintained with capacitive loads to
1000pF in all modes, except the square root for which
5O0pF is a safe upper limit. Higher capacitive loads can be
driven if 2 10082 resistor is connected in series with the
output for isolation.

Vz=01 X Vy SN T

E

-1

5 e | h

: N AN
\ )

! oo \}\ \‘ -

pd

m
™ 10

FREGUENCY - Hr

Figure 8. Frequency Response, Dividing
POWER SUPPLY CONSIDERATIONS
Although the AD532 is tested and specified with 15V dc
supplies, it may be operated at any supply voltage from
+10V vo £18V for the ] and K versions and £10V to 22V
for the S version. The input and output signals must be
reduced proportionately to prevent saturation, however,
with supply voltages below 15V, as shown in Figure 9.
Since power supply sensitivity is not dependent on external
null networks as in the AD530 and other conventionally
nulled multipliers, the power supply rejection ratios are
improved from 3 to 40 times in the AD532.

SATURATED wrn} /

/ MAX X OR ¥ INPUT
FOR ™% LINEARITY

3
H
H

"
=

PEAK SIGNAL VOLTAGE - Vohs
3

0 i “ L] E_ 20 22
FOWER SUPPLY VOLTAGE - Vohs

Figure 9. Signal Swing vs. Supply

NOISE CHARACTERISTICS

All AD532s are screened on a sampling basis to assure that
output noise will have no appreciable effect on accuracy.
Typical spot noise vs. frequency is shown in Figure 10.

|

I
1 + 1 i
| il i_1|!“ L

FREQUENCY - Hr

Figure 10. Spot Noise vs. Frequency

APPLICATIONS CONSIDERATIONS

The performance and ease of use of the AD532 is achieved
through the laser trimming of thin film resistors deposited
directly on the monolithic chip. This trimming-on-the-chip
technique provides a number of significant advantages in
terms of cost, reliability and flexibility over conventional
in-package trimming of off-the-chip resistors mounted or
deposited on a hybrid substrate.

First and foremost, trimming on the chip eliminates the

need for a hybrid substrate and the additional bonding wires
that are required between the resistors and the multiplier
chip. By trimming more appropriate resistors on the AD532
chip itself, the second input terminals that were once
committed to external trimming networks (e.g., AD530) have
been freed to allow fully differential operation at both the X
and Y inputs. Further, the requirement for an input
attenuator to adjust the gain at the Y input has been
climinated, letting the user take full advantage of the high
input impedance properties of the input differential amplifiers.
Thus, the AD532 offers greater flexibility for both algebraic
computation and transducer instrumentation applications.

Finally, provision for fine trimming the output voltage offset
has been included. This connection is optional, however, as
the AD532 has been factory-trimmed for total performance
as described in the listed specifications.

REPLACING OTHER IC MULTIPLIERS

Existing designs using IC multipliers that require external
trimming networks (such as the AD530) can be simplified
using the pin-for-pin replaceability of the AD532 by merely
grounding the X3, Y3 and V5 terminals. (The Vg4 terminal
should always be grounded when unused.)

APPLICATIONS
MULTIPLICATION

Xy O—
A O—ro -
—0 Vour
¥y o——
Wo—H- v 06 - Xa) 1V - ¥
o8 Vour = 2 i‘llul\r‘ 2]

[OPTIONAL) T

Vg Vs
Figure 11. Multiplier Connection
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For operation as a multiplier, the AD532 should be connected
as shown in Figure 11. The inputs can be fed differentially to
the X and Y inputs, or single-ended by simply grounding the
unused input. Connect the inputs according to the desired
polarity in the output. The Z terminal is tied to the output
to close the feedback loop around the op amp (see Figure 1).
The offset adjust Vg is optional and is adjusted when both
inputs are zero volts to obtain zero out, or to buck out other
system offsets.

SQUARE

W0V

Wy Vg
Figure 12. Squarer Connection

The squaring circuit in Figure 12 is a simple variation of the
multiplier. The differential input capability of the AD532 can
be used, however, to obtain a positive or negative output
response to the input....a useful feature for control
applications, as it might eliminate the need for an additional
inverter somewhere else.

DIVISION

10VE
X

Figure 13. Divider Connection

The AD532 can be configured as a two-quadrant divider by
connecting the multiplier cell in the feedback loop of the
op amp and using the Z terminal as a signal input, as shown
in Figure 13, It should be noted, however, that the output
error is given approximately by 10Vep, /(X;—X2), where €y,
is the total error specification for the multiply mode; and
bandwidth by f, = (X1—X2)/10V, where f, is the band-
width of the multiplier. Further, to avoid positive feedback,
the X input is restricted to negative values. Thus for single-
ended negative inputs (0V to -10V), connect the input to X
and the offset null to X3 ; for single-ended positive inputs
(0V to +10V), connect the input to X3 and the offset null
tc X,. For optimum performance, gain (S.F.) and offset (Xg)
adjustments are recommended as shown and explained in
Table I.

For practical reasons, the useful range in denominator input
is approximately 500mV <|(X;—X3) | < 10V. The voltage
offset adjust (V,), if used, is trimmed with Z at zero and
(X1—X32) at full scale.

6-12 ANALOG MULTIPLIERS/DIVIDERS

SQUARE ROOT

Zor

208 4
Q
= Vg (%) -Vs

Figure 14. Square Rooter Connection

The connections for square root mode are shown in

Figure 14, Similar to the divide mode, the multiplier cell is
connected in the feedback of the op amp by connecting the
output back to both the X and Y inputs. The diode D_ is
connected as shown to prevent latch-up as Zj, approaches
0 volts. In this case, the Vg adjustment is made with

Z;n = +0.1V de, adjusting Vi to obtain -1.0V dc in the
output, Vo = —+/ 10VZ. For optimum performance, gain
(S.F.) and offset (Xg) adjustments are recommended as
shown and explained in Table I.

DIFFERENCE OF SQUARES
X O—

20k
Yo AN—e——ANN-

- (OPTIONAL)

10k J _.f/ e

L ADT4IKH ) bid
+Vg =Vg

Figure 15. Differential of Squares Connection

The differential input capability of the AD532 allows for the
algebraic solution of several interesting functions, such as

the difference of squares, X2—Y2/10V. As shown in Figure 15,
the AD532 is configured in the square mode, with a simple
unity gain inverter connected between one of the signal
inputs (Y) and one of the inverting input terminals (—Yijp)

of the multiplier. The inverter should use precision (0.1%)
resistors or be otherwise trimmed for unity gain for best
accuracy.

TABLE 1
AD]JUST PROCEDURE (Divider or Square Rooter)

DIVIDER SQUARE ROOTER
With: Adjust for: ~ With: Adjust for:
Adjust X z Vout Z  Vour
Scale Factor —10V  +10V 10V +10V —10V
X, (Offset) —1V  +0.1V 10V +0.1V -1V

Repeat if required.
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ANALOG
DEVICES

Internally Trimmed
Precision IC Multiplier

AD534

FEATURES

Pretrimmed to +0.25% max 4-Quadrant Error (AD534L)

All Inputs (X, Y and Z) Differential, High Impedance for
[(X,-X, MY, -Y,)/10V] +Z, Transfer Function

Scale-Factor Adjustable to Provide up to X100 Gain

Low Noise Design: 90uV rms, 10Hz-10kHz

Low Cost, Monolithic Construction

Excellent Long Term Stability

APPLICATIONS

High Quality Analog Signal Processing

Differential Ratio and Percentage Computations
Algebraic and Trigonometric Function Synthesis
Wideband, High-Crest rms-to-dc Conversion
Accurate Voltage Controlled Oscillators and Filters
Available in Chip Form

PRODUCT DESCRIPTION

The AD534 is a monolithic laser trimmed four-quadrant multi-
plier divider having accuracy specifications previously found
only in expensive hybrid or modular products. A maximum
multiplication error of £0.25% is guaranteed for the AD534L
without any external trimming. Excellent supply rejection, low
temperature coefficients and long term stability of the on-chip
thin film resistors and buried zener reference preserve accuracy
even under adverse conditions of use. It is the first multiplier
to offer fully differential, high impedance operation on all in-
puts, including the Z-input, a feature which greatly increases
its flexibility and ease of use. The scale factor is pretrimmed
to the standard value of 10.00V; by means of an external resis-
tor, this can be reduced to values as low as 3V,

The wide spectrum of applications and the availability of sev-
eral grades commend this multiplier as the first choice for all
new designs. The AD534] (1% max error), AD534K (£0.5%
max) and AD534L (*0.25% max) are specified for operation
over the 0 to +70°C temperature range. The AD534S (1% max)
and AD534T (£0.5% max) are specified over the extended
temperature range, -55°C to +125°C. All grades are available

in hermetically sealed TO-100 metal cans and TO-116 ceramic
DIP packages.

AD534 FUNCTIONAL BLOCK DIAGRAM

STABLE Vg
s O
ANDBIAS B 5 v
I TRANSEER FUNCTION
Xy =
vi ,,O_A[ix,-x;mr,-\r;: _[z‘_zﬂ]
= SF
¥z TRANSLINEAR
MULTIPLIER
Voo ELEMENT |
b i
¥; O A ouT
“HIGH GaIN
2 o— OUTPUT
p 075 ATTEN AMPLIFIER
7 O

PROVIDES GAIN WITH LOW NOISE

The AD5 34 is the first general purpose multiplier capable of
providing gains up to X100, frequently eliminating the need
for separate instrumentation amplifiers to precondition the
inputs. The AD534 can be very effectively employed as a
variable gain differential input amplifier with high common
mode rejection. The gain option is available in all modes, and
will be found to simplify the implementation of many function-
fitting algorithms such as those used to generate sine and tan-
gent. The utility of this feature is enhanced by the inherent low
noise of the AD534: 90uV, rms (depending on the gain), a
factor of 10 lower than previous monolithic multipliers. Drift
and feedthrough are also substantially reduced over earlier
designs.

UNPRECEDENTED FLEXIBILITY

The precise calibration and differential Z-input provide a
degree of flexibility found in no other currently available mul-
tiplier. Standard MDSSR functions (multiplication, division,
squaring, square-rooting) are easily implemented while the
restriction to particular input/output polarities imposed by
earlier designs has been eliminated. Signals may be summed in-
to the output, with or without gain and with either a positive
or negative sense. Many new modes based on implicit-function
synthesis have been made possible, usually requiring only ex-
ternal passive components. The output can be in the form of a
current, if desired, facilitating such operations as integration.
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SPECIFICATIONS (4= 4257, +V=15), R=2k0)

ADS534] ADSME ADSHML
Min Typ Max Miin Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE
Xy - Xp) (Y - Y, X = XY, - Y3 (X - X (Y, - Yy

Transfer Funcuion Lﬁvl_!) +Z; L’%‘i_l-‘_‘i‘ +Z; l—:m?_l__l +4
Total Error' [~ 10VsX, Y=+ 10V) =1.0 +0.5 *0.25 %
Ta = mun 1o max 1.5 =1.0 =0.5 %
Total Error vs Temperature =0 022 =0 015 =0.008 %rC
Scale Factor Error

(SF = 10.000V Nomnal)* =0.25 =01 =0.1 b
Temperature-Coefficient of

Scaling Volage %”C
Supply Rejection (= 15V = 1V) e %
Nonhinearity, X (X = 20V pk-pk, Y = 10V) +03 =0. =0.12 %
Nonhinearty, ¥ (Y = 20V pk-pk, X = 10V} 0.1 =0.005 =0.1 9%
Feedthrough®, X (Y Nulled,

X =20V pk-pk 50Hz) =03 =015 =03 =005 =012 %
Feedthrough®, Y (X Nulled,

Y = 20V pk-pk 50Hz) =001 =001 0.1 =0.003 =01 %
Output Offser Voliage =5 +30 =2 =15 =2 =10 mV
Output Offset Voltage Dnft 200 100 100 BVrC

DYNAMICS
Small Signal B, (Vour = 0 1 rms) 1 1 1 MHz
1% Amplitude Error (Cy san = 1000pF) 50 50 0 kHz
Slew Rate (Vo 20 pk-pk) 20 20 20 Vius
Setthing Trme (to 1%, AVgyr = 20V 2 2 2 [Ty
NOISE
Notse Speciral- Density §F = 10V 0.8 0.8 0.8 wViVHz
SF=3v* 0.4 04 0.4 wVrvVHz
‘Wideband Nowse { = 10Hz w0 SMHz 1 1 1 mV/rms
{=10Hz 10 10kHz 90 90 %0 wVirms
OUTPUT
Output Voltage Swing =11 =11 =11 v
Output Impedance (= 1kHz) 0l [} . 0.1 n
Oueput Short Cirewt Current

(R =0, T4 =mun tomax) 30 30 30 mA

Amphfier Open Loop Gamn (f = 50Hz) 70 70 70 dB
INPUT AMPLIFIERS (X, Y and Z)

Signal Voltage Range (Diff. or CM =10 =10 =10 v
Operatung Diff ) *12 =12 12 v
Offset Voltage X, Y =5 +20 x =10 =2 =10 mV

Offset Voltage Dnft X, ¥ 100 50 50 wvrc

Offset Voltage Z =5 +30 =3 %15 =2 =10 mV

Offser Voltage Dnit Z 200 100 100 wVFC

CMRR &0 50 70 20 70 90 dB

Baas Current 0.8 2.0 0.8 1.0 08 2.0 pA

Offset Current 01 01 0.05 0.2 A

Dnfferential Resistance 10 10 10 M0
DIVIDER PERFORMANCE

o v ZE v o BB
Transfer Function (X,>X,) Vs %" - 't h X%t
Total Error' (X = 10V, = 10V=Z= + 10V) =075 =035 =0.2 %
(X-1V, = 1V=Z=+1V) =20 =10 =08 h]
0.1V=X=10V, - 10V=
Z=10V) *235 =10 =08
SQUARE PERFORMANCE
= X

Transfer Funcuen [x,mﬁ,}f +Zy Ef‘hm:;}‘ +Zy Iwz" +Z;

“Total Error{ - 10V=X=10V) =06 =0.3 =0.2 %
SQUARE-ROOTER PERFORMANCE

“Transfer Functon (Z,=2;) VIOVZ, - Z 4+ X, VIOV(Z, - 27 + X, VIOVZ; -2+ %,

Total Error’ (1V=Z=10V) =10 =05 =025 %
POWER SUPPLY SPECIFICATIONS

Supply Voltage

Raned Performance =15 =15 =15 v

Operating =8 =18 =8 +18 =8 +18 v
Supply Current

Quiescent 4 6 4 6 4 6 mA

PACKAGE OPTIONS®
TO-100 (H-104) ADS34JH ADS34KH ADS34LH
TO-116 (D-14) ADS34]D ADS34KD ADSMLD
NOTES
1 Figures given are percent of full scale, = 10V (1 € ,0 01% = 1mV), shown in boldis all wnats at final el

'Mnbrnd'ucadduwmongulcmlmuwklmn =Vyand SF
I excludes effect of offsets

‘an;mrmdmmdlus:d:ongF .

*See fi

cal test. Resulis from those tests are used to calculate outgowng quality Jevels All
mmn and mex specificaons are guaranteed, although only those shown
boldfece are tested on all production units.

*See Section 16 l'nrwimewmm information

Sp nge without notice
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Model AD5348 ADS34T
Min Typ Max Min Typ Max Units
MULTIPLIER PERFORMANCE
N ” ¥ =
Transfer Funcuon %ﬁ +Z, w +Zy
Total Error' { - 10V=X, Y=+ 10V} +1.0 0.5 %
Ta = mun tomax +2.0 +1.0 %
Total Error vs Temperature =0.02 =0.01 %"C
Scale Factor Error
(SF = 10.000V Nomunal)® =025 =0.1 %
Temperature-Coefficient of
Scaling Voltage =0.02 =0.005 w%C
Supply Rejection (= 15V = 1V) =0.01 =001 %
Nonlmearrty, X (X = 20V pk-pk, ¥ = 10V} =04 =02 =03 %
Nonlnearity, Y (¥ = 20V pk-pk, X = 10V) =0.2 <01 %01 %
Feedthrough®, X (Y Nulled,
X = 20V pk-pk 50Hz) =03 =015 =03 %
Feedthrough®, ¥ (X Nulled,
¥ = 20V ph-pk 50Hz) =001 =001 *0.1 k]
Ourput Offset Voltage =5 =30 =2 =15 mV
Output Offset Voltage Drift 500 300 uvrc
DYNAMICS
Small Signal BW, (Vout = 0 1 rms) 1 1 MHz
1% Amplitude Error (Cp oan = 1000pF) 50 50 kHz
Slew Rate Vot 20 pk-pk) 20 20 Vius
Sething Time (to 1%, AVoyr = 20V) 3 2 s
NOISE
Nowse Spectral-Density SF = 10V 0.8 08 »wvﬁ
SF=3y* 04 04 wVivVHz
Wideband Nowse f = 10Hz 10 SMHz 10 10 mV/rms
= 10Hz 10 10kHz 90 90 wVirms
OUTPUT
Ourput Vohage Swing +11 =11 v
Output Impedance (f=1kHz) 0.1 01 0
Output Short Circunt Current
Ry =0, Ts=nuntomax) 30 30 mA
Amplifier Open Loop Gam (f = 50Hz) 70 70 dB
INPUT AMPLIFIERS (X, Y and Z)°
Signal Voltage Range (Duff. or CM =10 10 v
Operatng Duff ) =12 =12 v
Offset Voltage X, ¥ =5 +20 =2 =10 mv
Offset Voltage Dnft X, Y 100 150 rVIFC
Offset Voltage Z =5 =30 2 +15 mV
Offset Voltage Drift Z 500 300 wvrc
CMRR 60 80 0 90 4B
Bias Current 0.8 2.0 08 2.0 wA
Offset Current 0.1 0.1 pA
Differenual Resistance 10 10 M
DIVIDER PERFORMANCE
(=24 Z-Zp)
Transfer Funcuion (X,>X;) IO\-’()‘I _x2)+ Y, 'W(x‘—x;}”l
Total Error' (X = 10V, - 10V=2= + 10V) =0.75 =035 %
(X-1V, - 1VsZs V) =2.0 =10 5%
(0.IV=X=10V, - 10V=
Z=10V) =25 =10
SQUARE PERFORMANCE
iy X, Kot
Transfer Function E‘I—m’%—g +Zy % +Z;
Total Ervor{ - 10V=X=10V) =06 =03 %
SQUARE-ROOTER PERFORMANCE
Transfer Function (2,5 2Z;) VIOV(Z; - Z)+ Xy VIOV(Z, - Z) + X,
Total Error' (1IVSZ510V) =10 =05 %
POWER SUPPLY SPECIFICATIONS
Supply Voltage
Rated Performance =15 =15 M
Operaung =8 =12 =8 =2 v
Supply Current
Quiescent 4 6 4 6 mA
PACKAGE OPTIONS®
TO-100 Package (H-10A) ADS345H ADS34TH
TO-116 Package (D-14) ADS345D ADS34TD
NOTES
'Figures g P full scale, = 10V (1.¢.,0 01% = 1mV). Specifications shown in boldface are tested on all production units at final electr-
:;.;.,“ duced d IVusing between — Vg and SF. «cal test Results from those tests are used to calculate outgoing quality levels All
Trreductbh tudes effect ol offsets

4 Pt A "

SF = 3V.

See for
*See Section 16 for package outhine information
"
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CHIP DIMENSIONS AND BONDING DIAGRAM

Dimensions shown in inches and (mm).

2

| oorsiiem

!—- 0100 (2541

THE ADS34 IS AVAILABLE IN LASER TRIMMED CHIP FORM, CONSULT THE CATALOG FOR DETAILS

ABSOLUTE MAXIMUM RATINGS

FUNCTIONAL DESCRIPTION

Figure 1 is a functional block diagram of the AD334. Inputs
are converted to differential currents by three identical voltage-
to-current converters, each trimmed for zero offset. The prod-
uct of the X and Y currents is generated by a multiplier cell
using Gilbert's translinear technique. An on-chip “Buried
Zener" provides a highly stable reference, which is laser trim- .
med to provide an overall scale factor of 10V, The differ-
ence between XY/SF and Z is then applied to the high gain
output amplifier. This permits various closed loop configura-
tions and dramatically reduces nonlinearities due to the input
amplifiers, a dominant source of distortion in earlier designs.
The effectiveness of the new scheme can be judged from the
fact that under typical conditions as a multiplier the nonlinear-
ity on the Y input, with X at full scale (+10V), is 20.005% of
F.S.; even at its worst point, which occurs when X =16.4V,

it is typically only £0,05% of F.S. Nonlinearity for signals
applied to the X input, on the other hand, is determined al-
most entirely by the multiplier element and is parabolic in
form. This error is a major factor in determining the overall
accuracy of the unit and hence is closely related to the

device grade.

AD534), K, L AD534S8, T
Supply Voltage +18V $22V
Internal Power Dissipation 500mwW .
Output Short-Ciicuit to Ground Indefinite L
Input Voltages, Xy X2 Y1 Y2212, Vg o
Rated Operating Temperature Range 0 to +70°C -55°Cto
+125°C

Storage Temperature Range
Lead Temperature, 60s soldering

-65°C to +150°C

+300°C

-

*Same as AD534] specs.

OPTIONAL TRIMMING CONFIGURATION

+Vg

470 __ _TO APPROPRIATE

INPUT TERMINAL
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Figure 1. AD534 Functional Block Diagram



The generalized transfer function for the AD534 is given by:

(X -X3) (Y -Yp)
Vour = A(_l# e Zz})
SF
where A = open loop gain of output amplifier, typically
70dB at dc

X, Y, Z = input voltages (full scale = £5F, peak=
+1.255F)

SF = scale factor, pretrimmed to 10.00V but
adjustable by the user down to 3V.
In most cases the open loop gain can be regarded as infinite,
and SF will be 10V, The operation performed by the AD534,
can then be described in terms of equation:

(Xg =X WYy -Y2)=10V(Zq -Z3)
The user may adjust SF for values between 10.00V and 3V by
connecting an external resistor in series with a potentiometer

between SF and -Vg. The approximate value of the total resist-
ance for a given value of SF is given by the relationship:
_SF_

10 - SF

Due to device tolerances, allowance should be made to vary
Rgp by £25% using the potentiometer. Considerable reduction
in bias currents, noise and drift can be achieved by decreasing
SF. This has the overall effect of increasing signal gain with-
out the customary increase in noise. Note that the peak input
signal is always limited to 1.25SF (i.e., 5V for SF =4V) so the
overall transfer function will show a maximum gain of 1.25.
The performance with small input signals, however, is improved
by using a lower SF since the dynamic range of the inputs is
now fully utilized. Bandwidth is unaffected by the use of this
option.

Rgp = 5.4K

Supply voltages of £15V are generally assumed. However, satis-
factory operation is possible down to $8V (see curve 1). Since
all inputs maintain a constant peak input capability of £1.25SF
some feedback attenuation will be necessary to achieve output
voltage swings in excess of £12V when using higher supply
voltages.

OPERATION AS A MULTIPLIER
Figure 2 shows the basic connection for multiplication. Note
that the circuit will meet all specifications without trimming.

I—-__ +1EY

Kineur T | % e
£10V F§
12V PK

— Xy

DUTRUT, £12V PK
ouT - 1K1 - X200y - 3] .z
2

AD534 w

2 OPTIONAL SUMMING
2 .I " INPUT, 2,210V PK
i

¥ INPUT 1 v
10V F§
£12V PK v g ey

Figure 2. Basic Multiplier Connection
In some cases the user may wish to reduce ac feedthrough to
a minimum (as in a suppressed carrier modulator) by applying
an external trim voltage (+30mV range required) to the X or Y
input (see Optional Trimming Configuration, page 3). Curve 4

shows the typical ac feedthrough with this adjustment mode.
Note that the Y input is a factor of 10 lower than the X input and
should be used in applications where null suppression is critical.

The high impedance Z.,, terminal of the AD534 may be used to
sum an additional sigmj into the output. In this mode the output
amplifier behaves as a voltage follower with a 1MHz small signal
bandwidth and a 20V /us slew rate. This terminal should

always be referenced to the ground point of the driven system,
particularly if this is remote. Likewise the differential inputs
should be referenced to their respective ground potentials to
realize the full accuracy of the AD534.

A much lower scaling voltage can be achieved without any
reduction of input signal range using a feedback attenuaror as
shown in Figure 3. In this example, the scale is such that
Vour = XY, so that the circuit can exhibit a maximum gain of
10. This connection results in a reduction of bandwidth to
abourt 80kHz without the peaking capacitor Cg = 200pF. In
addition, the output offset voltage is increased by a factor of
10 making external adjustments necessary in some applications.
Adjustment is made by connecting a 4.7M£2 resistor between
Z, and the slider of a pot connected across the supplies to
provide +300mV of trim range at the output.

Feedback attenuation also retains the capability for adding a
signal to the output. Signals may be applied to the high imped-

XINPUT — 1% s 8
£10V FS
12V PK
—_—
OUTPUT, £12v PK
o R
AD534 s
s z, \ $ ox
-
I;
OPTIONAL
< 1| reaning
¥ ineuT — ¥4 2 Wk == capaciTor
Bt ord Cr = 200pF
412V PK ¥2 Vg 15V

Figure 3. Connections for Scale-Factor of Unity

ance Z; terminal where they are amplified by +10 or to the
common ground connection where they are amplified by +1.
Input signals may also be applied to the lower end of the 10k
resistor, giving a gain of -9. Other values of feedback ratio, up
to X100, can be used to combine multiplication with gain.

Occasionally it may be desirable to convert the output to a
current, into a load of unspecified impedance or dc level. For
example, the function of multiplication is sometimes followed
by integration; if the output is in the form of a current, a simple
capacitor will provide the integration function. Figure 4 shows
how this can be achieved. This method can also be applied in
squaring, dividing and square rooting modes by appropriate
choice of terminals. This technique is used in the voltage-con-
trolled low-pass filter and the differential-input voltage-to-
frequency converter shown in the Applications Section.
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XINPUT = %1 *Vg
10V F.8.
B e JU—

CURRENT-SENSING
RESISTOR, Rg, 2kl MIN

s 7} g

lour = 1

O XYy -Ya) . 1|

& ] *Rs

1
¥ INpUT !"1 ke
INTEGRATOR 73

SN L CAPACITOR
savek ]y s BEETEXT) 7

Figure 4. Conversion of Output to Current

OPERATION AS A SQUARER

Operation as a squarer is achieved in the same fashion as the
multiplier except that the X and Y inputs are used in parallel.
The differential inputs can be used to determine the output
polarity (positive for Xy = Y4 and X5 = Y5, negative if either
one of the inputs is reversed). Accuracy in the squaring mode
is typically a factor of 2 better than in the multiplying mode,
the largest errors occurring with small values of output for
input below 1V,

If the application depends on accurate operation for inputs
that are always less than 3V, the use of a reduced value of
SF is recommended as described in the FUNCTIONAL
DESCRIPTION section (previous page). Alternatively, a feed-
back attenuator may be used to raise the output level. This is
put to use in the difference-of-squares application to compen-
sate for the factor of 2 loss involved in generating the sum
term (see Figure 7).

The difference-of-squares function is also used as the basis for
a novel rms-to-dc converter shown in Figure 14. The averaging
filter is a true integrator, and the loop seeks to zero its input.
For this to occur, (ViN)? - (Vout)® = 0 (for signals whose
period is well below the averaging time-constant). Hence Voyt
is forced to equal the rms value of Vyy. The absolute accuracy
of this technique is very high; at medium frequencies, and for
signals near full scale, it is determined almost entirely by the
ratio of the resistors in the inverting amplifier. The multiplier
scaling voltage affects only open loop gain. The data shown is
typical of performance that can be achieved with an AD534K,
but even using an AD534], this technique can readily provide
better than 1% accuracy over a wide frequency range, even for
crest-factors in excess of 10.

OPERATION AS A DIVIDER

The AD535, a pin for pin functional equivalent to the AD534,
has guaranteed performance in the divider and square-rooter
configurations and is recommended for such applications.
Figure 5 shows the connection required for division. Unlike
earlier products, the AD534 provides differential operation on
both numerator and denominator, allowing the ratio of two
floating variables to be generated. Further flexibility results
from access to a high impedance summing input to Y. As with
all dividers based on the use of a multiplier in a feedback loop,
the bandwidth is proportional to the denominator magnitude,
as shown in curve 8.

Without additional trimming, the accuracy of the AD534K and
L is sufficient to maintain a 1% error over a 10V to 1V denomi-
nator range. This range may be extended to 100:1 by simply
reducing the X offset with an externally generated trim voltage
(range required is £3.5mV max) applied to the unused X input
(see Optional Trimming Configuration). To trim, apply a

ramp of +100mV to +V at 100Hz to both X; and Z4 (if X
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K-ANPUT s Wy p—— 15V
[DENOMINATOR) !
*:% :E OUTPUT, £12V PK
+ — Xy L 0VIZ; -2,)
- g T
out
AD534
s Zy .
(NUMERATOR)
OPTIONAL 7 +10V FS, 12V PK
SUMMING INPUT
10V PK
— "
L}
]
¢ ¥s W fr— 15V

Figure 5. Basic Divider Connection

is used for offset adjustment, otherwise reverse the signal po-
larity) and adjust the trim voltage to minimize the variation in
the output.*

Since the output will be near +10V, it should be ac-coupled for
this adjustment. The increase in noise level and reduction in
bandwidth preclude operation much beyond a ratio of 100
tol.

As with the multiplier connection, overall gain can be intro-
duced by inserting a simple attenuator between the output and
Y, terminal, This option, and the differential-ratio capability
th the AD534 are utilized in the percentage-computer applica-
tion shown in Figure 11, This configuration generates an out-
put proportional to the percentage deviation of one variable
(A) with respect to a reference variable (B), with a scale of one
volt per percent.

OPERATION AS A SQUARE ROOTER

The operation of the AD534 in the square root mode is shown
in Figure 6. The diode prevents a latching condition which
could occur if the input momentarily changes polarity. As
shown, the output is always positive; it may be changed to a
negative output by reversing the diode direction and inter-
changing the X inputs. Since the signal input is differential, all
combinations of input and output polarities can be realized,
but operation is restricted to the one quadrant associated with

each combination of inputs.
OUTPUT, £12V PK

o TOVIZ; - 2714 X

!
+15Y REVERSE 1|
*y be ] a—— THIS AND X AL
INPUTS FOR 3 (MUST BE
NEGATIVE 1 PROVIDED)
X3 OUTPUTS
OPTIONAL *
SUMMING out
INPUT, X,
3“!'2 PK ADS534
T - BT zaneut
H 10V FS
H + 12VPK
v 7 f—
¥y
Yz Mg f— -5V

Figure 6. Sguare-Rooter Connection

In contrast to earlier devices, which were intolerant of capaci-
tive loads in the square root modes, the AD534 is stable with
all loads up to at least 1000pF. For critical applications, a small

adjustment to the Z input offset (see Optional Trimming Con-
figuration) will improve accuracy for inputs below 1V.

*See the AD535 Data Sheet for more details.
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Applications Section

The versatility of the AD534 allows the creative designer to
. . - . X —_— Vg e
implement a variety of circuits such as wattmeters, frequency MODULATION M Af=tinY
doublers and automatic gain controls to name but a few, These INPUT. Ew x
3 . 3 = . X
applications along with many other such “idea stimulators”
are described in detail in the Multiplier Application Guide, out ouTRUT
available upon request from Analog Devices, AD534 ’ “ 1l Ecanuwt
$F Iy
+Vs CARRIER INPUT =
A A-B i | i Ec sinwt
z AL
X2 -15v
Yz Naf—
AT -
ADE34 30% bl
sF z 4
z < 0k THE SF PIN OR A Z-ATTENUATOR CAN BE USED TO PROVIDE OVERALL SIGNAL
2 AMPLIFICATION OPERATION FROM A SINGLE SUPPLY IS POSSIBLE, BIAS Y3 TO Vgi2.

B ¥y
A+B
z 2 .
{7— Y7 Vg p— 15V Figure 10. Linear AM Modulator
Figure 7. Difference-of-Squares
wE —x ave [V
‘: 1
Xy W b—— 15V Xz
CONTROL INPUT,
Ec, ZERD TO 45V & 55
Xz LB out OUTPUT = (100v) 222
AD534
(1% PER VOLT)
GS:J‘ out 4 OUTPUT, 212V PK Av 5F []
<
1 P ADE34 3 3% «EcEg AR
ot z 0w - 7 P
Vg ! | b- 30 12}
> 1k 2= 0 006.F
= " T BINPUT v
{+Vg ONLY)
18V
—— Yy v Y2 Vgf—
SIGNAL INPUT,
Es, 25V PK g
-_i Vs -1V

OTHER SCALES, FROM 10% PER VOLT TO 0.7% PER VOLT CAN BE OBTAINED BY

NOTES 1} GAIN IS X10 PER VOLT OF Ec, ZERO TO X50 ot ot it
2)

WIDEBAND [10Hz — 30%Hz) DUTPUT NOISE 15 3mV RMS, TYP
CORRESPONDING TO A F § 5/N RATIO OF 70468
3) NOISE REFERRED TO SIGNAL INPUT, WITH Eg = 35V, IS 60uV RMS, TYP
4] BANDWIDTH IS DC TO 20kHz, -3dB, INDEPENDENT OF GAIN

Figure 11. Percentage Computer
Figure 8. Voltage-Controlled Amplifier

L Xy Wy +16V +
r " s |21V
X2
X2
‘h
g 18k our 4 OUTPUT = [10V] un §
Apsa4 a7k :: WHERE§=X &4 our QUTPUT, £6V PK
3 T ADS34 = (1ov) ——
sF Z 4 = T+y
FES 3 5F 1 LY
" 3= WHEREy =
INPUT, Eg 4 Z:
070 +10v t3 INPUT, ¥
¥y SV S
¥
v !
¥ Vg pb— h
! 2 ML ? 2 VA kg
USING CLOSE TOLERANCE RESISTORS AND ADS34L, ACCURACY OF FIT IS WITHIN
£0.5% AT ALL POINTS. § IS IN RADIANS.,
Figure 9. Sine-Function Generator Figure 12. Bridge-Linearization Function
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sy
| 5
ADJ Wz ™
*y Vg e 18V e s
=
e
*2 2
! Whe
b5 ADs 2
ADE34 ks —ouTPUT,
. 7 AA—AA 3 +16v APPROX
s0 2 L
— PINS 56,870 + 15V
z — PING 1,4 TO 15V
+ v S Y
CONTROL INPUT, Ec. ! e 0,68
100mV TO 10V = ThHz PER VOLT
—tvs g —1v WITH VALUES SHOWN

CALIBRATION PROCEDURE.

WITH Ec = 1.0V, ADJUST POT TO SET 1 = 1.000kHz. WITH E¢ = 8.0V, ADJUST TRIMMER
CAPACITOR TO SET f = B.000kHz, LINEARITY WILL TYPICALLY BE WITHIN £0.1% OF
F.5 FOR ANY OTHER INPUT,

DUE TO DELAYS IN THE COMPARATOR, THIS TECHNIQUE 1S NOT SUITABLE FOR
MAXIMUM FREQUENCIES ABOVE 10kHz. FOR FREQUENCIES ABOVE 10kHz THE
ADB37 VOLTAGE TO FREQUENCY CONVERTER IS RECOMMENDED

A TRIANGLE-WAVE OF :5V PK APPEARS ACROSS THE 0.01xF CAPACITOR; IF USED
AS AN OUTPUT, A VOLTAGE-FOLLOWER SHOULD BE INTERPOSED.

Figure 13. Differential-Input Voltage-to-Frequency Converter

$—OUTPUT
OTO 5V

2z g ADTAY
é b
vy oM
— a

Y1 s

v
Sand

CALIBRATION PROCEDURE .

WITH 'MODE' SWITCH IN ‘RMS + DC’ POSITION, APPLY AN INPUT OF +1.00VDC, ADJUST
ZERD UNTIL OUTPUT READS SAME AS INPUT. CHECK FOR INPUTS OF £10V, OUTPUT
SHOULD BE WITHIN 20 D5% (5mV)

ACCURACY IS MAINTAINED FROM 60Hz to 100kHz, AND |8 TYPICALLY HIGH BY
0.5% AT 1MHz FOR Vi = 4V RMS [SINE, SQUARE OR TRIANGULAR WAVE]

PROVIDED THAT THE PEAK INPUT IS NOT EXCEEDED, CREST-FACTORS UP TO AT
LEAST TEN HAVE NO APPRECIABLE EFFECT ON ACCURACY,

INPUT IMPEDANCE IS ABOUT 10ki1, FOR HIGH [10M{}} IMPEDANCE, REMOVE MODE
SWITCH AND INPUT COUPLING COMPONENTS.

FOR GUARANTEED SPECIFICATIONS THE AD536A AND AD63S IS OFFERED
AS A SINGLE PACKAGE RMS-TO-DC CONVERTER

Figure 14. Wideband, High-Crest Factor,
RMS-to-DC Converter

TYl]lCﬂ' Performance Curves (typical at +25°C, with V§ = 15V dc, unless otherwise stated)

QUTPUT, Ry & il

ALL INPUTS, §F = 10V

PEAK POSITIVE OR NEGATIVE SIONAL — Vo

] w 7 " 1% 1w n

POSITIVE OR NEGATIVE SUPPLY — Voin

Curve 1. Input/Output Signal Range Vs. Supply Voltages
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Curve 7. Frequency Response as a Multiplier
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ANALOG
DEVICES

Real-Time Analog
Computational Unit (ACU)

AD538

FEATURES

v m
Vour = Vy (qi) Transfer Function

Wide Dynamic Range (Denominator) —1000:1
Simultaneous Multiplication and Division
Resistor-Programmable Powers & Roots

No External Trims Required

Low Input Offsets <100pV

Low Error +0.25% of Reading (100:1 Range)
+2V and + 10V On-Chip References
Monolithic Construction

APPLICATIONS

One- or Two-Quadrant Mult/Div

Log Ratio Computation
Squaring/Square Rooting
Trigonometric Function Approximations
Linearization Via Curve Fitting
Precision AGC

Power Functions

PRODUCT DESCRIPTION

The AD538 is a monolithic real-time computational circuit
which provides precision analog multiplication, division and
exponentiation. The combination of low input and output offset
voltages and excellent linearity results in accurate computation
over an unusually wide input dynamic range. Laser wafer trimming
makes multiplication and division with errors as low as 0.25% of
reading possible, while typical output offsets of 100V or less
add to the overall off-the-shelf performance level. Real-time
analog signal processing is further enhanced by the device’s
400kHz bandwidth.

The AD538’s overall transfer function is Vg =Vy (V2/Vx)™.
Programming a particular function is via pin strapping. No
external components are required for one quadrant (positive
input) multiplication and division. Two quadrant (bipolar
numerator) division is possible with the use of external level
shifting and scaling resistors. The desired scale factor for both
multiplication and division can be set using the on-chip +2V or
+ 10V references, or controlled externally to provide simultaneous
multiplication and division. Exponentiation with an m value
from 0.2 to 5 can be implemented with the addition of one or
two external resistors.

ADS538 FUNCTIONAL BLOCK DIAGRAM

.v.E
qu
in

Direct log ratio computation is possible by utilizing only the log
ratio and output sections of the chip. Access to the multiple
summing junctions adds further to the AD538’s flexibility.
Finally, a wide power supply range of £4.5V to + 18V allows
operation from standard =5V, *12V and + 15V supplies.

The ADS538 is available in two accuracy grades (A and B) over
the industrial (—25°C to + 85°C) temperature range and one
grade (S) over the military (—55°C to + 125°C) temperature
range. The device is packaged in an 18-pin TO-118 hermetic
side-brazed ceramic DIP.

PRODUCT HIGHLIGHTS

1. Real-time analog multiplication, division and exponentiation.

2. High accuracy analog division with a wide input dynamic
range.

3. On-chip +2V or + 10V scaling reference voltages.

4. Both voltage and current (summing) input modes.

5. Monolithic construction with lower cost and higher reliability
than hybrid and modular circuits.
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SPEC IFI CATIUNS (Vs = =15V, T,=25°C unless otherwise specified)

ADS538AD ADS538BD AD5385D
Parameters Conditions Min Typ Max [Min Typ Max [Min Typ Max Units
MULTIPLIER/DIVIDER
PERFORMANCE
Nominal Transfer v, \m v\ v, \m
Function 10V=Vx, Vy, V220 v0=vv(v—;) v0=vy(ﬁ) vn=v,(v§)
00pA=1y Iy, 1L,=0 Vo= 25kitx 1y (1 5 Vo= 25Kk1x 1y [ 2 o Vo= I\
Kbyl = o= x Ly Iy 0= x ly !;) 0=25kilx Iy E)
Total Error Terms 100mV=Vx=10V +0.5 =1 =0.25 =05 =05 =zl % of Reading +
100:1 Input Range' 100mV=Vy=10V =200 =500 =100 =250 =200 =500 nv
100mV=V;=10V
V;=10Vy,m= 1.0
Ta=Tmnto Trax =1 +2 0.5 =1 =125 =25 % of Reading +
=450 =750 =350 =500 =750 =1000 | uV
Wide Dynamic Range’ | 10mV=Vy=10V =1 *2 =05 =1 =1 +2 % of Reading +
ImV=Vy=10V =200 =500 =100 =250 =200 =500 nv o+
0V=Vz=10V =100 =250 £750 =150 =200 £250 | uVix(Vy+VaiVy
V=10V, m= 1.0
T = Tosa10 Tinas +1.5 =3 = +2 +2 +4 % of Reading +
=450 =750 =350 =500 =750 1000 | puV +
=450 =750 +350 =500 =750 £1000 | pVx(Vy+VaiVyx
Exponent (m) Range Ta=Toaun10 Tax 0.2 5 0.2 5 0.2 5
OuUTPUT
CHARACTERISTICS
Offser Voltage Vy=0,Ve= —600m\ =200 £500 =100 =250 =200 =500 Y
TA=Tmin10 T =450 =750 =350 =500 =750 =1000 | pV
Output Voltage Swing Ry.= 2k} -11 =11 -11 +11 =11 +11 v
Qutput Current 5 10 5 10 5 10 mA
FREQUENCY RESPONSE :
Slew Rate 1.4 1.4 1.4 Vips
Small Signal Bandwidth 100mV=Vy,Vz, 400 400 400 kHz
Vx=10V
VOLTAGE REFERENCE .
Accuracy Veer=10Vor2V =25 =5 =15 =25 +25 %50 mV
Additional Error Ta=Towun0F Trax =20 =30 =20 =30 =30 =50 mV
Qurput Current Vier= 10V 102V 1 25 1 25 1 2.5 mA
Power Supply Rejection
+2V=Vpgp +4.5V=Ve= = 18V 300 600 300 600 300 600 R
+ 10V =Vgee =13V=Ve= = 18V 200 500 200 500 200 500 rVV
POWER SUPPLY
Rared Ry = 2k} =15 =15 =15 v
Operating Range? *4.5 +18 | 4.5 +18 | 245 +18 v
PSRR =4 SV<Vg< = 18V 005 0.1 0.05 0.1 0.05 0.1 Yl
Vx=Vy=Va=1V
Vour=1V
Quiescent Current 4.5 7 4.5 7 4.5 7 mA
TEMPERATURE RANGE
Rated -5 +85 -25 +85 ~55 +125 >
Storage - 65 +150 | =65 4+150 | -65 +150 'C
PACKAGE OPTIONS*
Ceramic (D-18) ADS38AD ADS538BD AD5385D
NOTES

'Over the 100mV 1o 10V operatng range total error 15 the sum of a percent of reading term and an output offset, With
thas input dynamuc range the mput olfset contribution to total error 15 negligible compared to the percent of reading
error. Thus, it 1s specified indirectly as a part of the percent of reading error.

*The most accurate representation of total error with low level inputs 1s the summation of a percent of reading term,
an output offset and an input offser multiplied by the incremental gain (Vy + V2 )/Vy.

"When using supplies below =+ 13V the 10V pin must be d to the 2V pin in order for the

ADS538 to operate correctly.

4“See Section 16 for package outline informaron.

Specifications subject to change without notice.

Specificanons shown in boldface are tested on all production units at final electrical test. Results from those

tests are used to calculate outgoing quality levels. All min and max specifications are guaranteed, although

only those shown in boldface are tested on all production umits.
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RE-EXAMINATION OF MULTIPLIER/DIVIDER
ACCURACY

Traditionally, the “accuracy” of (actually the errors of) analog
multipliers and dividers have been specified in terms of percent
of full scale. Thus specified, a 1% multiplier error with a 10V
full scale output would mean a worst case error of + 100mV at
“any” level within its designated output range. While this type
of error specification is easy to test, evaluate, and interpret, it
can leave the user guessing as to how useful the multiplier actually
is at low output levels, those approaching the specified error
limit (in this case) 100mV.

The AD538’s error sources do not follow the percent of full-scale
approach to specification, thus it more optimally fits the needs
of the very wide dynamic range applications for which it is best
suited. Rather than as a percent of full scale, the AD538’s error
as a multiplier or divider for a 100:1 (100mV to 10V) input
range is specified as the sum of two error components: a percent
of reading (ideal output) term plus a fixed output offset. Following
this format the AD538AD, operating as a multiplier or divider

with inputs down to 100mV, has a maximum error of + 1% of
reading + 5001V, Some sample total error calculations for both
grades over the 100:1 input range are illustrated in the chart
below. This error specification format is a familiar one to designers
and users of digital voltmeters where error is specified as a
percent of reading * a certain number of digits on the meter
readout.

For operation as a multiplier or divider over a wider dynamic
range (>100:1), the AD538 has a more detailed error specification
which is the sum of three components: a percent of reading
term, an output offset term and an input offset term for the Vy/
Vx log ratio section. A sample application of this specification,
taken from the chart below, for the AD538AD with Vy = 1V,
V, = 100mV and Vx = 10mV would yield a maximum error
of +2.0% of reading +500pV =(1V + 100mV)10mV x
250V or +2.0% of reading +500pV = 27.5mV. This example
illustrates that with very low level inputs the AD538’s incremental
gain (Vy + Vz)/Vx has increased to make the input offset con-
tribution to error substantial.

AD538 SAMPLE ERROR CALCULATION CHART (worst case)

Vy Vz Vx [Ideal | Total Offset %ofReading TotalError | Total Error Summation
Input Input Input Output | ErrorTerm ErrorTerm Summation as a % of the Ideal
(inV) (V) (inV) (V) (inmV) (inmV) (inmV) Output
100:1 10 10 10 10 0.5 (AD) 100 (AD) 100.5 (AD) 1.0 (AD)
INPUT RANGE 0.25 (BD) 50 (BD) 50.25 (BD) 0.5 (BD)
TowlError= 15 g7 g 10 | 05(AD) 100 (AD) 100.5 (AD) 1.0 (AD)
*%rdg 0.25 (BD) 50 (BD) 50.25 (BD) 0.5 (BD)
+ Output Vos
' 1 1 1 1 0.5 (AD) 10 (AD)  10.5 (AD) 1.05 (AD)
0.25 (BD) 5 (BD)  5.25 (BD) 0.5 (BD)
01 01 0.1 0.1 0.5 (AD) 1 (AD) 1.5 (AD) 1.5 (AD)
0.25 (BD) 0.5 (BD)  0.75 (BD) 0.75 (BD)
WIDE 1 0.0 0.0l 10 28 (AD) 200 (AD) 228 (AD) 2.28 (AD)
DYNAMIC 16.75 (BD) 100 (BD) 116.75 (BD) 1.17 (BD)
RANGE
TotalError= 10 0.05 2 025 | 176 (AD) 5 (AD)  6.76 (AD) 2.7 (AD)
+%rdg 1 (BD) 2.5 (BD) 3.5 (BD) 1.4 (BD)
+Output Vos 5 0.01 0.01 5 [125.75 (AD) 100 (AD) 225.75 (AD) 4.52 (AD)
*&'{‘P‘:‘V"O;V* 75.4 (BD) 50 (BD) 125.4 (BD) 2.51 (BD)
YEREIX 10 001 01 1 | 25.53 (AD) 20 (AD)  45.53 (AD) 4.55 (AD)
15.27 (BD) 10 (BD) 25.27 (BD) 2.53 (BD)
ABSOLUTE MAXIMUM RATINGS
Supply Voltage . . oo vv oo wo oo od 515w aie + 18V
Internal Power Dissipation . . . .. ... ... ... 250mW
Output Short Circuit-to-Ground . . . .. ... .. Indefinite
Input Voltages Vi, Vy, Vz . . . . . .. .. (+Vs=1V), =1V
Input Currents I, Iy, Iz, I . . . . .. ... .. e+ . lmA
Operating Temperature Range . . . . ... —25°C 1o +85°C
Storage Temperature Range . . . . ... .. —65°C to +150°
Lead Temperature, Storage . . . . . ... .. 60 sec, +300°C

ANALOG MUL.TIPLIERS/DIVIDERS 6-25

446




50 1000
40 800
E
E :
§ a0 &00 5
- :
720 w0 3
z // G
-] =
- o N\\ OFFSET / 1 [ -
‘-““"'“--. 1 % OF READING
o o
] an =20 ] 20 a0 BO &0 00 125
TEMPERATURE - C
Multiplier Error vs. Temperature
(100mV < Vi, Vy, V2 = 10V)
50 - 1000
40 8OO
E 2
2
0 &0 @
i a
8 a0
:' 20 \ g %
g /| h
T — ] o "
e —r— " ;
[* OF READING
o o
-55 -4 -2 o 20 40 80 B0 100 125
TEMPERATURE - C
Divider Error vs. Temperature
(100mV < Vx, Vy, Vz =10V)
1000 LITT } E— 0 |
1L 1LY | | |
I
Ve=10V
Vym0W
o r =8V + 5V SIN ot VOLTS [
E 1% —
e & NE1
= P
g 'e
i3
R =
> 7
A
1
100 AL 106 1008 ™
INPUT FREQUENCY IN Hz
V> Feedthrolugh vs. Frequency
1MHz
A00kHz

/

V=10V de, Ve=Vx+ 005 Vi SIN wt

:

SMALL SIGNAL BANDWIDTH

o1 10
DENOMINATOR VOLTAGE, V, IN VOC

0o

Small Signal Bandwidth vs Denominator Voltage

(One-Quadrant Mult/Div)

6-26 ANALOG MULTIPLIERS/DIVIDERS

447

60

-
°
—

TOTAL % OF READING ERROR
w
a

A - (38440 FOVLS 1N4LNO

\ *» OF REA m
20 400
~
\h_
10 = / Dllm'l' — 200
o o
-5 -40 -20 L] 20 40 &0 &0 100 125
TEMPERATURE - 'C
Multiplier Error vs. Temperature
(10mV < Vy, Vy, Vo = 100mV)
50 1000
a0 00
5 :
% 30 / 00 ;
w * OF READING
AN AVA g
2 N -
E 10 \ 00 “
I~~~ OFFSET
-5 -40 20 L] 0 L] &0 B0 100 12§°
TEMPERATURE - °C
Divider Error vs. Temperature
f10mV = Vx, Vy, Vz = 100mV)
150
100 —
Vo
rf‘
E " y i
- I =
- 1 :::;“sv SIN wt VOLTS
g ’ Vr=0V
i
!o 10
i
o1
100 1k 100 100k ™

NPUT FREQUENCY IN Mz

Vy Feedthrough vs. Frequency

FOR THE FREQUENCY RANGE OF 10Hr

o
g
3

VOLTAGE NOISE, e, IN pv/VHz

oo
on o1 1 o

O OUTPUT VOLTAGE. IN VOLTS

1kHz Output Noise Spectral Density vs. dc Output Voltage



+10V E

[

] L

10081

AD538

I )

19

ol
o

16| Iy

15| Vy

14| SIGNAL
GND

PWR

2] enp

iz|c

ol
v,

Figure 1. Functional Block Diagram

FUNCTIONAL DESCRIPTION

As shown in Figures 1 and 2, the V3 and Vx inputs connect

directly to the AD538’s input log ratio amplifiers. This subsection

provides an output voltage proportional to the natural log of
input voltage Vz, minus the natural log of input voltage Vx.

The output of the log ratio subsection at B can be expressed by

)

the transfer function:

V, = —n
87 q

kT (v
A\

(where k = 1.3806 x 1072 J/K, q =1.6 0219 x 107 C,

T is in Kelvins)

The log ratio configuration may be used alone, if correctly tem-
perature compensated and scaled to the desired output level (see

Applications section).

Under normal operation, the log-ratio output will be connected

directly to a second functional block at input C, the antilog

subsection. This section performs the antilog according to the

transfer function:

(v )
€T
Vo= Vye

As with the log-ratio circuit included in the AD538, the user

may use the antilog subsection by itself. When both subsections
are combined, the output at B is tied to C, the transfer function

of the AD538 computational unit is:

[63) &)=

o= ¥y¢€
which reduces to:

\'

Finally, by increasing the gain or attenuating the output of the
log ratio subsection via resistor programming, it is possible to

)

c

raise the quantity Vz/Vx to the m™ power. Without external
programming, m is unity. Thus the overall AD538 transfer

function equals:

Vz\"
VO=VYV_

where 0.2 <m <5

When the AD538 is used as an analog divider, the Vy input can
be used to multiply the ratio V3/Vx by a convenient scale factor.
The actual multiplication by the Vy input signal is accomplished
by adding the log of the Vy input signal to the signal at C which
is already in the log domain.

STABILITY PRECAUTIONS

At higher frequencies, the multi-staged signal path of the AD538,
as illustrated in Figure 2, can result in large phase shifts. If a
condition of high incremental gain exists along that path (e.g.,
Vo = Vy X Vz/Vx = 10V x 10mV/10mV = 10V so that
AVe/AVx = 1000), then small amounts of capacitive feedback
from Vg to the current inputs Iz or Ix can result in instability.
Appropriate care should be exercised in board layout to prevent
capacitive feedback mechanisms under these conditions.

I Ln X
LOG,

Vi nZ=LnX

MitnZ-tn X} MLnZ ~ Ln X} + Ln Y

r 92sMes > ¥ ANTILOG, y
+ + Va=Vy {:’T‘r

Iz > Iy
L0G, LoG,
v, nz vy Lny

Figure 2. Model Circuit

USING THE VOLTAGE REFERENCES

A stable bandgap voltage reference for scaling is included in the
ADS538. It is laser-trimmed to provide a selectable voltage Qutput
of + 10V buffered (Pin 4), +2V unbuffered (Pin 5) or any
voltages between +2V and +10.2V buffered as shown in Figure
3. The output impedance at pin 5 is approximately 5k(}. Note
that any loading of this pin will produce an error in the + 10V
reference voltage. External loads on the +2V output should be
greater than 500k() to maintain errors less than 1%.

In situations not requiring both reference levels, the +2V output
can be converted to a buffered output by tying pins 4 and 5

+2VT0 +102V
BUFFERED

] e
=) SN0
V
-\"a[z OUTPUT Ec
E2
Vo E EfE ANTILOG ~ E"'
'E Log™X = EV\'

Figure 3. +2V to + 10.2V Adjustable Reference
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together. If both references are required simultaneously, the
+ 10V output should be used directly and the +2V output
should be externally buffered.

ONE-QUADRANT MULTIPLICATION/DIVISION

Figure 4 shows how the AD538 may be easily configured as a
precision one-guadrant multiplier/divider. The transfer function
Vour = Vy (V2/Vx) allows “three” independant input variables;
a calculation not available with a conventional multiplier. In
addition, the 1000:1 (i.e. 10mV to 10V) input dynamic range of
the AD538 greatly exceeds that of analog multipliers mmpuung
one-quadrant multiplication and division.

Vour=Ve ()
Vz 0—
INPUT
O Vy
INPUT
+15v =—e] ADS38
—— C
-5V 7 12
‘_E — INd14B T
Vo -
oUTPUT E ANTILOG
25k Wy
oV,
o ooty e,

Figure 4. One-Quadrant Combination Multiplier/Divider

By simply connecting the input Vx (pin 15) to the + 10V reference
(pin 4), and tying the log-ratio output at B to the antilog input
at C, the AD538 can be configured as a one-quadrant analog
multiplier with 10 volt scaling. If 2 volt scaling is desired, Vx
can bs tied to the +2V reference.

When the input Vy is tied to the + 10V reference terminal the
multiplier transfer function becomes:

V.

Vo o=} V-, ('m—{})
As a multiplier, this circuit provides a typical bandwidth of
400kHz with values of Vi, Vy or V3 varying over a 100:1 range
(i.e. 100mV to 10V). The maximum error with a 100mV to 10V
range for the two input variables will typically be +0.5% of
reading. Using the optional Z offset trim scheme, as shown in
Figure 5, this error can be reduced to +0.25% of reading.
By using the + 10V reference as the Vy input, the circuit of
Figure 4 is configured as a one-quadrant divider with a fixed
scale factor. As with the one-quadrant multiplier, the inputs
accept only single (positive) polarity signals. The output of the
one-quadrant divider with a + 10V scale factor is:

Vz
Vo = 10V (Vx)

The typical bandwidth of this circuit is 370kHz with 1V to 10V
denominator input levels. At lower amplitudes, the bandwidth
gradually decreases to approximately 200kHz at the 2mV input
level.
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TWO-QUADRANT DIVISION

The two-quadrant linear divider circuit illustrated in Figure 5
uses the same basic connections as the one-guadrant version.
However, in this circuit the numerator has been offset in the
positive direction by adding the denominator input voltage to it.
The offsetting scheme changes the divider’s transfer function
from:

V.
Vo = 10V (‘—}%‘)

+AV V.
Vo=10V (V‘x X _jov (IA+V—3

To:

v, 35k0
=10A+ 10V (‘T‘), where A = 75K0

As long as the magnitude of the denominator input is equal to
or greater than the magnitude of the numerator input, the circuit
will accept bipolar numerator voltages. However, under the
conditions of a 0V numerator input, the output would incorrectly
equal + 14V. The offset can be removed by connecting the

+ 10V reference through resistors R1 and R2 to the output
section’s summing node I at pin 9 thus providing a gain of 1.4
at the center of the trimpot. The pot R2 adjusts out or corrects
this offset, leaving the desired transfer function of 10V (Vz/Vx).

NUMERATOR DENOMINATOR
Vz Vi
o T, )
-V, FOR
: . : S Vour=10 {E] VeV
& Bk
| Apsss 3% :
|
I Ml I
| Vea a0y
| ELT
i
L |

-
—
OUTPUT v.,,j Tf'"
@ m ANTILOG -
skil  15kil
] iy L 341
ZERD
ADJUST .

Figure 5. Two-Quadrant Division with 10V Scaling

LOG RATIO OPERATION

Figure 6 shows the AD338 configured for computing the log of
the ratio of two input voltages (or currents). The output signal
from B is connected to the summing junction of the output
amplifier via two series resistors. The 90.9(} metal film resistor
effectively degrades the temperature coefficient of the + 3500ppm/
°C resistor to produce a 1.09k{} +3300ppm/°C equivalent value.
In this configuration the Vy input, must be tied to some voltage
less than zero (— 1.2V in this case) removing this input from the
transfer function.

The 5k{} potentiometer controls the circuit’s scale factor adjust-
ment providing a + 1V per decade adjustment. The output
offset potentiometer should be set to provide a zero output with
Vx = Vz = 1V. The input Vg adjustment should be set for an
output of 3V with Vz = ImV and Vx = 1V.
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90 811
" 4

b kil
L + 500

3
e e
ADJUST
e U_L-_ LoG Corill g L2
r Vs _l|
| 1omir | .
10kiy | OPTIONAI
| | QUTPUT Vo
-V | ADJUSTMENT
| T——. - -

Figure 6. Log Ratio Circuit

The log ratio circuit shown achieves +0.5% accuracy in the log
domain for input voltages within three decades of input range:
10mV to 10V. This error is not defined as a percent of full-scale
output, but as a percent of input. For example, using a 1V/decade
scale factor, a 1% error in the positive direction at the INPUT
of the log rato amplifier translates into a 4.3mV deviation from
the ideal OUTPUT (i.e., 1V x logy (1.01) = 4.3214mV). An
input error 1% in the negative direction is slightly different,
giving an output deviation of 4.3648mV.

ANALOG COMPUTATION OF POWERS AND ROOTS
Often it is necessary to raise the quotient of two input signals to
a power or take a root. This could be squaring, cubing, square-root-
ing or exponentiation to some noninteger power. Examples
include power series generation, With the AD538, only one or
two external resistors are required to set ANY desired power,
over the range of 0.2 to 5. Raising the basic quantity Vz/Vx to a
power greater than one requires that the gain of the AD538%s
log ratio subtractor be increased, via an external resistor between

POWERS
3 1z 8 W m | Ra
Ve0—12 Vi | 2 | 1sen
Wy (v—) 8—ove 3 97 611
vy O—{10 - 4 64 941
v 15 5 48701
Vrer I | Vi
Ra Re
B c | ROOTS
V: 0—2 1 - m Ry Re
vy {v‘_’.l_ 8l—o v, iz f00n | 100m
Vy0—10 Lo V3 10041 49 901
15 i 1500 | 49.8n
15 162101 40 200

Figure 7. Basic Configurations and Transfer Functions for
the AD538

pins A and D. Similarly, a voltage divider which attenuates the
log ratio output between points B and C will program the power
to a value less than one.

SQUARE ROOT OPERATION

The explicit square root circuit of Figure 8 illustrates a precise
method for performing a real time square root computation. For
added flexibility and accuracy this circuit has a scale factor
adjustment.

The actual square rooting operation is performed in this circuit
by raising the quantity Vz/Vx to the 1/2 power via the resistor
divider network consisting of resistors Ry and Re. For maximum
linearity, the two resistors should be 1% (or better) ratio-matched
metal film types.

Vi ® IV \/T_";

o
Loa
RATIO [n]o
n
3 » ln&“
7 L U
10911
1
vETV
apsas  —ul
e
|-
¥o ' g
ANTILOG = o
Lo
| vy
i 'E 100 " u
10041
SCALE FACTOR
" *RATIO MATCH 1% METAL FILM RS
v RESISTORS FOR BEST ACCURACY oail

Figure 8. Square Root Circuit

One volt scaling is achieved by dividing-down the 2V reference
and applying approximately 1V to both the Vy and Vx inputs.
In this circuit, the Vx input is intentionally set low, to about
0.95V, so that the Vy input can be adjusted high; permitting a
+ 5% scale factor trim. Using this trim scheme, the output
voltage will be within +3mV +0.2% of the ideal value over a
10V to ImV input range (80dB). For a decreased input dynamic
range of 10mV to 10V (60dB) the error is even less; here the
output will be within +2mV +0.2% of the ideal value. The
bandwidth of the AD538 square root circuit is approximately
280kHz with a 1V p-p sinewave with a + 2V dc offset.

This basic circuit may also be used to compute the cube, fourth
or fifth roots of an input waveform. All that is required for a
given root is that the correct ratio of resistors, Rc and Rg, be
selected such that their sum is between 150() and 200(}.

The optional absolute value circuit shown preceding the AD538
allows the use of bipolar input voltages. Only one op-amp is
required for the absolute value function, because the I input of
the AD538 functions as a summing junction. If it is necessary to
preserve the sign of the input voltage, the polarity of the op-amp
output may be sensed and used after the computation to switch
the sign bit of a D.V.M. chip.
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TRANSDUCER LINEARIZATION

Many electronic transducers used in scientific, commercial or
industrial equipment monitor the physical properties of a device
and/or its environment. Sensing (and perhaps compensating for)
changes in pressure, temperature, moisture or other physical
phenomenon can be an expensive undertaking, particularly
where high accuracy and very low nonlinearity are important. In
conventional analog systems accuracy may be easily increased by
offset and scale factor trims, however, nonlinearity is usually the
absolute limitation of the sensing device.

With the ability to easily program a complex analog function,
the ADS538 can effectively compensate for the nonlinearities of
an inexpensive transducer. The AD538 can be connected between
the transducer preamplifier output and the next stage of monitoring
or transmitting circuitry. The recommended procedure for lineariz-
ing a particular transducer is first to find the closest function
which best approximates the nonlinearity of the device and
then, to select the appropriate exponent resistor value(s).

ARC-TANGENT APPROXIMATION

The circuit of Figure 9 is typical of those AD538 applications
where the quantity Vz/Vyx is raised to powers greater than one.
In an approximate arc-tangent function, the AD538 will accurately
compute the angle that is defined by X and Y displacements
represented by input voltages Vx and V. With accuracy to
within one degree (for input voltages between 100V and 10
volts), the AD538 arc-tangent circuit is more precise than con-
ventional analog circuits and is faster than most digital techniques.
For a direct arc-tangent computation that requires fewer external
components refer to the AD639 data sheet. The circuit shown is
set-up for the transfer function:

v,=(v.,,f-\?,) [%—le)] o

Where 6=Tan "' (iz—()

The (Vigres— Vg) function is implemented in this circuit by adding
together the output, Vg, and an externally applied reference
voltage, V., via an external AD547 op-amp. The 1uF capacitor
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Figure 9. The Arc-Tangent Function

connected around the AD547’s 100k(2 feedback resistor frequency
compensates the loop (formed by the amplifier between Vg and
Vy).

The Vg/V4 quantity is calculated in the same manner as in the
one-quadrant divider circuit, except that the resulting quotient
is raised to the 1.21 power. Resistor Ry (nominally 931(}) sets
the power or m factor.

For the highest arc-tangent accuracy the external resistors R1
and R2 should be ratio matched, however, the offset trim scheme
shown in other circuits is not required, since nonlinearity effects
are the predominant source of error. Also note, that instability
will occur as the output approaches 90° because, by definition,
the arc-tangent function is infinite and therefore, the AD538’s
gain will be extremely high.



ANALOG
DEVICES

Wideband Dual-Channel
Linear Multiplier/Divider

AD539

FEATURES

Two Quadrant Multiplication/Division

Two Independent Signal Channels

Signal Bandwidth of 60MHz (loyr)

Linear Control Channel Bandwidth of 5MHz
Low Distortion (to 0.01%)

Fully-Calibrated, Monolithic Circuit

APPLICATIONS

Precise High Bandwidth AGC and VCA Systems
Voltage-Controlled Filters

Video-Signal Processing

High-Speed Analog Division

Automatic Signal-Leveling

Square-Law Gain/Loss Control

PRODUCT DESCRIPTION

The ADS539 is a low-distortion analog multiplier having two
identical signal channels (Y1 and Y2), with a common X-input
providing linear control of gain. Excellent ac characteristics up
to video frequencies and a 3dB bandwidth of over 60MHz are
provided. Although intended primarily for applications where
speed is important the circuit exhibits good static accuracy in
‘“‘computational” applications. Scaling is accurately determined
by a band-gap voltage referehce and all critical parameters are
laser-trimmed during manufacture.

The full bandwidth can be realized over most of the gain range
using the AD539 with simple resistive loads of up to 1004},
Qutput voltage is restricted to a few hundred millivolts under
these conditions. Using external op amps such as the AD5539 in
conjunction with the on-chip scaling resistors, accurate multipli-
cation can be achieved, with bandwidths typically as high as
50MHz.

The two channels provide flexibility. In single-channel applications
they may be used in parallel, to double the output current, or in
series, to achieve a square-law gain function with a control

range of over 100dB, or differentially, to reduce distortion.
Alternatively, they may be used independently, as in audio
stereo applications, with low crosstalk between channels. Voltage-
controlled filters and oscillators using the “state-variable” approach
are easily designed, taking advantage of the dual channels and
common control. The AD539 can also be configured as a divider
with signal bandwidths up to 1SMHz.

Power consumption is only 135mW using the recommended

+ 5V supplies. The AD539 is available in three versions: the
“J"” and “K” grades are specified for 0 to +70°C operation and
“§"” grade is guaranteed over the extended range of —55°C to
+125°C. The ] and K grades are available in either a hermetic
ceramic DIP (D) or a low cost plastic DIP (N), while the S
grade is available only in ceramic.

AD539 FUNCTIONAL BLOCK DIAGRAM

Z1 w1
Vy Vi =
! —Vx'Vyy
Vy EXTERNAL
OP AMPS
sz =
Vre —Vx'Vyz
Z2 w2

DUAL SIGNAL CHANNELS

The signal voltage inputs, Vy; and Vy;, have nominal full-scale
(FS) values of +2V with a peak range to +4.2V (using a negative
supply of 7.5V or greater). For video applications where differential
phase is critical a reduced input range of =+ 1 volt is recommended,
resulting in a phase variation of typically +0.2° at 3.579MHz
for full gain. The input impedance is typically 400k(} shunted
by 3pF. Signal channel distortion is typically well under 0.1% at
10kHz and can be reduced to 0.01% by using the channels
differentially,

COMMON CONTROL CHANNEL

The control channel accepts positive inputs, Vx, from 0 to +3V
FS, =3.3V peak. The input resistance is 500{). An external,
grounded capacitor determines the small-signal bandwidth and
recovery time of the control amplifier; the minimum value of
3nF allows a bandwidth at mid-gain of about SMHz. Larger
compensation capacitors slow the control channel but improve
the high-frequency performance of the signal channels.

FLEXIBLE SCALING

Using either one or two external op amps in conjunction with
the on-chip 6k(} scaling resistors, the output currents (nominally
+1mA FS, £2.25mA peak) can be converted to voltages with
accurate transfer functions of Vg = = VxVy/2, Vg = = VxVy
or Vv = —2VxVy (where inputs Vx and Vy and output Vi
are expressed in volts), with corresponding full-scale outputs of
+3V, =6V and +12V. Alternatively, low-impedance grounded
loads can be used to achieve the full signal bandwidth of 60MHz,
in which mode the scaling is less accurate.
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SPECIFICATIONS (@ 1,25t v.= 5, uness i sposo

AD5SISK AD5398
Parameter Conditions Min Typ Max Min Typ Max Min Typ Max Units
SIGNAL-CHANNEL DYNAMICS
Mimmal Configuravon Reference Figure 62
Bandwidth, - 3dB Ry =500, Cc = 0.01pF 30 60 30 60 30 &0 MHz
Maximum Output +0.1V=Vyx<+ 3V, Vyac= IV rms -10 -10 -10 dBm
Feedthrough, f<1MHz V= 0, Vyac= 1.5V rms ~75 =75 ~75 dBm
f=20MHz =-55 ~55 ~55 dBm
Dufferential Phase Lineanity
= 1V=Vyde< +1V f=3 38MHz, Vx = + 3V, =02 =0.2 +0.2 Degrees
= 2V<=Vydes + 2V Vyac= 100mV =0.5 =0.5 =0.5 Degrees
Group Delay Vx = +3V, Vyac= 1V rms, f= IMHz 4 4 4 ns
Standard Dual-Channel Multplier Reference Figure §
Mamimumn Output V= +3V, Vyac= L5V rms 4.5 4.5 4.5 v
Feedthrough, f<100kHz Vx=0,Vyac= 1.5V rms 1 1 1 mV rms
Crosstalk (CH1 10 CH2) Vyy=1Vrms, Vy2=0
Vy = + 3V, f< 100kHz —40 —40 —40 4B
RTO Noise, 10Hz 1o IMHz Vx=+1.5V, Vy=0, Figure 2 200 200 200 oVivVHz
THD + Nouse, V= + 1V, f= 10kHz, Vyac = IV rms 0.02 0.02 0.02 %
Vy=+3V f=10kHz, Vyac=1V rms 0.04 0.04 0.04 %
Wide Band Twe-Channel Mulupher Figure 2
Bandwidth, — 3B (LH0032) +0.V<Vy< + 3V, Vyac= 1V rms 25 25 25 MHz
Muaxrmum Curput Vx = + 3V Vyac= 1.5V rms, f=3MHz 4.5 4.5 4.5 Vrms
Feedihrough Vy = 0V Vyac= 1.0V rms, { = 3IMHz 14 14 14 mV rms
Wide Band Single Channel VCA
(ADS5539) Reference Figure §
Bandwidth, - 3dB +0.AV<Vg< + 3V, Vyac= 1V rms 50 MHz
Maximum Cutput 7501 Load =1 =1 = 4 v
Feedthrough Vy==0.01,f=5MHz ~54 - 54 dB
CONTROL CHANNEL DYNAMICS
Bandwidth, - 3dB Ce = 3000pF, Vxde = + 1.5V,
Vyac= 100mV rms 5 5 5 MHz
SIGNAL INPUTS, Vy; & Vyz
Nominal Full-Scale Input =2 =2 =2 v
Operational Range, Degraded Performance -Vg>7V +4.2 +4.2 =42 v
Input Resistance 400 400 400 Ki}
Buas Current 10 30 10 20 1] El ] A
Offset Voltage Vy=+3V,Vy=0 5 20 s 10 5 20 mV
(T 10 T 10 5 15 35 mV
Power Supply Sensitivity V= +3V,Vy=0 2 2 2 mViv
“CONTROL INPUT, Vs
Nominal Full-Scale Input +3.0 +3.0 +3.0 v
o ional Range, Degraded Perfi +3.2 +3.2 +32 ¥
Input Resistance’ 500 500 500 n
Offser Vol tage 1 4 1 2 1 4 mV
(T 10 T 3 2 ] 5 mV
Power Supply Sensivity 30 30 30 pVv
Gain (Figure 2)
Absolute Gan Error Vx=+0.1Vie +3 0Vand 0.2 0.4 0l 0.2 02 0.4 dB
(Tensn 10 T} V= =2V 0.3 0.15 0.25 0.5 dB
CURRENT OUTPUT'
Full-Scale Output Current V= + 3V, Vyw =2V =] =1 =1 mA
Peak Crutpur Current Vx=+33V,Vy= =5V, Vs==7.5V =2 =28 =2 =2.8 =2 =28 mA
Crutput Offset Current Vx=0,Vy=0 0.2 L5 0.2 15 0.2 15 A
Ourput Offset Voltage Figure 2, Vx =0, Vy =0 3 10 3 10 3 10 mV
Output Ressstance’ 1.2 1.2 12 ki1
Scaling Resistors
CH1 Z1, WiwCHI 6 & & kit
CH2 Z2, W2wCH2 ] 6 6 kit
VOLTAGE OUTPUTS, Vygs & Vara® (Figure2)
Multiplier Transfer Funcuon,
Either Channe! V= = Vx VyiVy Vg =V VlVy Vo= -Vx VyVy
Mulupher Scaling Veltage, Vir 0.98 10 1.02 0.99 1.0 Lol 0. Lo Loz v
Accuracy 05 2 0.5 1 0.5 F %
(T 10 Tengs) 1 . 0.5 (R 3 %
Power Supply Sensivity 004 0.04 0.04 WV
Total Multiphcation Error® Vx<= +3V, -2V<Vy<2V 1 25 0.6 L5 1 .5 % FSR
Toun 10 Tonas 2 1 2 4 %
Control Feedthrough V=0t +3V,Vy=0 25 60 15 kL) 15 60 mY¥
T 10 Trnas 30 15 60 120 |mv
TEMPERATURE RANGE
Rated Performance o +70 o +70 ~55 +125 | C
POWER SUPPLIES
Operational Range =4.5 +16.5 =45 =16.5 =45 =165V
Current Consumprion
+Vs 8.5 10.2 85 10.2 85 102 | mA
=Vs 18.5 n2 185 nz 18.5 2.2 mA
PACKAGE OPTIONS®
Plasuc (N-16) ADS39IN AD5SIIEN
TO-116 {D-16) ADS39]D ADS39KD ADS9SD
NOTES

"Resistance value and absolute current outputs subject to 20% tolerance
“Spec assumes the external op amp 15 tnmmed for neglyible inpur offser

"ncludes all errors

*See Section 16 for package suthne informanon.

Speaficanons subject o change without notice

Speafications shown in boldface are tested on all production units at final
electrical test Results from those tests are used to caleulate outgomg quabity

levels. All mun and max specifications are guaranteed, although only thoss

shown in boldface are tested on all producton units
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CIRCUIT DESCRIPTION

Figure 1 is a simplified schematic of the AD539, QI1-Q6 are
large-geometry transistors designed for low distortion and low
noise. Emitter-area scaling further reduces distortion: Q1 is 3
times larger than Q2; Q4, Q5 are each 3 times larger than Q3,
Q6, and these transistors are twice as large as Q1, Q2. A stable
reference current Iggr = 1.375mA is produced by a band-gap
reference circuit and applied to the common emitter node of a
controlled-cascode formed by Q1 and Q2. When Vy = 0, all of
Ipgr flows in Q1, due to the action of the high-gain control
amplifier which lowers the voltage on the base of Q2. As Vx is
raised the fraction of Iggyr flowing in Q2 is forced to balance the
control current, Vx/2.5k. At the full-scale value of Vx (+3V)
this fraction is 0.873. Since the bases of Q1, Q4 and Q5 are at
ground potential and the bases of Q2, Q3 and Q6 are commoned,
all three controlled-cascodes divide the current applied to their
emitter nodes in the same proportion. The control loop is stabilized
by the external capacitor, Ce.

()

eToV R 1. oy A2 1o

Figure 1. Simplified Schematic of AD539 Multiplier

The signal voltages Vy, and Vy; (generically referred to as Vy)
are first converted to currents by voltage-to-current converters
with a g, of 575umhos; thus, the full-scale input of *+ 2V becomes
a current of =1.15mA, which is superimposed on a bias of
2.75mA, and applied to the common emitter node of controlled
cascode Q3-Q4 or Q5-Q6. As just explained, the proportion of
this current steered to the output node is linearly dependent on
Vx. Thus for full-scale Vx and Vy inputs, a signal of = 1mA
(0.873 x +1.15mA) and a bias component of 2.4mA (0.873 x
2.75mA) appear at the output, The bias component absorbed by
the 1.25k resistors also connected to Vy, and the resulting signal
current can be applied to an external load resistor (in which case
scaling is not accurate) or can be forced into either or both of
the 6k{) feedback resistors (to the Z and W nodes) by an external
op amp. In the latter case, scaling accuracy is guaranteed.

GENERAL RECOMMENDATIONS

The ADS39 is a high speed circuit and requires considerable
care to achieve its full performance potential. A high-quality
ground plane should be used with the device either soldered
directly into the board or mounted in a low-profile socket. In
the figures used here an open triangle denotes a direct, short
connection to this ground plane; pins 12 and 13 are especially
prone to unwanted signal pick-up. Power supply decoupling

capacitors of 0.1pF to 1nF should be connected from pins 4
and 5 to the ground plane. In applications using external high-speed
op amps, separate supply decoupling should be used. It is good
practice to insert small (1002) resistors between the primary
supply and the decoupling capacitor.

The control amplifier compensation capacitor, Ce, should likewise
have short leads to ground and a minimum value of 3nF. Unless
maximum control bandwidih is esssential it is advisable to use a
larger value of 0.01pF to 0.1wF to improve the signal channel
phase response, high-frequency crosstalk and high-frequency
distortion. The control bandwidth is inversely proportional to
this capacitance, typically 2MHz for Cc = 0.01pF, Vx = 1L.7V.
The bandwidth and pulse response of the control channel can
be improved by using a feedforward capacitor of 5% to 20% the
value of Cc between pins 1 and 2. Optimum transient response
will result when the rise/fall time of Vx are commensurate with
the control-channel response time.

Vx should not exceed the specified range of 0 to +3V. The ac
gain is zero for V<0 but there remains a feedforward path (see
Figure 1) causing control feedthrough. Recovery time from
negative values of Vx can be improved by adding a small-signal
Schottky diode with its cathode connected to pin 2 and its anode
grounded. This constrains the voltage swing on Ce. Above Vy

= +3.2V, the ac gain limits at its maximum wvalue, but any
overdrive appears as control feedthrough at the output.

The power supplies to the AD539 can be as low as +4.5V and
as high as +16.5V. The maximum allowable range of the signal
inputs, Vy, is approximately 0.5V above + Vg; the minimum
value is 2.5V above —Vs. To accommodate the peak specified
inputs of +4.2V the supplies should be nominally + 5V and
—7.5V. While there is no performance advantage in raising
supplies above these values, it may often be convenient to use
the same supplies as for the op amps. The AD539 can tolerate
the excess voltage with only a slight effect on dc accuracy but
dissipation at +16.5V can be as high as 535mW and some form
of heat-sink is essential in the interests of reliability.

TRANSFER FUNCTION
In using any analog multiplier or divider careful attention must
be paid to the matter of scaling, particularly in computational
applications. To be dimensionally consistent a scaling voltage must
appear in the transfer function, which, for each channel of the
ADS539 in the standard multiplier configuration (Figure 2) is

Ve = —VxVy/Vy
where the inputs Vx and Vy, the output Vy and the scaling
voltage Vy; are expressed in a consistent unit, usually volts. In
this case, Vy is fixed by the design to be 1V and it is often
acceptable in the interest of simplification to use the less rigorous
expression

Vw = '_VXVY

where it is understood that all signals must be expressed in volts,
that is, they are rendered dimensionless by division by (1V).
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The accuracy specifications for Vy allow the use of either of the
two feedback resistors supplied with each channel, since these
are very closely matched, or they may be used in parallel to half
the gain (double the effective scaling voltage), when

Vw = = VxVy/2.
When an external load resistor, Ry, is used the scaling is no
longer exact since the internal thin-film resistors, while trimmed
to high ratiometric accuracy, have an absolute tolerance of 20%.
However, the nominal transfer function is

Vw = = VxVy/Vy'
where the effective scaling voltage, Vy' can be calculated for
each channel using the formula Vy' = Vy (SRy + 6.25)/Ry,
where R; is expressed in kilohms. For example, when Ry =
10092, Vy' = 67.5V. Table II provides more dertailed data for
the case where both channels are used in parallel. The AD539
can also be used with no external load (output pin 11 or 14
open-circuit), when Vy' is quite accurately 5V.

BASIC MULTIPLIER CONNECTIONS

Figure 2 shows the connections for the standard two-channel
multiplier, using op amps to provide useful output power and
the AD539 feedback resistors to achieve accurate scaling. The
transfer function for each channel is

Vw = —VxVy

where inputs and outputs are expressed in volts (see TRANSFER
FUNCTION). At the nominal full-scale inputs of Vx = +3V,
Vy = =2V the full-scale outputs are +6V. Depending on the
choice of op amp, their supply voltages usually need to be about
2V more than the peak output. Thus, supplies of at least =8V
are required; the AD539 can share these supplies. Higher outputs
are possible if Vx and Vy are driven to their peak values of
+3.2V and +4.2V respectively, when the peak output is + 13.4V.
This requires operating the op amps at supplies of =15V, Under
these conditions it is advisable to reduce the supplies to the
ADS539 to £7.5V to limit its power dissipation; however, with
some form of heat sinking it is permissible to operate the AD539
directly from + 15V supplies.

o
vio———I1 |conthoL W1 E—_{ -Vs
C¢ = anF l—E
A

D |

|inpuT ]
? | common HE“_A‘.

ARE 0 47uf

NOTE
ALL DECOUPLING

Figure 2. Standard Dual-Channel Multiplier

Viewed as a voltage-controlled amplifier, the decibel gain is
simply

G = 20 log Vx
where Vyx is expressed in volts. This results in a gain of 10dB at
Vx = +3.162V, 0dB at Vx = +1V, —20dB at Vx = +0.1V,
and so on. In many ac applications the output offset voltage (for
Vi = 0 or Vy = 0) will not be of major concern; however, it
can be eliminated using the offset nulling method recommended
for the particular op amp, with Vx = Vy = 0.
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At small values of Vx the offset voltage of the control channel
will degrade the gain/loss accuracy. For example, a = 1mV
offset uncertzinty will cause the nominal 40dB attenuation at Vx
= +0.01V to range from 39.2dB to 40.9dB. Figure 3a shows
the maximum gain error boundaries based on the guaranteed
control-channel offset voltages of +2mV for the AD539K and
+4mV for the AD539]. These curves include all scaling errors
and apply to all configurations using the internal feedback resistors
(W1 and W2; alternatively, Z1 and Z2).

3
I
N
{ \\ I
e NN
! " ADS33J, §
E 3 ] ~ SPECS "I“r
0 }—— ADS3ISK
Ak = =
L
-2
i

+001 +01 +1 +10
CONTROL VOLTAGE - Vi

Figure 3a. Maximum ac Gain Error Boundaries

Distortion is a function of the signal input level (Vy) and the
control input (V). It is also a function of frequency, although
in practice the op amp will generate most of the distortion at
frequencies above 100kHz. Figure 3b shows typical results at
f = 10kHz as a function of Vx with Vy = 0.5 and 1.5V rms.
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Figure 3b. Total Harmonic Distortion vs. Control Voltage

In some cases it may be desirable to alter the scaling. This can
be achieved in several ways. One option is to use both the Z
and W feedback resistors (see Figure 1) in parallel, in which
case Vy = —VxVy/2. This may be preferable where the output
swing must be held at =3V FS (£6.75V pk), for example, to
allow the use of reduced supply voltages for the op amps. Alter-
natively, the gain can be doubled by connecting both channels
in parallel and using only a single feedback resistor, in which
case Vg = —2VxYy and the full-scale output is +12V. Another
option is to insert a resistor in series with the control-channel
input, permitting the use of a large (for example, 0 to +10V)
control voltage. A disadvantage of this scheme is the need to
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adjust this resistor to accommodate the tolerance of the nominal
50002 input resistance at pin 1. The signal channel inputs can
also be resistively attenuated to permit operation at higher values
of Vy, in which case it may often be possible to partially compensate
for the response roll-off of the op amp by adding a capacitor
across the upper arm of this attenuator.

Signal-Channel ac and Transient Response

The HF response is dependent almost entirely on the op amp.
Note that the “noise gain” for the op amp in Figure 2 is determined
by the value of the feedback resistor (6k(2) and the 1.25k0
control-bias resistors (Figure 1). Op amps with provision for
external frequency compensation (such as the AD301 and AD518)
should be compensated for a closed-loop gain of 6.

The layout of the circuit components is very important if low
feedthrough and flat response at low values of Vx is to be main-
tained (see GENERAL RECOMMENDATIONS).

For wide-bandwidth applications requiring an output voltage
swing greater than + 1V, the ADLH0032 hybrid op-amp is
recommended. Figure 4a shows the HF response of the circuit
of Figure 2 using this amplifier with Vy = 1V rms and other
conditions as shown in Table I. Cg was adjusted for 1dB peaking
at Vx = +1V; the —3dB bandwidth exceeds 25MHz. The
effect of signal feedthrough on the response becomes apparent
at Vx = +0.01V. The minimum feedthrough results when Vx
is taken slightly negative to ensure that the residual control-channel
offset is exceeded and the dc gain is reliably zero. Measurements
show that the feedthrough can bé held to —90dB relative to full

output at low frequencies and to —60dB up to 20MHz with
careful board layout. The corresponding pulse response is shown
in Figure 4b for a signal input of Vy of =1V and two values of
Vx (+3V and +0.1V).

Vx = +3V

Ve = +0.1V

Figure 4b. Multiplier Pulse Response Using ADLH0032 Op
Amps

AD711'  ADS539°  ADLH0032'

Op Amp Supply Voltages =15V +9V =10V
Op Amp Compensation Capacitor | None None 1-5pF
Feedback Capacitor, Cp None 0.25-1.5pF | 1-4pF
— 3dB Bandwidth, Vy = +1V 900kHz SOMHz 25MHz
Load Capacitance <InF <10pF <100pF
HF Feedthrough,

Vx = -0.01V,f = 5MHz N/A —54dB —70dB
rms Output Noise, 7

Vx = +1V,BW 10Hz-10kHz 50V 40pV 30pV

Vx = +1V,BW 10Hz-SMHz 1200V | 620pV 5001V

In all cases, 0.47pF ceramic supply-decoupling capacitors were used at each IC
pin, the AD539 supplies were =5V and the control-compensation capacitor Ce
was 3nF.

i | NOTES
rrR— 'For the circwt of Figure 2. For the circuit of Figure 8.
[ ] Table I. Summary of Operating Conditions and Perform-
3 “-I'“"I“' b \‘ ance for the AD539 When Used with Various External
T Op-Amp Output Amplifiers
b 1 1 N .. . )
Ve=0.1V Minimal Wide-Band Configurations
- 1 The maximum bandwidth can be achieved using the AD539
< Vie=0.032mV L with simple resistive loads to convert the output currents to
B ] B voltages. These currents (nominally + ImA FS, +2.25mA pk,
| V=001V into short-circuit loads) are shunted by their source resistance of
t 1.25k(} (each channel). Calculations of load power and effective
i scaling-voltage must allow for this shunting effect when using
Vics =amv A resistive loads. The output power is quite low in this mode, and
=" L~ the device behaves more like a voltage-controlled attenuator
Took W i T M than a classical multiplier. The matching of gain and phase
o ) between the two channels is excellent. From dc to 10MHz the
Figure 4a. Multiplier HF Response Using ADLH0032 gains are typically within =0.025dB (measured using precision
Op Amps 5012 load resistors) and the phase difference within +0.1°,
Load Resistance 500 750 10002 15002 60012 0/C
FSOutput Voltage | +92.6mV £ 134mV £ 172mV +242mV £612mV =1V
65.5mVrms | 94.7mVrms | 122mVrms | 171mVrms | 433mVrms | *
FS Output- 0.086mW 0.12mW 0.15mW 0,195mW 0.312mW | -
Power in Load —10.5dBm | -9.2dBm -8.3dBm ~7.1dBm -5.05dBm | -
Pk Output Voltage =210mV = 300mV + 388mV + 544mV =1V =1V
148mVrms | 212mVrms | 274mVrms | 385mVrms | * L
Pk Qutput- 0.44mW 0.6mW 0.75mW ImW =1V =1V
Power in Load ~7dBm —4.4dBm ~2.5dBm 0dBm " *
Effective Scaling 67.5V 46.7V 36.3V 25.8V 10.2V sV
Voltage, V'

*Peak neganve voltage swing limited by ourput complance

' Table Il. Summary of Performance for Minimal Configuration
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For a given load resistance the output power can be quadrupled
by using both channels in parallel, as shown in Figure 5a. The
small-signal silicon diode D connected between ground and pins
12 and 13 provides extra voltage compliance at the output nodes
in the negative direction (to — 1V at 25°C); it is not required

if the output swing does not exceed —300mV. Table II
compares performance for various load resistances, using this
configuration,

V¥,
“"'"-ﬁﬁ,

(0] ne.
Bnc

#REQUIRED IF LOAD
RESISTANCE >3001}

Figure 5a. Minimal Single-Channel Multiplier

Figure 5b shows the HF response for Figure 5a with the AD539
in a carefully-shielded 50() test-environment; the test system
response was first characterized and this background removed
by digital signal processing to show the inherent circuit response.

i I
V= +3 162V

[ [] N
[ N

11 1]

Vi = +0 16V L

[ 11

Ve= +0 1V 1

[ 1]

Vy = +0032V

[ 11 /

V= +00W .

=10

b

70 —
100k M oM DO
FREQUENCY - Hr

Figure 5b. HF Response in Minimal Configuration

In many applications phase linearity over frequency is important.
Figure Sc shows the deviation from an ideal linear-phase response
for a typical AD539 over the frequency range dc to 10MHz, for

TN

il I
&

PHASE LINEARITY - Degrees
=

-2

5
FREGUENCY - MHx

Figure 5c. Phase Linearity Error in Minimal Configuration
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Vx = + 3V; the peak deviation is slightly more than 1°, Differential
phase linearity (the stability of phase over the signal window at a
fixed frequency) is shown in Figure 5d for f = 3.579MHz and
various values of Vx. The most rapid variation occurs for Vy
above +1V; in applications where this characteristic is critical,
it is recommended that a ground-referenced, negative-going
signal be used.

5

b fedlols = 3 678MHz
28 -
e ——

i —
L V=03V
E
2 ° ) ——
g Vi = W ""“"--.._____

! ——
i e ——_|

=2 =1

o 1 2
SIGNAL INPUT BIAS VOLTAGE - V

Figure 5d. Differential Phase Linearity in Minimal
Configuration for a Typical Device

Differential Configurations

When only one signal channel must be handled it is often ad-
vantageous to use the channels differentially. By subtracting the
CHI1 and CH2 outputs any residual transient control feedthrough
is virtually eliminated. Figure 6a shows a minimal configuration
where it is assumed that the host system uses differential signals
and a 500 environment throughout. This figure also shows a
recommended control-feedforward network to improve large-signal

CONTROL
INPUT
NS
CONTROL W1
HF COMP Fal
cH1 AD538 gy
INPUT  OUTPUT
Ve BASE
COMMON
Ve
cH2 cHz
INPUT  OUTPUT
INPUT #
ouTPUT e

Figure 6a. High-Speed Differential Configuration

response time. The control feedthrough glitch is shown in Figure
6b, where the input was applied to CH1 and only the output of
CHI1 was displayed on the oscilloscope. The improvement obtained
when CH1 and CH2 outputs are viewed differentially is clear in
Figure 6¢c. The envelope rise-time is of the order of 40ns.
Lower distortion results when CHI1 and CH2 are driven by
complementary inputs and the outputs are utilized differentially,
using a circuit such as Figure 7a. Resistors R1 and R2 should
have a value in the range 100 to 1000€}.
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Figure 6c. Control Feed-
through Differential Mode,
Figure ba

Figure 6b. Control Feed-
through One Channel of
Figure 6a

They minimize a secondary distortion mechanism caused by a
collector-modulation effect in the controlled cascodes (see CIR-
CUIT DESCRIPTION) by keeping the voltage-swing at the
outputs to an acceptable level. Figure 7b shows the improvement
in distortion over the standard configuration (compare Figure
3b). Note that the Z nodes (pins 10 and 15) are returned to the
control input; this prevents the early onset of output-transistor
saturation.

——_—

—
V, 1 n w16
" Cc= 3nF —] —
‘TH_E"“W o} —e
A1
cHy ADS39 ¢y,
i TR 2 | mneur ou‘rru‘rE_
—{}w Base | |12
P—O--|..lr 5 |-vs COMMON| IS Vi = VylVia=Vil
=Vs
v, cH2 cHz
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3 |ouTeuT
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Figure 7a. Low-Distortion Differential Configuration

AN
1

CONTROL VOLTAGE - vy

Figure 7b. Distortion in Differential Mode Using
ADLH0032 Op-Amp

Even lower distortion (0.01%, or —80dB) has been measured
using two output op amps in a configuration similar to Figure 2
connected as virtual-ground current-summers (to prevent the
modulation effect). Note that to generate the difference output
it is merely necessary to connect the output of the CHI op amp
to the Z node of CH2. In this way, the net input to the CH2 op
amp is the difference signal, and the low-distortion resultant
appears as its output.

A 50MHz VOLTAGE-CONTROLLED AMPLIFIER
Figure 8 is a circuit for a S0OMHz voltage-controlled amplifier
(VCA) suitable for use in high-quality-video-speed applications.
The outputs from the two-signal channels of the AD539 are
applied to the op-amp in a subtracting configuration. This con-
nection has two main advantages: first, it results in better rejection
of the control voltage, particularly when over-driven (V<0 or
Vx>3.3V). Secondly, it provides a choice of either non-inverting
or inverting responses, using either inputs Vy; or Vy; respectively.
In this circuit, the output of the op-amp will equal:

Vour = y"—(vz—{-,‘;‘ﬁﬂ} for Vx>0
Hence, the gain is unity at Vx = +2V. Since Vx can over-range
to +3.3V, the maximum gain in this configuration is about
4.3dB. (Note: If pin 9 of the AD539 is grounded, rather than
connected to the output of the 5539N, the maximum gain becomes
10dB.)

OPTIONALI
® — 1 | conTROL wi|e OUTPUT OFFSET
Cw
av.
01 L =y
2 | HF COMP 1|5 i
Yo W Ce 20005F _ — ey cHn [7a)
3501 NPT ourPuTL_J— T
18011 2
1001 ADS39 E: ’Q?
"W)_‘W"'_l__E +Va 13 Vour
:! z‘uF BASE
1001 WF COMMON
-gv>_-w.,_L—E “Va 12
18011 3
o i ra B cuz 11
NPUT output |1 o In
5L 028pF-1 !95; -
NPUT
? | common o b
P
OUTPUT 2001t 2 aton
# | comman i GAIN ADJUST 1
1+ A% RANGE) T
2711 3 ATE
o1 CSFBAR AR SCHOTTKY NODE
FLANE J\ %

‘5_’ SHORT. DIRECT CONNECTION TO GROUND
—av

Figure 8. A Wide Bandwidth Voltage-Controlled Amplifier

The —3dB bandwidth of this circuit is over SOMHz at full gain,
and is not substantially affected at lower gains. Of course, when
Vx is zero (or slightly negative, to override the residual input
offset) there is still a small amount of capacitive feedthrough at
high frequencies; therefore, extreme care is needed in laying out
the PC board to minimize this effect. Also, for small values of
Vx, the combination of this feedthrough with the multiplier
output can cause a dip in the response where they are out of
phase. Figure 9a shows the ac response from the noninverting

T
Vem +3 162V

V= +1V
= A

W=+ b 316V N

g
E
§ Vo= +0 1V
g
g

V= +0 032V

]
Ve 4001V //
—50 |
L1
ok —onw,/

1 1w 100
FREQUENCY - MHz

Figure 9a. AC Response of the VCA at Different Gains
Vy=0.5V RMS
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input, with the response from the inverting input, Vy,, essentially
identical. Test conditions: Vy; =0.5V rms for values of Vx from
+ 10mV to +3.16V; this is with a 75{} load on the output. The
feedthrough at Vx= —10mV is also shown.

The transient response of the signal channel at Vx = +2V,
Vy=Vour= %1V is shown in Figure 9b; with the VCA driving
a 750} load. The rise and fall-times are approximately 7ns.

Figure 9b. Transient Response of the Voltage-Controlled
Amplifier Vx= +2 Volts V\,= =1 Volt

A more detailed description of this circuit, including differential
gain and phase characteristics, is given in the application note
“Low Cost, Two Chip Voltage-Controlled Amplifier and Video
Switch” available from Analog Devices.

BASIC DIVIDER CONNECTIONS

Standard Scaling

The ADS539 provides excellent operation as a two-quadrant
analog divider in wide-band wide gain-range applications, with
the advantage of dual-channel operation. Figure 10a shows the
simplest connections for division with a transfer function of

Vy = "VvaN b4
Recalling that the nominal value of Vy is 1V, this can be
simplified to

Vy = —VywiVx
where all signals are expressed in volts. The circuit thus exhibits
unity gain for Vx = +1V and a gain of 40dB when Vx =
+0.01V.
The output swing is limited to + 2V nominal full-scale and
+4.2V peak (using a — Vg supply of at least 7.5V for the AD539).
Since the maximum loss is 10dB (at Vx = 3.162V), it follows
that the maximum input to Vy should be +6.3V (4.4V rms)
for low distortion applications, and no more than +13.4V (9.5V
rms) to avoid clipping. Note that offset adjustment will be needed
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Figure 10a. Two-Channel Divider with 1V Scaling
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Figure 10b. HF Response of Figure 10a Divider

for the op amps to maintain accurate dc levels at the output in
high gain applications: the “noise gain” is 6V/Vyx, or 600 at Vx
= +0.01V.

The gain-magnitude response for this configuration using the
ADLHO0032 op amps with nominally 12pF compensation (pins 2
to 3) and Cg = 7pF is shown in Figure 10b; of course, other
amplifiers may also be used. Since there is some manufacturing
variation in the HF response of the op amps, and load conditions
will also affect the response, these capacitors should be adjustable:
5-15pF is recommended for both positions. The bandwidth in
this configuration is nominally 17MHz at Vx = +3.162V,
4.5MHz at Vx = +1V, 350kHz at Vx = +0.1V and 35kHz at
Vx = +0.01V. The general recommendations regarding the use
of a good ground plane and power-supply decoupling should be
carefully observed.



ANALOG
DEVICES

Internally Trimmed
Precision I.C. Multiplier

AD632

FEATURES

Pretrimmed to £0.5% Max 4-Quadrant Error

All Inputs (X, Y and Z) Differential, High impedance for
[(X; -X2 Y, -Y;)/10] +Z;, Transfer Function

Scale-Factor Adjustable to Provide up to X10 Gain

Low Noise Design: 90uV rms, 10Hz-10kHz

Low Cost, Monolithic Construction

Excellent Long Term Stability

APPLICATIONS

High Quality Analog Signal Processing

Differential Ratio and Percentage Computations
Algebraic and Trigonometric Function Synthesis
Accurate Voltage Controlled Oscillators and Filters

PRODUCT DESCRIPTION

The AD632 is an internally-trimmed monolithic four-quadrant
multiplier/divider. The AD632B has a maximum multiplying
error of £0.5% without external trims.

Excellent supply rejection, low temperature coefficients and
long term stability of the on-chip thin film resistors and buried
zener reference preserve accuracy even under adverse condi-
tions. The simplicity and flexibility of use provide an attrac-
tive alternative approach to the solution of complex control
functions.

The AD632 is pin for pin compatible with the industry stand-
ard AD532 with improved specifications and a fully differen-
tial high impedance Z-input. The AD632 is capable of providing
gains of up to X10, frequently eliminating the need for sepa-
rate instrumentation amplifiers to precondition the inputs.
The AD632 can be effectively employed as a variable gain
differential input amplifier with high common mode rejection.
The effectiveness of the variable gain capability is enhanced by
the inherent low noise of the AD632: 90uV rms.

AD632 PIN CONFIGURATIONS

D-Package TO-116

H-Package TO-100

VMg Y1 Y2 Vg

"W omlouzn

! OUT Vg NC

TOP VIEW TOP VIEW

PRODUCT HIGHLIGHTS

Guaranteed Performance Over Temperature: The AD632A and
ADG632B are specified for maximum multiplying errors of
+1.0% and *0.5% of full scale, respectively at +25°C and are
rated for operation from -25°C to +85°C. Maximum multi-
plying errors of £2.0% (AD632S) and £1.0% (AD632T) are
guarag:tecd over the extended temperature range of -55°C to
+125°C.

High Reliability: The AD632S and AD632T series are also
available with MIL-STD-883 Level B screening and all devices
are available in either the hermetically-sealed TO-100 metal can
or TO-116 ceramic DIP package.
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SPECIFICATIONS (@ +25%. v.= < 51 r=240 uess atrvse noe0

Model AD632A AD632B AD&325 AD632T
Min Typ Max Min Typ Max Min T!E_ Max Min !E Max Units
MULTIPLIER PERFORMANCE
(X =X, - Y (X - X)Y, - Yy) (X, - XY, - Yy (X - X(Y, - Yy
Transfer Function — W t& oV +2Z; % — W &
Total Error' (— 10V=X, Y= + 10V) =10 +0.5 +1.0 +0.5 %
Ta = mun 1o max %1.5 +1.0 +2.0 *=1.0 %
Total Error vs Temperature =0.022 =0.015 =0.02 =0.01 % C
Scale Factor Error

(SF = 10000V Nomnal ) =0.25 =01 =0.25 +0.1 %
Temperature-Coefficient of

Scaling-Voltage =0.02 =001 *0.2 +0,005 % C
Supply Rejection (= 15V = 1V) =00l =001 =0.01 =001 %
Nonlneanty, X (X = 20V pk-pk, ¥ = 10V =04 =0.2 =0.3 =04 =0.2 =03 %
Nonlinearity, Y (Y = 20V pk-pk, X = 10V} =0.2 =0.1 =0.1 =0.2 =0.1 =0.1 L
Feedthrough®, X (¥ Nulled,

X =20V pk-pk 50Hz) =03 =0.15 =03 =0.3 =015 =03 %
Feedthrough’, ¥ (X Nulled,

Y = 20V pk-pk 50Hz) =0.01 =001 =01 =0.01 =001  =0.] %
Ourput Offset Voltage =4 =30 =) x15 =5 =30 =2 =15 mV
Output Offset Voltage Dinft 200 100 500 300 wVFQ

DYNAMICS
Small Signal BW, (Vour = 0. 1rms) 1 1 1 I MHz
1% Amplitude Esrror (Croan = 1000pF) 50 50 50 50 kHz
Slew Rate (Vour 20 pk-pk) 20 20 0 20 Vips
Setthng Time (to 1%, AVour = 20V) 2 2 F 3 1 B
NOISE
Nouse Spectral-Density SF = 10V 0.8 0.8 0.8 0.8 wV/VHz
SF=3V* 0.4 0.4 0.4 0.4 wvivHz
Wideband Noise A = 10Hz 1o SMHz Lo 1.0 1.0 Lo wVirms
= 10Hz to 10kMHz X0 90 %0 90 wVirms
OUTPUT
Output Voliage Swing =11 =11 =11 =11 v
Output Impedance (= 1kHz) 0.1 0.1 0.1 01 n
Output Short Carcunt Current

(Ry =0, Ty = mun tomax) 30 30 30 30 mA

Amplifier Open Loop Gan (f = 50Hz) 70 70 70 70 dB
INPUT AMPLIFIERS (X, Y and 2)°
Signal Voltage Range (Diff. or CM 10 =10 10 =10 v

Operating Diff.) =12 =12 =12 =12 v
‘Offset Voltage X, Y =5 =20 =2 =10 +5 +20 =32 =10 mV
Offset Voltage Drift X, ¥ 100 50 100 150 wVrC
Offset Voltage Z =5 =30 =2 %15 =5 =30 =2 15 mV
Offset Voltage Dnft Z 200 100 500 300 pVrC
CMRR 60 B0 70 90 &0 B0 70 W dB
Bias Current 0.8 20 0.8 20 0.8 0 08 1.0 pA
Offset Current 0.1 0.1 0.1 01 wA
Dufferential Resistance 10 10 1] 10 M1}

DIVIDER PERFORMANCE
Z=Z) (Z-Zp) (Z-2Zy) (Ey-Zy)
Y, WV ——e + Y
‘Transfer Funcuon (X, >X;) 1oV e ‘x:r)+ Y 1oV fxl—X-zJ+ Y, x —X,J‘ f P Sakdl
Total Ecror’

(X=10V, - 10V=Z=+10V) =0.75 =0.35 =0.75 =0.35 %

(X=1V, - IVsZ=+1V) =20 =1.0 =20 =1.0 %

(0.V=X=10V, - 10V=Z=10V =25 =10 =25 =10 %

SQUARER PERFORMANCE "
(X - X0 X=X (X -X¢ X, -X

Transfer Function v +Zy T +Zy 0V +Z. v +Zy

Total Error (- 10VsX=10V) =0.6 =03 =06 =0.3 %
SQUARE-ROOTER PERFORMANCE

Transfer Function, (Z,52;) VIOV(Z,-Z)) +%; VIOV(Z;-Z)) +X; VIOV(Z;-Z;) +X; VIOV(Z,-Z)) +X;

Total Error' (IV=Z=10V) =10 =0.5 =1.0 =0.5 %
POWER SUPPLY SPECIFICATIONS

Supply Voliage

Rated Performance =15 =15 =15 =15 v

Operaung =8 +18 =8 +18 =8 22 =8 =22 v
Supply Current

Quiescent 4 & 4 & 4 & 4 6 mA

PACKAGE OPTIONS®
TO-100(H-10A) AD632AH AD632BH AD632SH AD632TH
TO-116(D-14) AD63ZAD AD632ZBD AD6325SH ADE3ITD
NOTES
'mepmmpaumnffull-mh, =10V (e ,0.01% = ImV) to change with

I May be reduced down to 3V using external resistor berween — Vs and SF
P :

- e i
See functional block disgram fordef

exchudes effect of offsets.

5F = 3V.

*See Section 16 furpu:kTﬁwﬂw nformation.
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Typical Performance CUrVeS (typical at +25°C with Vg = 15V)
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Figure 1. AC Feedthrough vs. Frequency Figure 3. Freguency Response vs. Divider Denominator
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Figure 2. Freguency Response as a Multiplier For further information, consult factory
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STABLE —_— 7
REFERENCE

ANDRIAS b 0 .y

I TRANSFER FUNCTION

VoA XNVl ., 2]

Xy »_
a2 TRANSLINEAR
MULTIPLIER
v, ELEMENT |
Y2 >—O ouT
“ HIGH GAIN
OUTPUT

z ©
o b 0.75 ATTEN AMPLIFIER
Vos 0

2.7
26k

Figure 4. AD632 Functional Block Diagram

OPERATION AS A MULTIPLIER
Figure 5 shows the basic connection for multiplication. Note
that the circuit will meer all specifications without trimming.

KANPUT Xy Vg +15v
+10V FS
12V PK

OUTPUT, £12V PK

our L Xy =Xy - ¥g) |
| 10 Z

Vos L
OPTIONAL SUMMING
a1
INAL
! NOT USED
Y-ANPUT A 6

=10V FS
12V PK

va g e 15V

Figure 5. Basic Multiplier Connection

In some cases the user may wish to reduce ac feedthrough to

a minimum (as in a suppressed carrier modulator) by applying
an external trim voltage (+30mV range required) to the X or Y
input. Curve 1 shows the typical ac feedthrough with this
adjustment mode. Note that the feedthrough of the Y input

is a factor of 10 lower than that of the X input and should be
used in applications where null suppression is critical.

The Z; terminal of the AD632 may be used to sum an addi-
tional signal into the output. In this mode the output amplifier
behaves as a voltage follower with a IMHz small signal band-
width and a 20V/us slew rate. This terminal should always be
referenced to the ground point of the driven system, particu-
larly if this is remote. Likewise the differential inputs should
be referenced to their respective signal common potentials to
realize the full accuracy of the AD632.

A much lower scaling voltage can be achieved without any
reduction of input signal range using a feedback attenuator as
shown in Figure 6. In this example, the scale is such that
Vour = XY, so that the circuit can exhibit a maximum gain of
10. This connection results in a reduction of bandwidth to
about 80kHz without the peaking capacitor Cg. In addition,
the output offset voltage is increased by a factor of 10 making
external adjustments necessary in some applications.

Feedback attenuation also retains the capability for adding
a signal to the output. Signals may be applied to the Z,
terminal where they are amplified by -10 or to the com-

mon ground connection where they are amplified by -1. In-
put signals may also be applied to the lower end of the 2.7k§2
resistor, giving a gain of +9.
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W,
XINPUT ®3 g REY
10V FS
12V PK %2
OUTPUT, £12V PK
ouT =Xy - Xz)l¥y - Y3l
[SCALE = 1)
2z
2
2
YANPUT Y1 Vos|
£10V FS
12V PK Vs sl 18V

Figure 6. Connections for Scale-Factor of Unity

OPERATION AS A DIVIDER

Figure 7 shows the connection required for division. Unlike
earlier products, the AD632 provides differential operation on
both numerator and denominator, allowing the ratio of two
floating variables to be generated. Further flexibility results
from access to a high impedance summing input to Yy. As with
all dividers based on the use of a multiplier in a feedback loop,
the bandwidth is proportional to the denominator magnitude,
as shown in Figure 3.

HINPUT  ———— g fr—— 415V
[DENOMINATOR)
OV FS OUTPUT, £12V PK
12V PR —— L0z -2y “
Xy - X2}
+15V Vs out
ngr%] 3 Ve 4 Z INPUT
9 (NUMERATOR)
OPTIONAL -15V Vg P S— £10V F5, £12V PK
SUMMING INPUT
£10V PK
— "
1
I
6 s g 1BV

Figure 7. Basic Divider Connection

Without additional trimming, the accuracy of the AD632B
is sufficient to maintain a 1% error over a 10V to 1V denom-
inator range (The AD535 is functionally equivalent to the
ADG632 and has guaranteed performance in the divider and
square-rooter configurations and is recommended for such
applications).

This range may be extended to 100:1 by simply reducing the
X offset with an externally generated trim voltage (range re-
quired is £3.5mV max) applied to the unused X input. To
trim, apply a ramp of +100mV to +V at 100Hz to both X,
and Z; (if X, is used for offset adjustment, otherwise reverse
the signal polarity) and adjust the trim voltage to minimize
the variation in the output.*

Since the output will be near +10V, it should be ac-coupled for
this adjustment. The increase in noise level and reduction in
bandwidth preclude operation much beyond a ratio of 100

to 1.

*See the AD535 Data Sheet for more details.



ANALOG
DEVICES

Very High Frequency
Four-Quadrant Multiplier

AD834

FEATURES

500MHz Large-Signal Bandwidth

Differential =1V Full-Scale Inputs
Differential =4mA Full Scale Output Current
Low Distortion (<0.05% for 10dBm Input)
Supply Voltages from =4V to =9V

Low Power (290mW at Vg = =5V)

APPLICATIONS

High-Speed Real-Time Computation
Wideband Modulation and Gain Control
Signal Correlation and Power Measurement
Voltage-Controlled Filters and Oscillators
Linear Keyers for High Resolution Television
Wideband True RMS

PRODUCT DESCRIPTION

The ADB34 is a monolithic laser-trimmed four-quadrant analog
multiplier intended for use in high frequency applications, having
differential voltage inputs and a differential current output. The

transconductance bandwidth (R = 50) is typically S00MHz __

from either input. Performance is relatively insensitive to ) lemy
perature and supply variations, due to the use of stable quamg 3
based on a bandgap reference generator and other lieaigh
features.

P T

To preserve the full bandwidth poten !Qf the] iugh-spced
bipolar process used to fahnca(e thE 8

as current as a differential oﬂb reris az
The transfer function is accurat y mﬁm:e;l LBu.}j&mn
X = Y %1V, the differential ot?fput i ,_«- &
In multiplier modes, the maximum total fl.ﬂ}-scale error Bﬁi‘.’/
dependent on the application mode and the external circuitry. A

square-law transfer function can be achieved by connecting the
inputs in parallel; in this mode, the AD834 can be used as a

' col!ectﬁrs

yfhe outputs appear:

i

ADS$34 FUNCTIONAL BLOCK DIAGRAM

x2 X1 ¥y w1
v B5mA
X-DISTORTION
l ANCELLATION I
Swviren )7 v
B5mA
it
L] || J J
¥1 ¥z -V w2

power detectoriup to S00MHz. The AD834] is specified for use
over the col rcial temperature range of 0°C to +70°C, and is
availal an 8-pin SO package or 8-pin cerdip. The

. AD8348, s specified for use over the military temperature range
“h off to +125°C, and is available in an 8-pin cerdip.

] ﬁiﬂﬁucﬂrs

: performs four-quadrant multiplication with a

g, _Eﬁﬂls:gna] bandwidth in excess of SOOMHz.

W Mulupl:er static accuracy of 2% of full-scale can be achieved.
3.*Umqun dcs:gn techniques result in low output distortion

e (<m05% for +10dBm inputs).

S d. lI.m-ir power consumption (290mW at + 5V supplies).

5. Differential current outputs ensure maximum usable bandwidth
is available.

6. Laser-trimmed offsets and scale.
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SPECIFICATIONS , = 257 200 21, = 50 wiesatvrwis e

ADS34] ADS34S
Model Conditions Min Typ Max Min Typ Max | Units
INPUT(X1,X2,Y1,Y2)
Full-Scale Range Differential £ | +1 v
Clipping Level Differential *1.2 =1.4 +1.2 +1.4 v
Input Resistance Differential 15 25 15 25 kQ
Offset Voltage X1,X2,YL,Y2=0 0.5 5 0.5 5 mV
vs. Temperature Titn 10 Tonax 10 10 20 pvrC
vs. Supplies’ +Vsto —Vs 25 25 wvv
Bias Current 45 45 wA
Common-Mode Rejection f=100kHz 70 70 dB
Distortion’ f = 10kHz
X = +10dBm,Y = 1V — 66 —66 dB
X =1V,Y = +10dBm —55 - 55 dB
OUTPUTS (W1, W2)
Zero-Signal Current Each Output 8.5 mA
Differential Offset X=0,Y=0 =10 +50 | pA
vs. Temperature Tin 10 Tingx 1 HAPC
Full-Scale Output Differential +4 mA
Xl=Yl=+1V
X2=Y2=0V
Full-Scale Accuracy +0.1 31 % FS§
Peak Qutput Differential +16 mA
X=Y=z=2V
Qutput Compliance g 9 v
MULTIPLIER PERFORMANCE B
Transfer Function (F;gurg3} L Vour =XY/NIV
Total Error’ - 1V=X,Y< +1V " 2 % FS
vs. Temperature Tioain 10 T,...,l TBD % FSrC
vs. Supplies' +Vsto - \f-‘», b TBD % FS/V
AC Feedthrough* SineInput "
X==1V,Y=0 f=10kHz ~54 dB
{=10MHz -50 -50 dB
X=0,Y==1V f= 10kHz — 66 - 66 dB
f=10MHz -50 ~50 dB
Noise Spectral Density f=10kHz 10 IMHz TBD TBD nV/VHz
‘Wideband Noise f=10Hz to 100MHz TBD TBD Vrms
POWER SUPPLIES
Rated Performance +5 +5 v
Operating Range 4 9 4 9 v
Quiescent Current® Tenint0 T s
+Vs 10 10 mA
-V 29 29 mA
TEMPERATURE RANGE
Commercial (0°Cto + 70°C) ADB834]R,ADS34]Q
Military ( — 55°C 1o + 125°C) ADS8345Q
PACKAGE OPTIONS®
Small Outline (R-8) ADB834]JR
Cerdip (Q-8) AD834JQ ADS345Q
NOTES

'Either supply taken separately; sinusoidal input at f= 10kHz.

S pecified in a 5041 system.

3Error is defined as the maximum deviation from the ideal output, and expressed as a percentage of the full-scale mltput
*Relative to full-scale output (X = IVor ¥ =

quality levels. All min and max specifications

o

1V}); zero-input port nulled. At 10kHz, feedthrough is pred
At frequencies above 10MHz, it is largely determined by inevitable stray capacitances.

*Negative supply current is approximately equal to the sum of the positive supply current and the signal currents into each output, W1 and W2.

See Section 16 for package outline information.

Specifications shown in boldface are tested on all production units at final electrical test. Results from these tests are used to calculate outgoing

1

Specifications subject 1o change without notice.
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Applying the AD834

ABSOLUTE MAXIMUM RATINGS KV

Supply Voltage (+Vsto —Vg) . . ... ..o v + 16V +5"’ O1hF

Internal Power Dissipation . . .. ... ....... 500mW 61 r—

Input Voltages (X1, X2, YL, Y2) . ... ......... +Vs u..r ¥ 1 N

Operating Temperature Range 6 LAl +

ADSM] i sz e w8 wwE BE YR S 0°C 1o +70°C oy ud
ADB34S . . .. ... . =55°C 10 +125°C e
Storage Temperature Range . . . . . . . . . -65°C to +150°C : =i
Lead Temperature, Soldering 60sec . . . . . . . . .. +300°C ADsas L] v
Ve +15Y di:k 7

NOTE >_IT' . 5003

Stresses above those listed under “Absolute Maximum Ratings™ may cause o

permanent damage to the device. This is a stress rating only and functional opera- 6‘

tion of the device at these or any other conditions above those indicated in the ° ‘P' L AD oP.07a

operational section of this specification is not lied. E to ak Mo Az A

maximum rating conditions for extended periods may affect device reliability. 0 10F #
RTAZ suou;o BE PRECISION TYPE R2
RESISTORS (=0 1%) - 15V 300
ABSOLUTE V&LUE ERROARS OF R1,AZ WILL v
FISTATCHES WILL BE EXPRESSED

CONNECTION DIAGRAM ns LINEARITY ERRORS
; uF A _=""'.‘1§;:*§ E* R
8-Pin Cerdip (Q) Package @ m
) '\.* 4 %_
Small Outline (R) Package i 'ﬁﬂm‘e 1. Low Frequency Multiplier Test Circuit

v [T
Y2 E
i lE
we [1]

T4, %, -thl'ec differential signal interfaces: the voltage mputsX X1-X2
! Y1-Y2, and the current output, W="W1—W2, which
‘.-:-_*ﬁo direction shown when X and Y are positive. The

e mtpuis W1 and W2 each have a standing current of typically
LT 85mA £15%.

i Yoo . The input voltages are first converted to differential currents
2 which drive the translinear core. The equivalent resistance of

the voltage-to-current (V-I) converters is about 285(). This low
value results in low input-related noise and drift. However, the
low full-scale input voltage results in relatively high nonlinearity
in the V-I converters. This is significantly reduced by the use of
distortion cancellation circuits which operate by Kelvin-sensing
the voltages generated in the core-a unique feature of the
ADS834.

The current-mode output of the core is amplified by a special
cascode stage which provides a current gain of nominally 1.6,
trimmed during manufacture to set up the full-scale output
current of +=4mA. This output appears at a pair of open collectors
which must be supplied with a voltage slightly above the positive
supply on Pin 6. As shown in Figure 3, this can be arranged by
inserting a resistor in series with the supply to this pin and
taking the load resistors to the full supply. With R3 =602, the
voltage drop across it is about 600mV. Using two 50£) load
resistors, the full-scale differential output voltage is = 400mV
(about + 2dBm for a sinusoidal waveform).
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X2 | Ve w1
1 =]
: g BEmA
XDISTORTION
NCELLATION
[ mucnewencone i 18 C)ﬂ,;"
I Y DISTORTION I
CANCELLATION :
B5mA
i
LJ || =1 U
v v -V w2

Figure 2. AD834 Functional Block Diagram

The full bandwidth potential of the AD834 can only be realized
when very careful attention is paid to grounding and decoupling.
The device must be mounted close to a high-quality ground,
plane and all lead lengths must be extremely short, in keeping
with UHF circuit layout practice. In fact, the AD834 shows
useful response to well beyond 1GHz, and the actual upper |
frequency in a typical application will usually be det q‘
the care with which the layout is effected. Note th: Rg
series with the — Vs supply) carries about 30mA;

minimize crosstalk the input pins closest to the output (X1 and
Y2) optionally may be grounded; the effect is merely to reverse
the phase of the X input and thus alter the polarity of the
output.

TRANSFER FUNCTION - The output current W is the linear
product of input voltages X and Y divided by (1V)? and multiplied
by the “scaling current” of 4mA:

W XX
(1vy

Provided that it is understood that the inputs are specified in
volts, a simplified expression can be used:

= (XY) 4mA
Altemativety, the full transfer function can be written:

4mA

IV ZSO.Q

WhMms are driven to their clipping level of about
output current is roughly doubled, to +8mA,
mon levels will then be very high.

ER COUPLING
frequency applications where baseband operation

o

equired at either inputs or output, transformer coupling

not
introduces a voltage drop of about 150mV, 1y is nﬁd&lafge % ﬁé@gﬁ used. Figure 4 shows the use of a center-tapped output

enough to reduce the Q of the resonan( mr,c

n}
supply lead and the decouphng Sl@ﬁtjy lar%:%
can be used, particularly w Iﬁher supﬂy‘v‘o
Alternatively, lossy RF choki “or ferrite beﬁs p&%hcis!s 1:!1:,T

(i
leads may prove effective. * ""f?f" -H"' ﬁta
S sV
R3
b S Rl > A2
1pFCERAMIC S gy 4
XINPUT OPTIONAL %
=1VFS S TERMINATION
RESISTOR
\'7 X2 w1 4V W1
WIOUTPUT
ADB34 200mV F§
vz
b -

1 -V w2
| ormionaL
VINPUT £ reRMINATION 1uF CERAMIC
{ RESISTOR !-%
! R4
v 2

Figure 3. Basic Connections for Wideband Operation

£ -5V
N FImA

Figure 3 shows the use of optional termination resistors at the
inputs. Note that although the resistive component of the input
impedance is quite high (about 25k{2), the input bias current of
typically 45uA can generate quite significant offset voltages if
not compensated. For example, with a source and termination
resistance of 50() (net source of 25(1) the offset would be

250 x 45pA = 1.125mV. This can be almost fully cancelled by
including (in this example) another 25(} resistor in series with
the “unused” input (in Figure 3, either X2 or Y2). In order to
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ansformer, which provides the necessary dc load condition at
the %ﬁg)ms W1 and W2, and is designed to match into the
impedance by appropriate choice of turns ratio.

desin
4‘2}36 specific choice of the transformer design will depend entirely

on the application. Transformers may also be used at the inputs.

' Center-tapped transformers can reduce high-frequency distortion

and lower HF feedthrough by driving the inputs with balanced
signals.

PR
N 29mi
N\
'
XN
=1FS
L3, s
YANPUT < I
=1VFS v
)
v < =BV
N 20ma,

Figured4. Transformer—- Coupled Output

A particularly effective type of transformer is the balun, which
is a short length of transmission line wound on to a toroidial
ferrite core. Figure 5 shows this arrangement used to convert
the ‘bal’anced output to an ‘un’-balanced one (hence the use of
the term). Although the symbol used is identical to that for a
transformer, the mode of operation is quite different. In the



Applying the AD834

first place, the load should now be equal to the characteristic
impedance of the line, although this will usually not be critical
for short line lengths. The collector load resistors Re may also
be chosen to reverse-terminate the line, but again this will only
be necessary when an electrically long line is used. In most
cases, Re will be made as large as the dc conditions allow, to
minimize power loss to the load. The line may be a miniature
coaxial cable or a twisted pair.

¢
oy
28mA
> <
XINPUT & _ OPTIONAL $he ghe
CINPUT 2 TERMINATION
RESISTOR Iﬂ QUTPUT
: 1 FT IJ"I
<7 X2 X1 4Ve W1 BALUN
ADB34 = R
vioov2 o-v, w2 (SEE
TEXT)
> LIJ—4 f
PTI
VINPUT S o TioNAL 1uF CERAMIC
=WFS <  gesisTOR

v

balun is determined only by
hence, it will usually exceed

a conventional transformer, :\%Lh & si
flux in a magnetic core, and is limited
inductance. The lower limit on bandwid
resistance (if the blocking capacitors C are sufficiently large). In

practice, a balun can provide excellent differential-to-single-sided
conversion over much wider bandwidths than a transformer.

WIDEBAND MULTIPLIER CONNECTIONS
Where operation down to dc and a ground-based output are
necessary, the configuration shown in Figure 6 can be used.

a7
A
T s
100 1uF
X-ANPUT - n|:%
=1VFS 3 125 Wi
1 ]J'Lsd :::al
b:
v Xz X1 +Va W 001uF
T
w2
<
e
01pF

1’ 3

Figure 6. Wideband dc-Coupled Multiplier with = 1V Output

¢
- -' effect of resistor lead inductance. Minimum lead lengths and
the .

The element values were chosen in this example to result in a
full-scale output of + 1V, so the overall multiplier transfer function
is

W = (X1-X2) (Y1-Y2)

where it is understood that the inputs and output are in volts.
The polarity of the output can be reversed simply by reversing
either the X or Y input.

The op amp should be chosen to support the desired output
bandwidth. The AD842 and AD5539 may be used in wideband
applications — the former providing about S0MHz of usuable
bandwidth. Many other choices are possible where lower post-.
multiplication bandwidths are acceptable. The level-shifting
network places the input nodes of the op amp to within a few
hundred millivolts of ground using the recommended balanced
supplies. The outpur offset may be nulled, either by use of a
100€2 trimpot included between each of the lower pair of resistors
& negative supply, or by the use of an adjustment

gican Be altered so that the output is + 10V full scale
s the 1250 feedback resistors to 1.25k(1k, raising the
to the op amp to = 15V, and optionally raising
%ismrs to 10002, As always, attention to power
is essential for stable wideband operation.

AND SQUARING OPERATION
834 can be used as a signal squarer by connecting the X
ts in parallel, as shown in Figure 7, which shows the
ged to provide a 50() termination to the source,
a pair of 100€} resistors in a symmetrical layout to reduce

[

direct routes to the ground plane are important. The 504} resistors
included in series with the X1 and Y2 pins reduce offset voltages
generated by the input bias currents.

The same output system as used for the wideband multiplier is
used here, and similar measures may be taken to alter the scaling
factor and deal with outpurt offset. Alternatively, one of the
several transformer-coupled arrangements may be used.
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l +BY
1uF

6 o QUTPUT
i ) :z's =1VFS
b
bl L[]
INPUT n2 X1 +Wy w1 ooIpF
=1VFS J
ADB34 | 4
ek i ¥z -V, W2
L, 512
) 5 125
50 WA~
Tl
<3k
100 0 1uF T ) nt
2a7 W+
1 & 47k

-6V

Figure 7. Wideband Squarer Connection
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POWER MEASUREMENT (MEAN-SQUARE)

The wide bandwidth of the AD834 makes it well suited to measure-
ment of power, either as a multiplier for the determination of
the average V x I product, or as a squarer for use with a single
input. In these applications, the AD834 is followed by some
sort of low-pass filtering to extract the long-term average value.
If the first pole of this filter is formed by the addition of capacitors
placed directly at the output Pins W1 and W2, the effective
multiplication or squaring bandwidth can be limited solely by
the ADB834, since the following active circuitry is required to
process only low-frequency signals.

Figure 8 shows a general configuration which can be adapted to
suit a variety of scaling needs. The load resistors R1 are chosen

to result in minimal low-frequency voltage variation at the output
nodes W1 and W2, consistent with also achieving low drift in
the following subtraction stage formed by the op amp Ul and
resistor pairs R2 and R3. The first pole is formed by R1 and
C1, the second by R3 and C2. Extreme care must be taken in
the layout of the circuit near the input and in the placement of
the capacitors C1; these will dominate the high-frequency
behavior of the circuit, which, under favorable conditions, will
extend to beyond 1GHz. Representative values are R1 = 5100,
R2 = 430k(), R3 = 1M, C1 = IpF ceramic in parallel with
(physically-smaller) 0.01.F capacitors, C2 = 0.01pF. The op
amp may be an AD711; for maximum accuracy at the low end
of the dynamic range, use the offset-nulling pins of the op amps.

OUTPUT
=1VFS

MEAN-SQUARE
cz OUTPUT

4?—'r>

4.7

AAA Ve
wWwW—<
-6V

Figure 8. Connections for Extracting the Mean-Square

Output
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Selection Guide
Log/Antilog Amplifiers

LogConformity  3dB Error Bandwidth
Model Input Range %RTI kHz Page Notes
755 10nA - 1mA 0.5 10 7-11
757 10nA - ImA 0.5 25 7-15
759 20nA-1mA 1.0 200 7-11
AD9521 0.4V p-p =1dB 10MHz-250MHz 7-7 Wideband amplifier

wilogarithmic detected output
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Orientation
Log/Antilog Amplifiers

The devices catalogued in this section include complete, self-
contained modules that provide output voltage proportional to
the logarithm or the antilogarithm (exponential) of an input
quantity. These modules operate on the instantaneous values of
inputs from dc to an upper cutoff frequency well below 1IMHz.

Also included is the AD9521 monolithic wideband ac logarithmic
amplifier with about 12dB of gain, pin compatible with the
Plessey SL521 and SL1521, Wideband log amplifiers are cascaded
to form “strips” with gains of 90dB and more — depending on
input amplitude — over a wide dynamic range, for frequencies
typically in the range of 7MHz to 250MHz.

LOGS AND LOG RATIOS
In the logarithmic mode, the ideal output equation is

I.
E, = ‘-Klﬁglu{—m‘}
Irtf

E, can be positive or negative; it is zero when the ratio is unity,
ie., I;; = I K is the output scale constant; it is equal to the
number of output volts corresponding to a decade* change of
the ratio. In the 755 and 759 log amplifiers, K is pin programmable
to be either 1V, 2V or 2/3V, or externally adjustable to any
value =2/3V; in the model 757 log-ratio amplifier, K may be
either a preset value of 1V or an arbitrary value adjustable by an
external resistance ratio.

I is a unipolar input current within a 6-decade range (InA to
ImA); it may be applied directly, as a current, or derived from
an input voltage via an input resistor (in which case, the ratio
becomes E/(Riulief) = En/Erer. In models 755 and 759, the
magnitude of I is internally fixed at 10pA (Eor = 0.1V) or
externally adjusted; but model 757 is log-ratio amplifier, in
which both I, and I, (or E,, and E,., using external scaling

resistors) are input variables.

Each of the log amplifiers is available as a “P” or “N” option,
depending on the polarity of the input voltage. Logarithms may
be computed only for positive arguments, therefore the reference
current must be of appropriate polarity to make the ratio positive.
“N" indicates that the input current (or voltage) for the log
mode is positive; “P" indicates that only negative voltage or
current may be applied in the log mode. The polarity of K also
differs: K is positive for “N” versions and negative for “P”
versions, Thus, + 10V applied to model 759N, with K = +1V,
would produce an output voltage, E, = —1V log (100) = —=2V;
on the other hand, — 10V applied to model 759P with K = 1V,
would produce an output voltage, E, = —(—1V) log (100)

= +2V. The figure shows, in condensed form, the outputs of
P and N log amps, with differing K values, for both voltage and
current inputs, plotted on a semi-log scale.

Log amplifiers in the log mode are useful for applications requiring
compression of wide-range analog input data, linearization of
transducers having exponential outputs and analog computing,

*A decade is a 10:1 ratio, two decades is 100:1, etc, For example, if
K = 2, and the ratio is 10, the magnitude of the output would be 2V,
and its polarity would depend on wh the ratio were greater or
less than unity. If the input signal then changed by a factor of 1,000
(3 decades), the output would change by 6V.
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ranging from simple translation of natural relationships in log
form (e.g., computing absorbence as the log ratio of input cur-
rents), to the use of logarithms in facilitating analog computation
of terms involving arbitrary exponents and multiterm products
and ratios.

=

& o o

K=-2%_g
MODEL 755p
~INPUT CURRENT -10%4

MODEL 755N
+INPUT CURRENT

Log of Current

F 457
+4
43
+2

MODEL 765N
+INPUT VOLTS

MODEL 755
=INPUT VOLTS =54
—

Log of Voltage

Output vs. Input of Model 765N & 755P in Log Connection
(Log Input Scales), Showing Violtages, and Polarity Relationships

ANTILOGS
In the antilogarithmic (exponential) mode, the ideal output equation
is

Eo = Ep (10) " B0K

E,, can be positive or negative; when it is zero, E, = E,.. However,
E, is always of single polarity, positive for “N”" versions, negative
for “P" versions. Thus, for 759P, connected for K = -2V, if
Ej, = +4V,and Ey = —0.1V, then E, = —0,1V-10" %2, or
—10V.IfEy, = —4V, then E, = —0.1v-10"C%-2 = _1mv,
The figure on the next page shows in condensed form, the
outputs of P and N log amps, connected for antilogarithmic
operation, with different K values.

Antilog amplifiers are useful for applications requiring expansion
of compressed data, linearization of transducers having logarithmic
outputs, analog function fitting or function generation, to obtain
relationships or generate curves having voltage-programmable
rates of growth or decay, and in analog computing, for such
functions as compound multiplication and division of terms
having differing exponents.
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LOG-ANTILOG AMPLIFIER PERFORMANCE
Considerable information regarding log- and antilog-amplifier
circuit design, performance, selection and applications is to be
found in the Nonlinear Circuits Handbook'. Several salient points
will be covered here, and specifications will be defined.

A log/antilog amplifier consists of an operational amplifier and
an element with antilogarithmic transconductance (i.e., the
voltage into the element produces a current that is an exponential
function of the voltage). As the figure shows, for logarithmic
operations, the input current is applied at the op-amp summing
point, and the feedback circuit causes the amplifier output to
produce whatever voltage is required to provide a feedback
current that will exactly balance the input current.

In antilog operation, the input voltage is applied directly to the
input of the antilog element, producing an exponential input
current to the op-amp circuit. The feedback resistance transduces
it to an output voltage.

The wide range of log/exponential behavior is made possible by
the exponential current-voltage relationship of transistor base-
emitter junctions,

I = I(VKT _ 1y = [ VAT
and V = (kT/q) In (I/I,)

where [ is the collector current, I, is the extrapolated current
for V = 0, V is the base-emitter voltage, g/k (11,605 K/V) is
the ratio of charge of an electron to Boltizmann’s constant and T
is junction temperature in kelvins. In log/antilog devices, two
matched transistors are connected so as to subtract the junction
voltages associated with the input and reference currents, making
the ratio independent of I,’s variation with temperature.

AV = (KT/q) In (Ii/To) — (KT/Q) In (Il
= (kT/g)In I, — In L) + (kKT/q)In I, — In L)
= (kT/q) In (Tin/Teer)

N anli

Circuits Handbook, Analog Devices, Inc., 1974, 1976,
536pp, edited by D. H. Sheingold, $5.95; send check or complete
MasterCard data to P.O. Box 796, Norwood, MA 02062
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a) Log/Antilog Amplifier Connected in the Log Mode (K = 1)
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b) Leg/Antilog Amplifier Connected in the Exponential Mode

The temperature dependence of gain is compensated for by a
resistive attenuator that uses a temperature-sensitive resistor for
compensation. The attenuator also produces amplification of K
to the specified nominal values, e.g., from the basic 59mV/decade,
(kT/q) In10 at room temperature, to 1V/decade.

Errors are introduced by the offset current of the amplifier (and
the offset voltage) for voltage inputs; by inaccuracy of the reference
current (or the effective reference voltage, for voltage inputs) in
fixed-reference devices; and by inaccuracy of setting K. Additional
errors are introduced by drift of these parameters with temperature.
At any temperature, if these parameters are nulled out, there
remains a final irreducible difference between the actual output
and the theoretical output, called log-conformity error, which is
manifested as a “nonlinearity” of the input-output plot on semilog
coordinates. Best log conformity is realized away from the ex-
tremities of the rated signal range. For example, log-conformity
error of model 755 is + 1% maximum, referred to the input,
over the entire 6-decade range from InA to 1mA; but it is only
+(.5% maximum over the 4-decade range from 10nA to 100pA.
A plot of log conformity error for model 759 is shown on the
following page.

Errors occurring at the input, and log-conformity errors, can
only be observed at the output, but it is useful to refer them to
the input (RTT). Equal percentage errors at the input, at whatever
input level, produce equal incremental errors at the output, for
a given value of K, For example, if K = 1, and the RTI log-
conformity error is + 1%, the magnitude of the output error
will be

Error = Actual output — ideal output
1V-og (1.01 o) — 1V-log (1))
1V-og 1.01 = 0.0043V =4.3mV

I
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Log Conformity Error for Models 759N and 759P

If, in this example, the input range happens to be 5 decades,
the corresponding output range will be 5 volts, and the 4.3mV
log-conformity error, as a percentage of total output range, will
be less than 0.1%. Because this ambiguity can prove confusing
to the user, it is important that a manufacturer specify whether
the error is referred to the input or the output. The table below
indicates the conversion between RTI percentage and output
error-magnitudes, for various percent errors, and various values
of K.

L.OG OUTPUT ERROR (mV)

%ERRORRTI K=1V K=2V K=(@23)V

0.1 0.43 0.86 0.28
0.5 2.2 4.3 1.4

1.0 4.3 8.6 2.9

2.0 8.6 17 5.7

3.0 13 26 8.6

4.0 17 34 11

5.0 21 42 14
10.0 41 83 28

For antilog operations, input and output errors are
interchanged.

To arrive at the total error, an error budget should be made up,
taking into account each of the error sources, and its contribution
to the total error, over the temperature range of interest.

Dynamic response of log amps is a function of the input level.
Small-signal bandwidths of ac input signals biased at currents
above 1pA tend to be roughly comparable. However, below
1pA, bandwidth tends to be in rough proportion to current
level. Similarly, rise time depends on step magnitude and direc-
tion — step changes in the direction of increasing current are
responded to more quickly than step decreases of current.
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DEFINITIONS OF SPECIFICATIONS

Log-Conformity Error: When the parameters have been adjusted
to compensate for offset, scale-factor and reference errors, the
log-conformity error is the deviation of the resulting function from
a straight line on a semilog plot over the range of interest.

Offset Current (1,,,) is the bias current of the amplifier, plus any
stray leakage currents. This parameter can be a significant source
of error when processing signals in the nanoampere region, Its
contribution in antilog operation is negligible.

Offset Voltage (Es) depends on the operational amplifier used
for the log operation. Its effect is that of a small voltage in

series with the input resistor. For current-logging operations,
with high-impedance sources, its error contribution is negligible.
However, for voltage logging, it modifies the value of V;,. Though
it can be adjusted to zero at room temperature, its drift over the
temperature range should be considered. In antilog operation,
E, appears at the output as an essentially constant voltage; its
percentage effect on error is greatest for small outputs.

Reference Current (1) is the effective internally-generated current-
source output to which all values of input current are compared.
Ier tolerance appears as a dc offset at the output; it can be adjusted
towards zero by adjusting the reference current, adding a voltage
to the output by injecting a current into the scale-factor attenuator
or simply by adding a constant bias at the output’s destination.

Reference Voltage (E.) is the effective internally generated voltage
to which all input voltages are compared. It is related to I, by
the equation: E..s = IRy, where Ry, is the value of input
resistance. Typically, I, is less stable than R;,; therefore,
practically all the tolerance is due to I

Scale Factor (K) is the voltage change at the output for a decade
(i.e., 10:1) change at the input, when connected in the log mode.
Error in scale factor is equivalent to a change in gain, or slope
(on a semilog plot), and is specified in percent of the nominal
value.

WIDEBAND (AC) LOGARITHMIC AMPLIFIERS
Amplifiers in the class of the AD9521 are essentially limiting
amplifiers, providing high gain for small signals and low gain for
large signals. They accept high-frequency ac signals (7TMHz 10
250MHz) and provide two amplified outputs: a radio-frequency
output (voltage) and a nonlinearly detected output (current).
The amplification characteristic (current output vs. rf input) on
a semilog scale is S-shaped, starting with zero slope, increasing
to a linear slope, then soft-saturating (with a slight overshoot).

They are used in strips, or cascades, of n (for example, 6 to 9)
stages, with the rf output of one unit becoming the input of the
next, thus multiplying their gains. The nonlinearly detected (or
video) outputs are connected together for current summation.

The resulting output-vs.-input characteristic (semilog scale) is
S-shaped, with a lengthy log-linear region whose extent depends
on the number of stages (about 12dB per device). Once an
amplifier saturates, its contribution to the summation is fixed;
thus, the maximum output for large signals is n times the output
of one device. The maximum dynamic range has been realized
when the number of stages, n, is such that the input-stage noise
alone produces full output from the last stage.



ANALOG
DEVICES

250MHz Wideband
Logarithmic Amplifier

AD3521

FEATURES

250MHz Bandwidth

Monolithic Construction

Low Noise Figure 4.7dB

Excellent Detected Output Matching
Direct Replacement for SL521/5L1521

PIN DESIGNATIONS
OUTPUT GROUND

AD9521

TOP VIEW o INPUT

APPLICATIONS {Not to Scale)
Missile Guidance
Electronic Warfare (ECM, ECCM, ESM)
Miniaturized LOG Strips ot 52 T GROUND
Nuclear Instrumentation SeTETEn BTeUT
=8
4 & oEka
2 2 g oo Z
3 2 1 2019
GENERAL DESCRIPTION =
The AD9521 is a wideband amplifier stage with a logarithmic NC 4 ¥ 8 NE
detected output. The high-performance bipolar process used to
construct the AD9521 allows operation from 10MHz to 250MHz tYeit ADS521 3 BAB
with minimal gain variation. The AD9521 is pin compatible NG'# TOP VIEW 16 NC
with the SL521 and the SL1521. AF QUTPUT 7 (Not to Scale) 15 INPUT
The AD9521 is constructed in a well controlled monolithic NC 8 14 NC
process which provides very good gain tolerance (= 1.5dB)over
the full performance range. An added benefit of the high gain 9 10 11 12 13
tolerance is a high degree of detected output current matching g '@5 2o g
from device to device. The matching combined with the low ﬁ% Eé
4dB noise figure allows the construction of 80dB to 90dB dynamic wo ]
range LOG strips with better than = 1dB linearity,
The AD9521 is offered in two gain tolerance grades as both a
commercial temperature range device, 0 to +70°C, and as an
extended temperature range device, —55°C to +125°C. All
grades are available packaged in 8-pin TO-99 metal cans with
the military grades also available packaged in ceramic LCC.
ORDERING INFORMATION
Detected Output Package
Device Matching Temperature Range | Description Options*
AD9521JH 0.2mA Ot +70°C 8-Pin Can, Industrial H-08A
AD9521KH 0.1mA 0w +70°C 8-Pin Can, Industrial H-08A
AD9521SE 0.2mA —55°Cto +125°C 20-Pin LCC, Extended Temperature E-20A
AD9521SH 0.2mA —55°Co +125°C 8-Pin Can, Extended Temperature H-08A
AD9521TE 0.1lmA -55°Cro + 125°C 20-Pin LCC, Extended Temperature E-20A
AD9521TH 0.1mA —55°Cto + 125°C 8-PinCan, E ded Temperature H-08A

3See Section 16 for package outline information,
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SPECIFICATIONS

ABSOLUTE MAXIMUM RATINGS'
Supply Voltage (+Vs) . . ... v v v v v v . +9V Operating Temperature Range?

Differential Voltage Between Grounds . . . . . .. ... 0.5V AD9521JH/KH . . .. ... v dn v e 0o +70°C
Maximum Input Before Overload . . . .. ... .. 1.9V rms AD9521SE/SH/TE/TH ... ....... —55Cto +125°C
Instantanious Voltage at the Detected Storage Temperature Range . . . . . ... . —55°C to +150°C

VideooOutput <o o wa e i e s s T2V Junction Temperature . . . . . ............ +175°C
RFOutput Current . . . . . .« v v v v v v v v o v v s 10mA Lead Soldering Temperature (10sec) . . ....... +300°C
Power Dissipation . . . . . ... ... v cv . ... S00mW

ELECTRICAL CHARACTERISTICS (supply Vottages = -+ 6v; INPUT connected to BIAS pin; R = 50€2; €, < 8pF, unless otherwise stated)

Industrial Temp. Range Military Temp. Range
MiP Oto +70°C —55°Cto +125°C
Sub AD9521]H AD9521KH AD9521SESH | AD9S2ITETH
Parameter Group| Temp | Min Typ Max| Min Typ Max] Min Typ Max Min Typ Max| Units
ACPERFORMANCE
Voltage Gain (fpy = 30MHz) 7 +25°C | 11.5 12.2 12.5| 115 122 12.5] 1.5 122 125] 11.5 122 125]| dB
& Full 11.0 13.0) 11.0 13.0) 11.0 13.0) 11.0 13.0| dB
Voltage Gain (fry = 60MHz) 7 +25°C | 12.0 12.8 13.0| 12.0 128 13.0f 120 128 13.0] 120 128 13.0| dB
8 Full 1.7 13.7] 1L7 13.7] 1.7 13.7] 11.7 13.7| dB
Voltage Gain (fiy = 120MHz) 7 +25°C | 12.2 13.0 13.8| 122 13.0 13.8] 122 13.0 138] 122 13.0 138 dB
8 Full 11.5 14.5] 1L5 14.5] 11.5 14.5] 11.5 14.5| dB
Voltage Gain (fpy = 160MHz) 7 +25°C | 12.7 134 42| 127 134 142|127 134 142|127 134 42| dB
8 Full 11.5 14.5| 11.5 14.5] 115 14.5] 11.5 14.5] dB
Input Capacitance +25°C 6 6 6 6 pF
Noise Figure* 12 +25°C 47 49 47 49 4.7 49 47 49 dB
Gain Variation vs. Temperature® Full 0.67 0.67 0.67 0.67 dB
Gain Variation vs. Supply® 7,8 0.74 1.15 0.74 L.15 0.74 LIS 0.74 1.15| dB/WV
Frequency Response
Upper Cutoff Frequency 7 +25°C | 230 245 230 245 230 245 230 245 MHz
8 Full 200 200 200 200 MHz
Lower Cutoff Frequency 7.8 Full 7 10 7 10 T 10 7 10 MHz
DETECTEDVIDEOOQUTPUT
Output Current @ 60MHz (Max)” 7 +25° 0.9 1.02 1100095 102 1.05({09 102 1.10{ 095 102 1.05| mA
8 Full 0.80 1.20 | 0.85 1.15 | 0.80 1.20 | 0.85 115 | mA
(80% Input Level)® 7 +25°C | 0.70 0.82 090) 075 082 085|070 0.82 090)] 075 0.82 085 | mA
(No Input)® 7 +25°C 0.02 0.04 0.02 0.04 0.02 0.4 0.02 0.04 | mA
Output Current @ 120MHz (Max)’ 7 +25°C | 0.68 079 090]0.73 079 0.85)0.68 079 090] 073 079 085 | mA
8 Full 0.57 0.91 ) 0.68 0.90 | 0.57 0.91 | 0.68 0.90 | mA
(80% Input Level)® 7 +25°C | 066 0.76 0.86]| 0.71 0.76 0.81 |0.66 076 086|071 076 081 | mA
(NoInput)® 7 +25°C 0.02 0.04 0.02 0.04 0.02 0.04 0.02 0.04 | mA
Detected Output Variation vs. Supp1y° 7 +25°C 28 30 28 30 28 30 28 30 %V
Dy i Output vs. T Full 9 9 9 9 %
RFOUTPUT®
Maximum RF Output Voltage +25°C 1.6 1.6 1.6 1.6 Vp-p
RF Output Propagation Delay +25°C 1.4 1.4 1.4 1.4 ns
POWER SUPPLY"
Supply Current ( +6.0V) 1 +25°C 140 16.0 14.0 16.0 14.0 16.0 140 16.0 | mA
2,3 Full 16.5 16.5 16.5 16.5 | mA
Nominal Power Dissipation +25°C 84 84 84 84 mW
NOTES
'Absolute maximum ratings are limiting values, 1o be applied individually, ‘Rs = 45001; 60MHz.
and beyond which serviceability of the circuit may be impaired. Functional SAp = 60MHz.
upc:atlan under any of thﬁc conditions is not necessarily implied. SMeasured at +5% of +Vs; Apy =60MHz.
to absol rating conditions for led periods "Input = 0.5V rms.
mly affect device reliability. *Input = 0.09V rms.
*Typical thermal impedance . . . *Input = 0.0V rms.
Ag:i: LM.CO:'.:GI Can. :;a lsswee,,c sm "Supply voltage should remain stable within + 5% for normal operation.
Al B0°CW, = N . . - .
*Military subgroups apply to Il;lll’,ir}‘ qu.lllﬁ::l devices only, Specifications subject to change without notice.
EXPLANATION OF GROUP A MILITARY SUBGROUPS
Subgroup 1 - Stane tests at 4 25°C. Subgroup 5 - Dynamuc tests at max rated temp bgroup 9 - -hing tests at + 25°C
Subgroup 2 - Stauc tests at max rated operatng temp Subgmnp 6 - Dy'ulnuc tms at min rated temp Subgroup 10 - § hing tests at max rated operaung temp.
Subgroup 3 - Statc tests 3t mun rated op ng temp. p 7-F 1 tests at +25°C, Subgroup 11 - Swatching tests a1 mun rated operabng temp.
Subgroup 4 - Dynamuc tests at +25°C, Snbsmup 8 — Functional tests at max and mun rated Subgroup 12 = Periodically sample tested.
operating temp
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FUNCTIONAL DESCRIPTION

PIN NAME DESCRIPTION

CASE — Case connection for the TO-99 metal can package only.

+Vs ~ Positive supply terminal, nominally +6.0V.

RFOUTPUT — The RF OUTPUT is used to drive subsequent LOG detection stages. The RF QUTPUT
level is roughly +12dB above the IF signal strength at the input.

DETECTED OUTPUT — The DETECTED OUTPUT provides a dc current logarithmicly proportional to the IF
signal level at the input.

INPUT GROUND — Isolated input ground connection. The input and output grounds should be connected together
near the AD9521.

INPUT — IF signal input.

BIAS — The BIAS connection is tied to the INPUT pin to provide an adequate biasing level between
ac coupled stages. The bias connection should be omitted between direct de coupled stages.

OUTPUT GROUND — Isolated output ground connection. The input and output grounds should be connected

together near the AD9521.

SCHEMATIC

INPUT
GROUND O

WA—O +Vg
Lo DETECTED
OUTPUT
J<
s TN
2 o= 3 | —
AN O RF OUTPUT
>
3
= < F4
< l.
T 1’ 1 oUTPUT
o

DIE LAYOUT AND MECHANICAL INFORMATION

DieDimensions . . . . v v« s s v v s 4 86 x97 x 15 (= 2) mils
Vs Pad Dimensions . . . . . .« v v v v v v v v v 4 x4 mils
"l MetaBzation < -5 oo s soee o 805 W B e Aluminum
Bicking siv wii s s Snvs e ATE WA el None
RFOUTPUT — Substrate Potential . . . . . . . . . 0 0 v u e e e e —-Vs
Possivabion . - . .oov s somw ss 5 wosn v s Oxynitride
DieAttach: < o0 was s s Ei i Gold Eutectic
Bond Wire . .. .. 1.25 mil Aluminum; Ultrasonic Bonding
e or Imil Gold; Gold Ball Bonding
gELI!IFi'cUrIED _ --"'""_F.‘GROUND
BIAS

INPUT
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TYPICAL LOG STRIP CONFIGURATION

APPLICATIONS INFORMATION

The AD9521 is primarily designed for use in successive detection
LOG strips. The application circuit above, illustrates the typical
configuration for one such design with roughly 90dB of dynamic
range. In operation the IF input signal level is successively
amplified by each stage in the upper chain. The IF signal at
each stage generates a detected output current. The detected
output current from each stage is summed in the common base
follower stage at the end of the strip.

The key to the circuit is the limiting quality of the AD9521
logarithmic detected output. As the IF signal at each stage
drives the detected output into saturation, the output current
ceases to increase. In operation, the combined gain of all of the
previous stages drives the last stage into saturation first, Any
further increase in signal level will not increase the detected
output level of the last stage, but all of the previous stages will
enter saturation one-by-one as the signal level increases.

The limiting factor to the number of stages that can be combined
is the input noise level. When the gain of the entire strip is
sufficient to drive the last stage into saturation on the input
noise of the first stage alone, further extensions of the strip will
not increase the dynamic input range.

There are, however, two methods of increasing the dynamic
range of the LOG strip which include bandwidth reduction and
parallel strip configurations. The dynamic range can be extended
by 20dB or more by incorporating a parallel log strip with an
attenuated input, The main strip functions as before, but the
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DETECTED VIDED OUTPUT

+EOV

second strip, because of the attenuation, only contributes to the
output for signals in excess of the main strip saturation level.
The ultimate limitation is the maximum input signal level which
the main strip will tolerate. Any further signal level increases
could damage the input stage of the AD9521. This should not
be a major problem since with this technique the dynamic range
of the total strip can be as high as 100dB,

The dynamic range can also be increased by reducing the
bandwidth of the strip itself. The noise voltage is directly prop-
ortional to the square root of the circuit bandwidth. This means
that large operating bandwidths produce large amounts of noise
which translates into limited dynamic range. The AD9521 is a
particularly low-noise device, but even it can benefit from
bandwidth reduction which has been incorporated into the circuit
above. The two interstage filters limit the noise to a smaller
region of frequencies and thereby allow the strip to be extended
further,

Because of the high-frequency nature of the AD9521, several
guidelines should be followed to insure optimum performance.
The first is the use of an adequate low impedance ground plane.
Just as important is the use of power supply decoupling capacitors
to prevent signal feedthrough on the supply lines. Chip capacitors
are highly recommended because of their reduced lead inductance.
Sockets are not likely to produce the best results because of the
interlead capacitance, but if they must be used, pin sockets are
preferred. "



ANALOG
DEVICES

6-Decade, High Accuracy,
Wideband Log, Antilog Amplifiers

Models 755N/755P/759N/759P

FEATURES
High Accuracy: Models 755N, 755P
Wideband: Models 759N, 759P
Complete Log/Antilog Amplifiers: External Components Not
Required

Temperature-Compensated Internal Reference
6 Decades Current Operation: 1nA to TmA
1% max Error: 1nA to TmA (755)

20nA to 200uA (759)
4 Decades Voltage Operation: 1TmV to 10V
1% max Error: TmV to 10V (755)

1mV to 2V (759)
Small Size: 1.1" X 1.1" X 0.4"

GENERAL DESCRIPTION

The models 755N, 755P and 759N, 759P are low cost dc
logarithmic amplifiers offering conformance to ideal log opera-
tion over 6 decades of current (1nA to 1mA) and 4 decades
of voltage (1mV to 10V). For high accuracy requirements,
models 755N, 755P offer maximum nonconformity of 0.5%,
from 10nA to 1mA, and 1mV to 1V. For wideband applica-
tions, the models 759N, 759P provide fast response (300kHz
@ Igi = 10pA to 1mA) and feature maximum nonconformity
of 1% from 20nA to 200pA, and 1mV to 2V. The models
755N and 759N compute the log of positive (+) input signals,
while the models 755P, 759P compute the log of negative (=)
signals,

Designed for ease of use, the models 755N/P and 759N/P are
complete, temperature compensated log/antilog amplifiers
packaged in a compact epoxy-encapsulated module. External
components are not required for logging currents over the
complete 6 decade range of 1uA to 1mA. Both the scale factor
(K=2, 1, or 2/3 volt/decade) and log/antilog operation are
selected by simple pin connection. In addition, both the in-
ternal 10pA reference current as well as the offser voltage may
be externally adjusted to improve overall accuracy.

The models 755 and 759 are ideally suited as an alternative
to in-house designs of OEM applications. Advanced design
techniques and superior performance place the 755 and 759
ahead of competitive designs in terms of price, performance
and package design.

APPLICATIONS

When connected in the current or voltage logging configura-
tion, as shown in Figure 1, the models 755 and 759 may be
used in several key applications, A plot of input current
versus output voltage is also presented to illustrate the log
amplifier’s transfer characteristics.

MODELS 755/759 FUNCTIONAL BLOCK DIAGRAM

755,759

ANTILOG
ELEMENT

+15V  COM -15V TRIM

*POSITIVE INPUT SIGNALS, AS SHOWN; USE MODEL 753N, 755N.
NEGATIVE INPUT SIGNALS, USE MODEL 759N, 755P.

x

10-4 10-3

-2

OUTPUT VOLTS

MODEL 755N,759N
[ [T ]

—_—
+ INPUT CURRENT (AMPS), LOG SCALE

ol

Figure 1. Transfer Function
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SPECIFI cATIONs (typical @ +25°C and +15V dc unless otherwise noted)

MODEL T53N/P TSON/P
TRANSFER FUNCTIONS o -
Current Mode tg = ~Kiogyg ;
REF
.
Voltage Mode = -Klogyg S
0 10 Eggy
Antilog Mode o = Eggp ICL(E’-‘E *
TRANSFER FUNCTION PARAMETERS
Scale Factor (K) Selections’ * 2,1, 243 Volt/Decade y
Error @ +25°C 1% max "
vs Temperature (0 to +70°C) 40 04%/°C max *
Reference Voltige (Egpp)’ 01V ¥
Error @ +25°C £3% max 24% max
vs Temperare (0 to +70°C) 20 1%/°C max £0,05%/°C
Reference Current (lygp ) 10uA *
Error @ +25°C £3% max .
vs Temperatre (0 to +70°C) 0 1%°C max 20.05%/"C
MAXIMUM LOG CONFORMITY ERROR
Igg RANGE Egg RANGE RTL RTO (K=1) RTI RTO (K=1)
1nA to 10nA - 1% 24 ImV £5% £21mV
10nA to 20nA - $0.5%  +2.17mV 22% £8.64mV
20nA to 100pA ImVto 1V *0.5% 22 17mV 1% #.3imV
100pA to 200uA ViV % 4 ImV 1% 4 3mV
200uA to ImA 2V 1o 1OV 1% 4 3mV 2% 8.64mV

INPUT SPECIFICATIONS
Current Signal Range
Model 755N, 759N
Model 755P, 755F
Max Safe Input Current
Bias Current @ +25°C
vs Temperature (0 to +70°C)
Voltage Signal Range (Log Mode)
Model 755N, 759N
Model 755F, 759P

=1nA to +ImA min
-1nA to -1mA min
+10mA max

(0, +) 10pA max
x2/+10°C

«ImV to +10V min
=ImV to -10V min

.
.
.

(0, +) 200pA max

.
.

OUTLINE DIMENSIONS
Dimensions shown in inches and (mm).

w
755,759 041 MAX
o)
0270025
(BTO64) 004 DIA (1.02)
) il
T 1
g 50—
M ++
1 Enc 40—
il
| =
1 eoyur 30-H L
s H M ————t
100k ;_ 2V/DEC 20—
-
TRIM® WD L |
1

-

BOTTOM VIEW | | 0.1 GRID
2s5)

*Optional 100k£ external trim pot. Input offset voltage may be

adjusted to zero with trim pot connected as shown. With trim
terminal 9 left open, input offset voltage will be :0.4mV (755)
or £2mV (768} maximum.

MATING SOCKET AC1016

Valtage Signal Range, Anulog Mode Egig .
¥ Vodel 7558, 7358 | st
Offset Voltage ® +25°C (Adjustable 1o 0) 4004V max £2mV max
vs Temperature (0 to +70°C) :tlSy\".-'aC max tm,uw"c
vs Supply Voltage 156V % -
FREQUENCY RESPONSE, Sincwave
Small Signal Bandwsdth, -3dB
Igg = InA BOHz 250Hz
Igg = 1A 10kHz 100kHz
Igye = 10uA 40k Hz 200kHz
Igig = ImA 100kHz 200kHz
RISE TIME
Increasing Input Current
10nA to 100nA 100us 20us
100nA to 1A Tus s
1pA to ImA s 2 5us
Decreasing Input Current
ImA to 1A Tus 3us
LA to 100nA 30us 10ps
100nA to 10nA 400us B0us
INPUT NOISE
Voltage, 10Hz to 10kHz 2uV rms 10uV rms
Current, 10Hz to 10kHz 2pA rms 10pA rms
OUTPUT SPECIFICATIONS®
Rated Ourput
Voltage 10V mun d
Current
Log Mode +5mA .
Antilog Mode T4mA 3
Resistance 050 *
POWER SUPPLY*
Rated Performance +15Vde .
Operating (12 1o 18)Vde *
Carrent, Quiescent 1TmA t4mA
TEMPERATURE RANGE
Rated Performance 00 +70°C *

Operating
Storage

-25°C 1o +85°C
-55°C 10 +125°C

CASE SIZE® (Wx Lx H)

15" x1.5" x 04"
(38 x 38 x 104}

1.125" x 1.125" x 04"
0

NOTES

! Use texminal 1 for K = 1V/decade, termnal 2 for K = 2V/decade, terminals 1 or 2

(shorted together) for K = 2/3Videcade

Tipecification ia + for models 755N, 759N, - for 755F, T59F,
ground

* No demage duc to any pin being shorted to

* Recommended power supply, model 904, £15V & 250mA outpat.

*Cuse suze i inches (men)
Specifications subject 1 change without notce.
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-103A

K= -2

MODEL 755P, 7597
~INPUT CURRENT
e e

a4
L MODEL 755N, 758N
-0 +INPUT CURRENT
————
LOG OF CURRENT

Plot of Output Voltage vs Input Current
for Model 755 Connected in the Log Mode

-1t 1071

MODEL 7669, 7599
~INPUT VOLTS
-

.
L
S, OUTPUT VOLTS

MODEL 755N, 769N
+INPUT VOLTS
——— -

LOG OF VOLTAGE

Plot of Output Voltage vs Input Voltage
for Models 755, 759 Connected in the Log Mode

Figure 2. Transfer Curves




Understanding the Log Amplifier Performance

PRINCIPLE OF OPERATION

Log operation is obtained by placing the antilog element in the
feedback loop of the op amp as shown in Figure 1. At the
summing junction, terminal 5, the input signal current to be
processed is summed with the output current of the antilog
clement, To attain a balance of these two currents, the op amp
provides the required output voltage to the antilog feedback
element. Under these conditions the ideal transfer equation
(K=1)is:

eout = 1V logyg L1 /Iper

The log is a mathematical operator which is defined only for
numbers, which are dimensionless quantities. Since an input
current would have the dimensions of amperes it must be
referenced to another current, Iggp, the ratio being dimension-
less. For this purpose a temperature compensated reference of
10uA is generated internally.

The scale factor, K, is 2 multiplying constant. For a change in
input current of one decade (decade = ratio of 10:1), the out-
put changes by K volts. K may be selected as 1V or 2V by con-
necting the output to pin 1 or 2, respectively. If the outputis
connected to both pins 1 and 2, K will be 2/3V.

REFERRING ERRORS TO INPUT

A unique property of log amplifiers is that a dc error of any
given amount at the output corresponds to a constant percent
of the input, regardless of input level. To illustrate this, con-
sider the output effects due to changing the input by 1%.

The output would be:
cout = 1V logyg (g /g )(1.01) which is equivalent to:
eouT = th lOglﬂ (ISIG ”REF)‘ t1v 10510 (1.01)

Initial Value

The change in output, due to a 1% input change is a constant
value of £4.3mV. Conversely, a dc error at the output of
%4.3mV is equivalent to a change at the input of 1%. An abbre-
viated table is presented below for converting between errors
feferred to output (R.T.0.), and errors referred to input (R.T.L).

Change

ERROR R.T.O.
ERRORR.TI | K=1 K=2 K=2/3
0.1% 0.43mV  0.86mV  0.28mV
0.5 217 4.34 1.45
1.0 4.32 8.64 2.88
3.0 12.84 25.68 8.56
4.0 17.03 34.06 11.35
5.0 21.19 42.38 14.13
10.0 41.39 82,78 27.59

Table I. Converting Output Error in mV to Input Error
in%

SOURCES OF ERROR

Log Conformity Error — Log conformity in logarithmic de-
vices is a specification similar to linearity in linear devices. Log
conformity error is the difference between the value of the
transfer equation and the actual value which occurs at the out-
put of the log module, after scale factor, reference and offset
errors are eliminated to taken into account. The best linearity
performance for the models 755, 759 are obtained in the 5
decades from 10nA to ImA. To obtain optimum performance,
the input data should be scaled to this range.

Offset Voltage — The offset voltage, Eqg, of models 755, 759
is the offset voltage of the internal FET amplifier. This voltage
appears as a small dc offset voltage in series with the input
terminals. For current logging applications, its error contribu-
tion is negligible. However, for log voltage applications, best
performance is obtained by an offset trim adjustment.

Bias Current — The bias current of models 755, 759 is the bias
current of the internal FET amplifier. This parameter can be a
significant source of error when processing signals in the nano-
amp region. For this reason, the bias current for model 755 is
10pA, maximum, and 200pA maximum for model 759.

Reference Current — Ig g is the internally generated current
source to which all input currents are compared. lpgg toler-
ance errors appear as a dc offset at the output. The specified
value of lggy is 3% referred to the input, and, from Table I,
corresponds to a de offset of £12.84mV for K = 1. This offset
is independent of input signal and may be removed by in-
jecting a current into terminal 1 or 2.

Reference Voltage — Egpp is the effective internally generated
voltage to which all input voltages are compared. It is related
1o Iggy through the equation:

Eggr = Iger X Ry, where Ry is an internal 10k2, precision
resistor, ‘»’irt_ua.llgpr all tolerance in Eggy is due to Iggp. Conse-
quently, variations in Igpp cause a shift in Eggp.

Scale Factor — Scale factor is the voltage change at the output
for a decade (i.e., 10:1) change at the input, when connected
in the log mode. Error in scale factor is equivalent to a change
in gain, or slope, and is specified in per cent of the nominal
value. An external adjustment may be performed if fine trim-
ming is desired for improved accuracy.

LOG/ANTILOG AMPLIFIERS 7-13
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OPTIONAL EXTERNAL ADJUSTMENTS FOR LOG
OPERATION

Trimming Eqg — The amplifier’s offset voltage, Eqg, may be
trimmed for improved accuracy with the models 755, 759
connected in its log circuit. To accomplish this, 2 100k§2, 10
turn pot is connected as shown in Figure 3. The input terminal,
Pin 4, is connected to ground. Under these conditions the out-
put voltage is:

cour = “Klogyo Eos/Erpr

To obtain an offset voltage of 100uV or less, for K=1, the
trim pot should be adjusted until the output voltage is be-
tween +3 and +4 volts for models 755N, 759N, and -3V to
-4V for models 755P, 759P.

For other values of K, the trim pot should be adjusted for an
output of ¢qy = 3 x K to 4 x K where K is the scale factor.

755,759

ANTILOG
3 ELEMENT

= 10K

3
+ FET OF

15V -1V T TRIM

Figure 3. Trimming Epg in Log Mode

Reference Current or Reference Voltage — The reference cur-
rent or voltage of models 755, 759 may be shifted by injecting
a constant current into the unused scale factor terminal (Pin 1
or Pin 2). The current injected will shift the reference one
decade, in accordance with the expression: Iy = 66uA log
10uA/Iggr (755), I) = 330uA log 100A/IggE (759), where

Iy = current to be injected and Iggp = the desired reference
current.

By changing Ippp, there is a corresponding change in Eggpp
since, Egpp = Iggr % Rpy. An alternate method for rescaling
ERgr is to connect an external Ry, at the Ipy terminal (Pin 5)
to supplant the 10kS2 supplied internally (leaving it uncon-
nected). The expression for Egpp is then, Eggp = Ry Iggp-
Care must be taken to choose Ry such that (eg; max)/Ryy
<ImA.

Scale Factor (K) Adjustment — Scale factor may be increased
from its nominal value by inserting a series resistor Rg between
the output terminal, Pin 3, and either terminal 1 or 2. The
table below should be consulted when making these scale
factor changes.

CONNECT
RANGEOFK  SERIES  yALUEOFRg NOTE
R TO PIN
2/3V to 1.01V 1 Rx(K-2/3)  usepinsl,2
1.01V to 2.02V 1 Rx(K-1) use pin 1
>2.02V 2 Rx(K-2)  usepin2

R =15k (755); 3k82 (759)

Table 2. Resistor Selection Chart for Shifting Scale Factor
ANTILOG OPERATION
The models 755 and 759 may be used to develop the antilog
of the input voltage when connected as shown in Figure 4.
The antilog transfer function (an exponential), is:

eour = Erpp 10K [-2<ep/K<2]
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755,769

2 anTiLog | | e
N - ELEMENT &
an

+15V -16V COM TRIM

Figure 4. Functional Block Diagram

Principle of Operation — The antilog element converts the
voltage input, appearing at terminal 1, to a current which is
proportional to the antilog of the applied voltage. The current-
to-voltage conversion is then completed by the feedback re-
sistor in a closed-loop op amp circuit.

A more complete expression for the antilog function is:

cout = Ergr 10 VK + Egg
The terms K, Egg, and Egpp are those described previously in
the LOG section,
Offset Voltage (Egg) Adjustment — Although offset voltage
of the antilog circuit may be balanced by connecting it in the
log mode, and using the technique described previously, it may
be more advantageous to use the circuit of Figure 5. In this
configuration, offset voltage is equal to eqyp/100. Adjust for
the desired null, using the 100k trim pot. After adjusting, turn
power off, remove the external 1008 resistor, and the jumper
from Pin 1 to +15V. For 755P, 759P use the same procedure
but connect Pin 1 to -15V.

1005 755N, 759N 10K
5 4
FET OP
2 ANTILOG ™~ i
: ELEMENT 3 +
r b b
I = i—

Jum:n: =

| 415V “15 TRIM
L—==~ |l =

Figure 5. Trimming Egg in Antifog Mode

Reference Voltage (Eg gp) Adjustment — In antilog operation,
the voltage reference appears as a multiplying constant. Eggpp
adjustment may be accomplished by connecting a resistor, R,
from Pin 5 to Pin 3, in place of the internal 10k§2. The value
of R is determined by:

R = Eggp desired/1075 A

Scale Factor (K) Adjustment — The scale factor may be ad-
justed for all values of K greater than 2/3V by the techniques
described in the log section. If a value of K less than 2/3V is
desired for a given application, an external op amp would be
required as shown in Figure 6. The ratio of the two resistors is
approximately:

R1/Rg =(1/K - 1) where K = desired scale factor

[~ OPEN

5
756,759 T
ANTILOG
ELEMENT -

+

'II—? 4

+15V <16V COM TRIM

Figure 6. Method for Adjusting K< 2/3V



ANALOG
DEVICES

6-Decade, High Accuracy
Log Ratio Amplifiers

Models 757N/757P

FEATURES

6 Decade Operation — 1nA to TmA
1/2% Log Conformity — 10nA to 100pA
Symmetrical FET Inputs

Voltage or Current Operation
Temperature Compensated

APPLICATIONS

Absorbence Measurements

Log Ratios of Voltages or Currents
Data Compression

Transducer Linearization

GENERAL DESCRIPTION

Model 757 is a complete, temperature compensated, de-coupled
log ratio amplifier. Itis comprised of two input channels for
processing signals spanning up to 6 decades in dynamic range
(1nA to ImA). By virtue of its symmetrical FET input stages,
the 757 can accommodate this 6 decade signal range at either
channel. Log conformity is maintained to within 1/2% over 4
decades of input (10nA to 100pA) and to within 1% over the
full input range. Unlike other log ratio designs, model 757
does not restrict the relative magnitude of the two signal inputs
to achieve rated performance. Either input can be operated
within the specified range regardless of the signal level at the
other channel.

The model 757 log-ratio amplifier design makes available both
inputamplifier summing junctions. Asa result, it can directly
interface with photo diodes operating in the short-circuit cur-
rent mode without the need of additional input circuitry.

The excellent performance of model 757 can be further im-
proved by means of external scale factor and outpurt offset
adjustments. A significant feature of model 757 not found

on competing devices is that, when the offset adjustment is
used to establish a fixed bias at the output, the output offset
level does not vary as a function of input signal magnitude. On
other designs, the sensitivity of output offset to input levels
results in output effects resembling log conformity errors.

Model 757 can operate with either current or voltage inputs.
Its excellent performance makes it ideally suited for log ratio
applications such as blood analysis, chromatography, chemical
analysis of liquids and absorbence measurements.

MODEL 757 FUNCTIONAL BLOCK DIAGRAM

“POSITIVE INPUT CURRENTS (AS SHOWN), USE
MODEL T5TN. NEGATIVE INPUT CURRENTS,
USE MODEL 757P,

com () (8) SCALE FACTOR
ADJIST

CURRENT LOG RATIO

Current log ratio is accomplished by model 757 when two cur-
rents, Igjg and Iggp, are applied directly to the input terminals
(see Figure 1). The two log amps process these signals providing
voltages which are proportional to the log of their respective
inputs. These voltages are then subtracted and applied to an
output amplifier. The scale factor, when connected as shown,

is 1V/dec. However, higher scale factors may be achieved by
connecting external scale factor adjusting resistors.

VOLTAGE LOG RATIO

The principle of operation for voltage log ratio is identical to
that of current log ratio after the voltage signal has been con-
verted to a current. To accomplish this conversion, an external
Tesistor is attached from the voltage signal to the appropriate
input current terminal of the 757. Input currents are then

determined by: -
1

o5, €2 ~Cos,
Isic = R,

v IReF =~

€os1 = Input Offset Voltage (Isjg Channel)
€05, = Input Offset Voltage (Iggr Channel)
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SPECIFICATIONS

(typical @ +25°C and

Vs = £15V dc unless otherwise noted)

MODEL
TRANSFER FUNCTION ' - RN R R
BT Ml s =K bomig % Dimensions shown in inches and (mm).
Te1 <os. ) Rs —————— 1.51.(38,7) MAX ———=| i
Voltage Mode e =-K logm[—' —]
£ (e3 ~Cos, ) Ry 041
10.2)
ACCURACY * Max
Log Conformity? T
Isic, Iggr = 10nA to 100uA 0 5%, max U U
Isi, lpgr = 1nA to ImA £1%, max
Scale Factor (1V/Dec) (+0, -2%) max —-—l ]—-— 004 17
vs Temperature (0 to +70°C) +0 04%/°C max 0':"}:3:‘:5
INPUT SPECIFICATIONS — Both Input Channels —
Current 1
Signal Range, Rated Performance t J,
Model 757N +1nA o +1mA min X T fse T
Model 7578 -1nA to -1mA min a2 é’l 1
Max Safe +10mA max 1 "#’ !'“1':
s T Ve B T 151
Bias Current, @ +25 C (0, +) 10pA max - } s-¢-PUT Ho e
vs Temperature (0 1o +70°C) x2/+10°C H CJ.MI‘-Q? BFIF MAX
Offser Voltage, @ +25°C +1mV max T “} ADJ[]
vs Temperature (0 to +70°C) 1l 5w 1
Isi Channel +25uV/°C max |
Iggr Channel £25uV/°C max 1
vs Supply Voltage £5uVi% 1] I
FREQUENCY RESPONSE, Sinewave BOTTOM VIE\:‘ e cmb—-—l I-—
Small Signal Response (-3dB)
Signal Channel
Isic = 1nA 160Hz
Isic = 1pA 60kHz
Isic = 100gA 75kHz
Reference Channel TRANSFER CURVES
Iggr = InA 60Hz ——
Iper = 1HA 30kHz 2
Irer = 1004A 80kH:z lher=-100A 4 3 a4 " 2VIOFC
> Irer = 10uA
RISE TIME . Signal Channel Reference Channel £ &
Increasing Input Current (Iggr = 10pA) (Igic = 10pA) E 4 K =1V/DEC
InA to 10nA 2.5ms 1.0ms =]
10nA to 100nA 250us 40pus 5 5
100nA to 1pA 25us 30ps 5
1uA o 100uA 10us 25us -10A
Decreasing Input Current
100uA o 1uA Sps 10us
14A to 100nA 104 SOus K = -1V/DEC =~
100nA o 10nA 50us 500us K = -2V/DEC
10nA to InA 500us 10ms MODEL 757P MODEL 757N
INPUT NOISE Isig INPUT e Isig INPUT
Voltage (10Hz to 10kHz) 3V rms
Current (10Hz to 10kHz) 0 1pA rms Lug:moda:cltput vielisge:ve. input curratit for
OUTPUT SPECIFICATIONS Irer = 10uA.
Rated Output
Vaoltage 10V min
Current £5mA min
Resistance 0,162 9 5
Offset Volrage® (K = 1V/Decade) +15mV max 4
vs Temperature (0 to +70°C) +0 3mV/°C R2 757 3 o)
vs Supply 5pViv 7 g i @ @
POWER SUPPLY*
Rated Performance 15V de : v \
Operatng (12 to 18)V dc *+ FOR 757N
Current, Quiescent +8mA =FOR'IBIE
TEMPERATURE RANGE Figure 2. Scale Factor Adjustment
Rated Performance 0o +70°C
Operating -25°C 1o +85°C **SEE SCALE FACTOR-OPTIONAL
Storage 55°C to +125°C ADNSTMENT ANDTRIME [
MECHANICAL 2
Case Size 15"x15" x04"
Weight 21 grams Lo 57
NOTES td
! For model 757N, K = +1V/Decade and input currents must be positive, For
model 757P, K = -1V/Decade and input currents must be negative (Input cur-
rents are defined as positive when flowing into the input terminals, 4 and 5
Refer to TRANSFER CURVES )
*The log conformity error s referred to mput (RT1), 1% error RTI 1s equivalent A8V _?‘m":']_' +18Y

to 4 3ImV of error at the output for K = 1V/Dec
*Externally adjustable to zero
* Recommended power supply: Analog Devices model 904, 115V @ 50mA,

Specifications subject to change without notice,
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Applying the Log Ratio Amplifier

OPTIONAL ADJUSTMENTS AND TRIMS

Scale Factor — A one volt per decade scale factor is available
when pin 1 is tied to 3 and pin 7 is connected to 9. Higher
scale factors are possible by using a potentiometer, Ry, be-
tween pins 1 and 3 and a resistor, Ry, between pins 7 to 9 as
shown in Figure 2. The value of the required resistor is (1 3.2k
(K-1) where K is the desired scale factor. The approximate
potentiometer value is also (13.2k82) (K-1). The scale factor
adjustment procedure is as follows:

1. Connect the appropriate value of resistor between pins
7 and 9.

2. Set Iggp = 1MA, Ig)g = 10pA. Measure eg.

3. Set Igrgr = 1MA, Igjg = 100uA. Adjust Ry until the
difference in ¢ corresponding to steps 2 and 3 is K volts.

4, Repeat steps 2 and 3 until the change in eg = K volts.

Qutput Voltage Offset — Outputvoltage offset must be adjusted
after the desired scale factor is established as indicated above.
To adjust the offset, inject equal dc input currents into the
reference and signal channels. The value of the input currents
should approximate the average input current levels expected
to be encountered in normal operation. Adjust the potentio-
meter shown in Figure 3 until the output voltage is zero.

LOG CONFORMITY
Log conformity in logarithmic devices is a specification similar

to linearity in linear devices. Log conformity error is the differ-

ence between the theoretical value of the log of a ratio and the
actual value that appears at the output of the log-ratio module
after scale factor errors have been eliminated. Measurement of
this error is made after initially zeroing the module at unity-
ratio and adjusting the desired scale factor.

Figure 4 shows the log conformity performance of model 757
over a 6 decade input range. Log conformity for each channel
does not vary noticeably as the current is varied in the other
channel.

-

TSTN/P ERROA LIMIT

LOG CONFORMITY ERROR —
% of Readmng, ATI
e
in

TmA

i
£

100nA Tuh
INPUT CURRENT

1044 10044

Figure 4. Log Conformity Error for Model 757. Curve is for
Either Input Channel with Current Held Constant at 10uA
On Other Channel,

FREQUENCY CHARACTERISTICS

Figure 5 shows a plot of small signal response (-3dB) as a func-
tion of input signal current. The graph demonstrates the fre-
quency response performance for each input channel over the
range of 1nA to 1mA, independent of current on the other
channel.

SIGNAL
[~ CHANNEL

BANDWIDTH - Hz

/
01k

TnA 10nA

VoA 100uA

1A
INPUT CURRENT
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APPLICATIONS

Data Compression — Processing signals with wide dynamic
range is 2 common problem in instrumentation and data trans-
mission. For example, digitizing an analog signal with a range
of 10nA to 100pA with 1% accuracy requires a 20 bit A/D con-
vert;)r (Required resolution = 1/100 x 1/10,000 = 1/10°% =
1/2%7).

By using the 757 with IRgF adjusted to 10nA and K set for
5/4 V/decade, the input data can be compressed into a 5 volt
output range. For a 1% resolution of any signal, the allowable
output error is 4.32mV x K. Log conformity contributes
2.17mV x K (0.5%) over this range. The remaining error with
K =5/4 is 2.69mV and should correspond to less than the LSB
of the converter. With a 5 volt output range 2.69mV corres-
ponds just over the LSB of an 11-bit converter, Thus the 757
module can compress the data for use with a 12 bit A/D (such
as Analog Devices AD574]D) to obtain the desired 1%
resolution.

Absorbence Measurements — Critical properties of materials
which are of particular interest in the fields of chemistry,
medicine, spectrometry and pollution control are characterized
by absorbence. The relationship between absorbence, A, and
light intensity, I, is: A = log Io/IT where Iy = intensity of inci-
dent light, and It = intensity of transmitted light.

Figure 6 shows the 757 log-ratio module used in such a photo-

meter application. Two inputs represent the intensities of light

transmitted through space and through a medium that absorbs
light. The absorbence of the medium is given by the formula

IsicNAL

IREFERENCE
where IsignarL and IRgFERENCE are the currents representing
the light intensities.
The transducers used in this application are photodiodes, which
provide a short-circuit current proportional to the intensity of
applied light. The lowest value of absorbence is determined by
the value of IRgF, since when Igjg = Iggr, A = 0. The out
put of the log-ratio module is externally trimmed to 1V/decade
and applied to the input of a 3%-digit DPM through the scaling
network R1 and R2.

A =log

Model 757 was chosen for this design because it makes avail-
able both amplifier summing junctions. When the photodiodes
are connected to the summing junctions, they are operated in
the short-circuit mode, that is, with zero volts across the diodes.

7-18 LOG/ANTILOG AMPLIFIERS
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Short-circuit loading is necessary, because accuracy of the
photodiodes can be degraded several percent when operated
with as little as 100mV across the diode junction.

ATTENUATOR TO

“SIGNAL" DPM LEVEL
PHOTODIODE o= dog B8 /leg, 200mV F5)
i
ls1c 5 3 n“‘..
o 757N Ry MODEL
LY LoG RaTIO |1 | Rp| , AD20T0
Iner 4| MODULE SvaomiT
Ny ) e 6
¥ JEE ) =
7
“REFERENCE" =
PHOTODIODE

Figure 6. Model 757N Applied to Absorbence Measurements

INTERCONNECTION GUIDELINES
Model 757 is a complete log ratio amplifier that requires no
additional frequency compensation for proper operation.

Input Capacitance — Model 757 is able to operate with 1000pF
at both input terminals. Therefore, the 757 can be used in ap-
plications requiring long cable lengths between the module
and the signal transducers.

Input-to-Qutput Capacitance — When using alog ratiomodule
the user should take care in system configurations to avoid
excessive stray capacitance between input and output terminals.
Such precautions include avoiding running input and output
signal lines close together. If long cable runs are required where
inputs and output are closely bundled together, it is advisable
to enclose the inputs and/or output in separate, grounded elec-
trostatic shields. By observing simple rules of good circuit
layout, problems with oscillations that may result from exces-
sive input-to-output capacitance can easily be avoided. Model
757 can accommodate up to 33pF of input-to-output capaci-
tance without oscillation.

Leakage Resistance — Since model 757 can operate at extremely
low input current levels, precautions must be taken to prevent
current leakage into the inpurt terminals. Such leakage can
cause errors when small input or reference currents are used.
This problem may arise on printed circuit layouts if the inputs
are run too close to the power supply busses. Providing an
etched guard around the input lines, connected to analog sig-
nal ground will also reduce unwanted current leakage.
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Selection Guide

RMS-to-DC Converters

Full-Scale Frequency
Range Accuracy Response dB

Model Vrms mV % % of Reading MH:z Output  Page Notes
ADS536A 7 20=0.2 2 X 8-5  General purpose
AD636 0.2 0.2=05 1.3 X 8-11
AD637 7 0.5=02 8 X 8-17 Highestaccuracy
AD736 0.2 0.3=03 0.19 8-25 Buffered output, low power
AD737 0.2 0.2=03 0.19 8-29 Unbuffered output, low power

8-2 RMS-TO-DC CONVERTERS
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Orientation
RMS-to-DC Converters

RMS-to-DC converters continuously compute the instantaneous
square of the input signal, average it, and take the square root
of the result, 1o provide a dc voltage proportional to the rms of
the input (and, in the case of the AD536, AD636 and AD736,
an auxiliary dc voltage that is proportional to the log of the rms,
for dB measurements).

Excellent pretrimmed performance, improvable by simple optional
trims, makes these devices ideal for all types of laboratory and
OEM rms instrumentation where amplitude measurements must
be made with high accuracy, independently of waveshape.

An alternative to rms that has been widely used in the past,
principally for measurements on sine waves, is mean absolute-
deviation, or “ac average.” It is performed by taking the absolute
value of a signal (i.e., rectifying it) filtering it and scaling it by
the ratio of rms to m.a.d. for sine waves, 1.111, so that it reads
correctly (for undistorted sine waves), Unfortunately, this ratio
varies widely as a function of the waveform; it will give grossly
incorrect results in many cases. The table shows a few represen-
tative examples comparing rms with m.a.d.

An important application is noise measurement — for example,
thermal noise, transistor noise, and switch-contact noise, True
rms measurement is a technique that provides consistent theoreti-
cally valid measurements of noise amplitude (standard deviation)
from different sources having different properties.

True rms devices are also useful for measuring electrical signals

derived from mechanical phenomena, such as strain, stress,
vibration, shock, expansion, bearing noise and acoustical noise.

The electrical signals produced by these mechanical actions are
often noisy, nonperiodic, nonsinusoidal, and superimposed on
dc levels, and require true rms for consistent, valid, accurate
measurements. RMS converters are also useful for accurate
measurements on low-repetition-rate pulse-trains having high
crest factors (ratio of peak to rms), and for measurements of the
energy content of SCR waveforms at differing firing angles.

The basic approach used in these converters for computing the
rms is to take the absolute value, square it and divide by the
fed-back output (using the logarithmic characteristics of transistor
junctions), and filter the result. The resulting approximation

Eo = Avg,[ %2] =/ Avg. (V")

is valid if the averaging time constant is sufficiently long compared
with the periods of the lowest frequency ac components of the
signal.

The simplest form of averaging involves a single-pole filter
using an external filtering capacitor (Cav). Increased values of
capacitance for filtering will improve the accuracy for low fre-
quency rms measurements and provide reduced ripple at the
output, but at the cost of increased settling time. For fastest
settling and minimum ripple, an additional stage of 2-pole filtering
is useful. The additional filtering permits improvement of settling
time or reduction of ripple (or both) because of substantial
reduction of Cpy .

CREST
WAVEFORM AMS MAD 7 FACTOR
Ve 2
Vo Zy,
o SINE WAVE vz X ’z_ﬁ' 1111 7 = 1414
0707V, | 0637V,
Vi SYMMETRICAL v v i
| SQUARE WAVE - " L
OR DC
Ve
TRIANGULAR WAVE Vi Ve 2 5 ey
OR SAWTOOTH v 4 T a3
GAUSSIAN NOISE cfF | q
}_ RMS 3 7%
2, CREST FACTOR IS ¥
THEORETICALLY i ‘/; 2 gt
. R UNLIMITED. q IS 3 037%
. THE FRACTION OF =emenus]l v (| 33 || oaw
ESe TIME DURING WHICH 28 . a00%
g . GREATER PEAKS CAN 4
£9 4| | B€ ExpecTED TO &4 |} 20epax
bl N || occur 49 Tppm
e e 5 2x10%
log g
PULSE TRAIN
F= i 2 1
, H Tv__ T MARK/SPACE| V.7 Ve n VT Vel
U 1 e Vi Vi 1 1
0.25 03333 0.5V, 0.25V,, 2 2
7. “DUTY CYCLE" 0.0625 |  0.0867 025V, | 0.0625V, 4 1
00156 | 00159 0125V, | 00188V, 8 8
0.01 0.0101 0.1V, 0.0V, 10 10
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PERFORMANCE SPECIFICATIONS

Considerable information regarding rms-to-dc converter circuit
design, performance, selection and applications is to be found in
the RMS-10-DC Conversion Application Guide.' In addition,
useful applications information can be found in the Nonlinear
Circuits Handbook.?

The most-salient feature of a true rms-to-de converter is that i
ideally has no ervor due to an indirect approximation to the rms.
Static errors are due only to scale-factor, linearity and offset
errors; dynamic errors are due to insufficient averaging time at
the low end and finite bandwidth and slewing rate at the upper
end. Linearity errors affect crest factor in midband. Dynamic
errors are also a function of signal amplitude, due in part to the
variation of bandwidth of the “log” transistors with signal level.

Total Error, Internal Trim, a specification for quick reference, is
the maximum deviation of the dc component of the output
voltage from the theoretical output value over a specified range
of signal amplitude and frequency. It is shown as the sum of a
fixed error and a component proportional to the theoretical
output (% of reading). It is specified for a sinusoidal input in a
given frequency and amplitude range. The fixed error component
includes all offset errors and irreducible nonlinearities; the %-of-
reading component includes the linear scale-factor error,

Total Error, External Adjustment is the amount by which the
output may differ from the theoretical value when the output
offset and scale factor have been trimmed. Note that the fixed
error-component cannot be reduced to zero, even though

the output offset can be nulled at zero input. This is because
of residual input offsets and inherent nonlinearities in the
converter.

Total Ervor vs. Temperature (T, to0 Ty, is the average change
of %-of-full-scale error component plus the average change of
percent-of-reading error component per degree Celsius, over the
rated temperature range.

'RMS-to-DC Conversion Application Guide 2nd Edition, by C. Kitchin
and L. Counts (1986-61 pages). Available free from Analog Devices.
?Noalinear Circuits Handbook, Analog Devices, Inc., 1974, 1976,
536pp, edited by D.H. Sheingold. ($5.95).
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Frequency for 1%-of-Reading Ervor is the minimum value of
frequency (at the high end) at which the error increases from
the midband value by 1% of reading. It is a function of peak-to-peak
input amplitude.

Fregquency for —3dB Reading Error is the minimum value of
frequency (at the high end) at which the error may equal —30%
of reading. It is a function of amplitude.

Crest Factor (to a property of the signal) is the ratio of peak
signal voltage to the ideal value of rms; the specified value of
crest factor is that for which the error is maintained within
specified limits at a given rms level for a worst-case — rectangular
pulse — input signal.

Averaging Time Constant and External Capacitor: The time constant
of the internal averaging filter, and the increase of time constant
per wF of added external capacitance (Cay).

Input: The voltage range over which specified operation is obtained,
the maximum voltage for which the unit operates, the maximum
safe input voltage, and the effective input resistance.

QOutput: The maximum output range for rated performance, the
minimum current guaranteed available at full-scale output voltage,
and the source resistance of the output circuit.

Power Supply: Power-supply range for specified performance,
power-supply range for operation and quiescent current drain.
Temperature Range: The range of temperature variation for oper-
ation within specifications. Temperature coefficients are deter-
mined by three-point measurements (Ty — 25°C), (25°C - Ty),
when measured.



ANALOG
DEVICES

Integrated Circuit
True rms-to-dc Converter

AD536A

FEATURES
True rms-to-dc Conversion

ADS536A PIN CONNECTION AND
FUNCTIONAL BLOCK DIAGRAM

Laser-Trimmed to High Accuracy
0.2% max Error (AD536AK)
0.5% max Error (AD536AJ)
Wide Response Capability:
Computes rms of ac and dc Signals
450kHz Bandwidth: V,ps > 100mV
2MHz Bandwidth: Vims >1V
Signal Crest Factor of 7 for 1% Error
dB Output with 60dB Range
Low Power: 1.2mA Quiescent Current

[
5
-\,r,E
ou [
o

t o
NID:E

Single or Dual Supply Operation
Monolithic Integrated Circuit
-55°C to +126°C Operation (AD536AS)

CURRENT
MIRROR

SQUARER I

DIVIDER

Low Cost

PRODUCT DESCRIPTION

The AD536A is a complete monolithic integrated circuit which
performs true rms-to-dc conversion. It offers performance
which is comparable or superior to that of hybrid or modular
units costing much more. The AD536A directly computes the
true rms value of any complex input waveform containing ac
and dc components. It has a crest factor compensation scheme
which allows measurements with 1% error at crest factors up
to 7. The wide bandwidth of the device extends the measure-
ment capability to 300kHz with 3dB error for signal levels
above 100mV.

An important feature of the AD536A not previously available
in rms converters is an auxiliary dB output. The logarithm of
the rms output signal is brought out to a separate pin to allow
the dB conversion, with a useful dynamic range of 60dB. Using
an externally supplied reference current, the 0dB level can be
conveniently set by the user to correspond to any input level
from 0.1 to 2 volts rms.

The AD536A is laser trimmed at the wafer level for input and
output offset, positive and negative waveform symmetry (dc
reversal error), and full scale accuracy at 7V rms. As a result,
no external trims are required to achieve the rated accuracy
of the unit.

There is full protection for both inputs and outputs. The input
circuitry can take overload voltages well beyond the supply
levels. Loss of supply voltage with inputs connected will not
cause unit failure. The output is short-circuit protected.

The AD536A is available in two accuracy grades (J, K) for
commercial temperature range (0 to +70°C) applications, and
one grade (S) rated for the -55°C to +125°C extended range.
The AD536AK offers a maximum total error of £2mV +0.2%

of reading and the AD536A] and AD536AS have maxi-
mum errors of £5mV +0.5% of reading. All three versions are
available in either a hermetically sealed 14-pin DIP or 10-pin
TO-100 metal can.

PRODUCT HIGHLIGHTS

The AD536A computes the true root-mean-square level of

a complex ac (or ac plus dc) input signal and gives an equiv-
alent dc output level. The true rms value of a waveform is a
more useful quantity than the average rectified value since
it relates directly to the power of the signal. The rms value
of a statistical signal also relates to its standard deviation,

2. The crest factor of a waveform is the ratio of the peak

signal swing to the rms value. The crest factor compensa-

tion scheme of the AD536A allows measurement of highly
complex signals with wide dynamic range.

3. The only external component required to perform meas-

urements to the fully specified accuracy is the capacitor
which sets the averaging period. The value of this capaci-
tor determines the low frequency ac accuracy, ripple
level and settling time.

4. The AD536A will operate equally well from split supplies or

a single supply with total supply levels from 5 to 36 volts.
The one milliampere quiescent supply current makes the
device well-suited for a wide variety of remote controllers
and battery powered instruments.

. The AD536A directly replaces the AD536, and provides
improved bandwidth and temperature drift specifications.

RMS-TO-DC CONVERTERS 8-5
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+25°C, and =15V dc unless otherwise noted)

SPECIFICATIONS «

ADS536A] AD5SIEAK ADS536AS
Min Typ Max Min Typ Max Min Typ Max Units
TRANSFER FUNCTION Vour = Vavg. (VP Vour = Vavg (Vpy? Vour = Vavg. (Vi
CONVERSION ACCURACY
Total Error, Internal Traim' (Figure 1) +520.5 *2x0.1 =520.5 mV = %ol Reading
vs Temperature, Toeq to + 70°C =01=001 =0.05 =0.005 £0.1 £0.005 | mV =% of Reading™C
+70°Cro + 125°C 0.3 £0.005 | mV =%of Reading™C
vs Supply Voltage =0.1 =001 =0.1 =001 mV =% of Reading/V'
de Reversal Error =01 8 =% of Reading
Total Error, External Trim' (Figure 2) =2=0.1 =3=03 mV = %of Reading
ERROR VS CREST FACTOR'
Crest Factor 1102 Specified Accuracy Specified Accuracy Speaified Accuracy
Crest Factor = 3 =01 -0.1 -0.1 % of Reading
Crest Factor = 7 -10 -1.0 -10 %o of Reading
FREQUENCY RESPONSE"
B for 1%add i (0.09dB)
Vin = 10mV L] § H] kHz
Vise = 100mV 45 45 45 kHz
Vi = IV 120 120 120 kHz
= 3dB Bandwidth
Vin = 10mV %0 90 S0 kHz
Vin = 100mV 450 450 450 kHz
Vin =1V 23 2.3 2.3 MHz
AVERAGING TIME CONSTANT (Figure 5) 25 25 25 ms/uF CAV
INPUT CHARACTERISTICS
Signal Range, = 15V Supplies
Contnuous rms Level 0w 7 Dta7 0w? Vrms
Peak Transient Input =20 =20 =20 V peak
Conunuous rms Level, = 5V Supplies Ow2 0102 Otol Vrms
Peak Transient Input, = 5V Supplees. =7 =7 =7 V peak
Input Level (All Supply Voluages) =25 =25 =25 V peak
Input Resistance 1333 16 67 0 1333 16.67 il 13.33 16 67 20 kit
Input Offset Volage 08 =2 05 =1 08 =2 mV
OUTPUT CHARACTERISTICS
Offser Voluage, Viy = COM (Figure 1) =2 =05 =1 =1 mV
vs. Temperature =01 +0.2 mVrC
vs Supply Voltage =01 =01 myv
Voliage Swing, = 15V Supplics Do +11 +125 Ote +11 +12.5 Oto +11 v
= 5V Supply Qo +2 Oro +2 Qo +2 v
dB OUTPUT (Figure 12)
Error, Vi 7mV 107V rms, 0dB = 1V rms =0.4 =0.6 =02 *0.3 =05 0.6 dB
Scale Factor 3 -3 i mV/dB
Scale Factor TC (Uncompensated, sce Fig-
ure 12 for Temperature Compensation) =0 033 =033 ~0.033 dBAC
+033 +0.33 +0.33 %of Reading”C
IgrrforddB = 1Vims 5 20 50 5 20 BO 5 ] ] A
Iprr Range I 100 1 100 1 100 7.3
It TERMINAL
Tiw 7 Scale Factor 40 40 40 pANV rme
I 7 Scale Factor Tolerance =10 =10 =10 = =10 =20 %
Output Resistance 20 25 20 25 30 20 25 30 kil
Voliage Complunce =Vitof{+Vy ~Vsto(+ Vs -Vgto{+Vy
= 2.5V} -25) —25V) v
BUFFER AMPLIFIER
Input and Output Voliage Range -Vyto{ +Vs ~Vgto{ + Vg - Vswof+Vg v
25V) -2.5V) -25V)
Input Offset Voltage, Ry = 25k =0.5 =4 =0.5 +4 =0.5 +4 mV
Input Bias Curren: 20 60 20 &0 20 nA
Input Resistance 10" 10" 10 n
Output Current {+5mA, {+SmA, {+3mA,
= 130pA) = 130pA) —130pA)
Short Carcunt Current 20 20 mA
Ouput Resistance 0s 0s 0% (11
Small Signal Bandwidth 1 ] 1 MHz
Slew Rate® 5 5 5 Vips
POWER SUPPLY
Vaoliage Rated Performance =15 =15 =15 v
Dual Supply =30 =18 =30 =18 =30 =18 v
Single Supply +5 +36 5 36 5 +36 v
Quiescent Currem
Total Vi, SV 10 36V, Tnge 10 Tas 12 2 12 2 12 2 mA
TEMPERATURERANGE
Rated Performance o 70 1] +70 -5 +125 C
Storage - 35 &+ 150 - 55 + 150 - 55 +150 *C
PACKAGE OPTIONS®
Ceramic DIP(D-14) ADSIGAID ADS3IGAKD ADS538ASD
Metal Can TO-100(H-10A) ADS36ATH ADS536AKH ADS36ASH
NOTES
536A connected asin o h boldface are tested on all final el

" Accuracy m specified for 0 to 7V rms, de or | kHr anewave imput with the AD!

“Error vs crest factor i

‘Input voltages are expressed in volts rms, and error 15 pereent of reading

"With 2k external pulldown resistor
“See Secnion 16 for package outline information
Specificanons subject 1o change without notce
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Applying the AD536A

STANDARD CONNECTION

The AD536A is simple to connect for the majority of high
accuracy rms measurements, requiring only an external capac-
itor to set the averaging time constant. The standard connec-
tion is shown in Figure 1. In this configuration, the AD536A
will measure the rms of the ac and dc level present at the
input, but will show an error for low frequency inputs as a
function of the filter capacitor, Cavy, as shown in Figure 5.
Thus, if a 4uF capacitor is used, the additional average error
at 10Hz will be 0.1%, at 3Hz it will be 1%. The accuracy at
higher frequencies will be according to specification. If it is
desired to reject the dc inpur, a capacitor is added in series with
with the input, as shown in Figure 3; the capacitor must be
non-polar. If the AD536A is driven with power supplies with
a considerable amount of high frequency ripple, it is advisable
to bypass both supplies to ground with 0.1uF ceramic discs as
near the device as possible.

The input and output signal ranges are a function of the sup-

ply voltages; these ranges are shown in Figure 16. The AD536A
can also be used in an unbuffered voltage output mode by dis-
connecting the input to the buffer. The output then appears
unbuffered across the 25k resistor. The buffer amplifier can
then be used for other purposes. Further the AD536A can be
used in a current outrput mode by disconnecting the 25k resis-
tor from ground. The output current is available at pin 8 (pin
10 on the “H" package) with a nominal scale of 40uA per volt
rms input, positive out.

Figure 1. Standard rms Connection

OPTIONAL EXTERNAL TRIMS FOR HIGH ACCURACY

If it is desired to improve the accuracy of the AD536A, the
external trims shown in Figure 2 can be added. R4 is used to
trim the offset. Note that the offset trim circuit adds 3658 in
series with the internal 25k£2 resistor. This will cause a 1.5%
increase in scale factor, which is trimmed out by using Ry

as shown. Range of scale factor adjustment is £1.5%.

The trimming procedure is as follows:

1. Ground the input signal, Vi, and adjust R4 to give zero
volts output from pin 6. Alternatively, R4 can be adjusted to
give the correct output with the lowest expected value of Vpy.
2. Connect the desired full scale input level to Vpy, either

dc or a calibrated ac signal (1kHz is the optimum frequency);
then trim R, to give the correct output from pin 6, i.e.,
1.000V dc input should give 1.000V dc output. Of course, a
*1.000V peak-to-peak sinewave should give a 0.707V dc output.
The remaining errors, as given in the specifications, are due to
the nonlinearity.

The major advantage of external trimming is to optimize
device performance for a reduced signal range; the AD536A
is internally trimmed for a 7V rms full scale range.

-

st 5]
1]
]

)

Figure 2. Optional External Gain and Output Offset Trims
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SINGLE SUPPLY CONNECTION

The applications in Figures 1 and 2 require the use of approx-
imately symmetrical dual supplies. The AD536A can also be
used with only a single positive supply down to +5 volts, as
shown in Figure 3. The major limitauon of this connection is
that only ac signals can be measured since the differential in-
put stage must be biased off ground for proper operation.
This biasing is done at pin 10; thus it is critical that no
extraneous signals be coupled into this point. Biasing can be
accomplished by using a resistive divider between +Vg and
ground. The values of the resistors can be increased in the
interest of lowered power consumption, since only 5 micro-
amps of current flows into pin 10 (pin 2 on the “H" package).
AC input coupling requires only capacitor C; as shown;a dc
return is not necessary as it is provided internally. C, is selected
for the proper low frequency break point with the input resist-
ance of 16.7k8}; for a cut-off at 10Hz, C; should be 1uF. The
signal ranges in this connection are slightly more restricted
than in the dual supply connection. The input and output sig-
nal ranges are shown in Figure 16. The load resistor, Ry , is
necessary to provide output sink current.

Cay
b L
1

S

-l

1uF

AE

NONPOLARIZED

]
]
2]
5—!3

<HF

= [=] 2]

CURRENT
MIRROR

]

Vour

e

Figure 3. Single Supply Connection
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CHOOSING THE AVERAGING TIME CONSTANT

The AD536A will compute the rms of both ac and dc signals.
If the input is a slowly-varying dc, the output of the AD536A
will track the input exactly. At higher frequencies, the average
output of the AD536A will approach the rms value of the in-
put signal. The actual output of the AD536A will differ from
the ideal output by a dc (or average) error and some amount
of ripple, as demonstrated in Figure 4.

Eo

\ IDEAL

Eo

DC ERROR = Eg - Eg (IDEAL)
-LA N Pt f\\ *
U U Y T Naveracee -5

e DOUBLE—FREQUENCY
RIPPLE

TIME

Figure 4. Typical Output Waveform for Sinusoidal Input

The dc error is dependent on the input signal frequency and
the value of Cpy . Figure 5 can be used to determine the mini-
mum value of Coy which will yield a given percent dc error
above a given frequency using the standard rms connection.

The ac component of the output signal is the ripple. There are
two ways to reduce the ripple. The first method involves using
a large value of Cay. Since the ripple is inversely proportional
to Cav, a tenfold increase in this capacitance will effect a ten-
fold reduction in ripple. When measuring waveforms with high
crest factors, (such as low duty cycle pulse trains), the aver-
aging time constant should be at least ten times the signal peri-
od. For example, a 100Hz pulse rate requires a 100ms time
constant, which corresponds to a 4uF capacitor (time con-
stant = 25ms per uF).

The primary disadvantage in using a large Coy to remove rip-
ple is thar the settling time for a step change in input level is
increased proportionately. Figure 5 shows that the relationship
between Cay and 1% sertling time is 115 milliseconds for each
microfarad of Cay. The settling time is twice as great for de-
creasing signals as for increasing signals (the values in Figure 5
are for decreasing signals). Settling time also increases for low
signal levels, as shown in Figure 6.

100 —:g 100
e -
'\\ \\ \\ ‘(2‘
i [ A\ N N, w i
LY & b o
. N & Ze
\\ \\ \\ \‘ §E
“ N Oy N
: \\ N R N 3k
£ o \, Ne \. NI, E2
w N Y i a
E NN o 5 N §¢
8 %, A NI A £
&= [ ™ & z
'\\ \\ \\ ﬁg
N N A NI NN
= . OF -
S T N
Vo ton N N\
*5, de ERROR + % RIPPLE (Peak) N N
L OB e e R R -
1 10 100 1 10k 100k

INPUT FREQUENCY - Hz
Figure 5. Error/Settling Time Graph for Use with the
Standard rms Connection in Figure 1
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SETTLING 75

* TIME RELATIVE \

TO 1V rms
INPUT 5.0
SETTLING
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T
1.0 P —
my 10mv 100my w v

rms INPUT LEVEL
Figure 6. Settling Time vs Input Level

A better method for reducing output ripple is the use of a
“post-filter”. Figure 7 shows a suggested circuit. If a single-
pole filter is used (C3 removed, Ry shorted), and C, is approx-
imately twice the value of Cay, the ripple is reduced as shown
in Figure 8, and settling time is increased. For example, with
Cay = 1uF and C; =2.2uF, the ripple for a 60Hz input is re-
duced from 10% of reading to approximately 0.3% of reading.
The settling time, however, is increased by approximately a
factor of 3. The values of Cay and C; can therefore be reduced
to permit faster settling times while still providing substantial
ripple reduction.

The two-pole post-filter uses an active filter stage to provide
even greater ripple reduction without substantially increasing
the sertling times over a circuit with a one-pole filter. The
values of Cyy, C;, and C3 can then be reduced to allow ex-
tremely fast settling times for a constant amount of ripple.
Caution should be exercised in choosing the value of Cpy,
since the dc error is dependent upon this value and is inde-
pendent of the post filter.

For a more detailed explanation of these topics refer to the
RMS to DC Conversion Application Guide 2nd Edition,
available from Analog Devices.

{FOR SINGLE POLE
SHORT Ax, REMOVE
€1

Figure 7. 2 Pole “Post” Filter
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Figure 8. Performance Features of Various Filter Types



rms Measurements

ADS536A PRINCIPLE OF OPERATION

The AD536A embodies an implicit solution of the rms equa-
tion that overcomes the dynamic range as well as other limi-
tations inherent in a straight-forward computation of rms.
The actual compurtation performed by the AD536A follows

the equation:
VN>
VI'I'I.'IS

Vims = Avg. [
Figure 9 is a simplified schematic of the AD536A; it is sub-
divided into four major sections: absolute value circuit (ac-
tive rectifier), squarer/divider, current mirror, and buffer am-
plifier. The input voltage, Vyy, which can be ac or dc, is con-
verted to a unipolar current 1y, by the active rectifier Ay, A;.
1, drives one input of the squarer/divider, which has the
transfer function:

[4 = I| 2/ 13

The output current, lg, of the squarer/divider drives the cur-
rent mirror through a low pass filter formed by R, and the
externally connected capacitor, Cay. If the Ry, Coy time
constant is much greater than the longest period of the input
signal, then I, is effectively averaged. The current mirror re-
turns a current I3, which equals Avg. [14], back to the squarer/
divider to complete the implicit rms computation. Thus:

L = Avg [I,%11,] =

l] ms

The current mirror also produces the output current, lout:
which equals 214. L7 can be used directly or converred to
a voltage with Ry and buffered by A4 to provide a low im-
pedance voltage output. The transfer function of the AD536A
thus results:

Vour = 2R2 ks = Vi s

The dB outpurt is derived from the emitter of Qg, since the
voltage at this point is proportional to -log Vpy. Emitter fol-
lower, Qs, buffers and level shifts this voltage, so that the
dB output voltage is zero when the externally supplied
emitter current (Iggp) to Qs approximates I3.

CURRENT — MIRROR

Al 0ama
Fs
ogusm e
ABSOLUTE VALUE/ L]
VOLTAGE — CURRENT . n A2 n
CONVERTER 1[5V ’om"'t FT Y
EF
= I
VWA BUF
s b e N BUFFER ooy
el
Van R 6 a3 n
o : ]
[ BUF
Vv b 3 RN our
3 4 12 | A2 L i
25K 2%
ONE — QUADRANT
SOUARER/
i DIVIDER

Figure 9. Simplified Schematic

PAD NUMEERS CORRESPOND TO 1M NUMBERS FOR THE TO 196 16 FN CERAMIC 0 PACKAGE
NOTE
“BOTH PADS SHOWN MUST BE COMNRCTED TO Ve,
THE ADSIGA 15 AVALATLE 1N LASER TRIMMLD CHIP FORM

CONSULT AMALDG DEVICES® CATALOG FOR
AND APPLICATION DETALS

Figure 10. Chip Dimensions and Pad Layout.
Dimensions shown in inches and {mm).

Figure 11. AD536A Pin Connections and Functional Diagram
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CONNECTIONS FOR dB OPERATION

A powerful feature added to the AD536A is the logarithmic or
decibel output. The internal circuit computing dB works ac-
curately over a 60dB range. The connections for dB measure-
ments are shown in Figure 12. The user selects the 0dB level by
adjusting Ry for the proper 0dB reference current (which is
set to exactly cancel the log output current from the squarer-
divider at the desired 0dB point). The external op amp is used
to provide a more convenient scale and to allow compensation
of the +0.33%/°C scale factor drift of the dB output pin. The
special T.C. resistor, Ry, is available from Tel Labs in Londen-
derry, N.H. (model Q-81) or from Precision Resistor Inc.,
Hillside, N.J. (model PT146). The averaged temperature co-
efficients of resistors Rz and R3 develop the +3300ppm
needed to reverse compensate the dB output. The linear

rms output is available at pin 8 on DIP or pin 10 on header
device with an output impedance of 25k{2; thus some applica-
tions may require an additional buffer amplifier if this output
is desired.

dB Calibration:

1. Set Vi = 1.00V de or 1.00V rms

2. Adjust Ry for dB out = 0.00V

3. Set Vi = +0.1V dc or 0.10V rms

4. Adjust R5 for dB out = -2.00V
Any other desired 0dB reference level can be used by set-
ting Viy and adjusting Ry accordingly. Note that adjusting

Rs for the proper gain automatically gives the correct tem-
perature compensation.

REF
ADJUET

3_3““ .

ouTRUT

*SPECIAL TC COMPENSATION RESISTOR + 3500ppm 1% TEL LARS 081
PRECISION RESISTOR CO » PT14R 08 EQUIVALENT

Figure 12. Temperature Compensated dB Output Circuit

FREQUENCY RESPONSE

The AD536A utilizes a logarithmic circuit in performing the
implicit rms computation. As with any log circuit, bandwidth
is proportional to signal level. The solid lines in the graph be-
low represent the frequency response of the ADS36A at input
levels from 10 millivolts to 1 volt rms. The dashed lines indi-

Ry
T My

R Al o fiak 4% | L)
= W s INPUT P ,&
- N V) | i pdP®
> 100mV ems INPUT |+ AT

i l J u*a -l "~

T
1 10k 100k [ 10m

FREQUENCY — Hz

Figure 13. High Frequency Response
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cate the upper frequency limits for 1%, 10%, and 3dB of
reading additional error. For example, note that a 1 volt rms
signal will produce less than 1% of reading additional error up
to 120kHz. A 10 millivolt signal can be measured with 1% of
reading additional error (100uV) up to only SkHz.

AC MEASUREMENT ACCURACY AND CREST FACTOR
Crest factor is often overlooked in determining the accuracy

of an ac measurement. Crest factor is defined as the ratio of the
the peak signal amplitude to the rms value of the signal (C.F. =
Vp/Vems). Most common waveforms, such as sine and triangle
waves, have relatively low crest factors (<2). Waveforms which
resemble low duty cycle pulse trains, such as those occurring

in switching power supplies and SCR circuits, have high crest
factors. For example, a rectangular pulse train with a 1% duty
cycle has a crest factor of 10 (C.F.= ll‘\/rT),

Figure 14 is a curve of reading error for the AD536A fora 1
volt rms input signal with crest factors from 1 to 11. A rec-
tangular pulse train (pulse width 100us) was used for this test
since it is the worst-case waveform for rms measurement (all
the energy is contained in the peaks). The duty cycle and peak
amplitude were varied to produce crest factors from 1 to 11
while maintaining a constant 1 volt rms input amplitude.

_L}.._r___l q-nu‘rvc\rms-ll,‘”‘—“
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Figure 14. Error vs. Crest Factor
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Figure 15. AD536A Error vs. Pulse Width Rectangular Pulse
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ANALOG
DEVICES

Low Level
True rms-to-dc Converter

AD636

FEATURES
True rms-to-dc Conversion
200mV Full Scale
Laser-Trimmed to High Accuracy
0.3% max Error (ADB636K)
0.6% max Error (ADG36J)
Wide Response Capability:
Computes rms of ac and dc Signals
1MHz -3dB Bandwidth: V,,;,>100mV
Signal Crest Factor of 6 for 0.5% Error
dB Output with 50dB Range
Low Power: 800uA Quiescent Current
Single or Dual Supply Operation
Monolithic Integrated Circuit
Low Cost
Available in Chip Form

PRODUCT DESCRIPTION

The AD636 is a low power monolithic IC which performs true
rms-to-dc conversion on low level signals. It offers perform-
ance which is comparable or superior to that of hybrid and
modular converters costing much more. The AD636 is speci-
fied for a signal range of 0 to 200 millivolts rms. Crest factors
up to 6 can be accommodated with less than 0.5% additional
error, allowing accurate measurement of complex input
waveforms.

The low power supply current requirement of the AD636,
typically 800uA, allows it to be used in battery-powered
portable instruments. A wide range of power supplies can be
used, from £2.5V to £16.5V or a single +5V to +24V supply.
The inpur and output terminals are fully protected; the in-
put signal can exceed the power supply with no damage to
the device (allowing the presence of input signals in the
absence of supply voltage) and the output buffer amplifier

is short-circuit protected.

The AD636 includes an auxiliary dB output. This signal is
derived from an internal circuit point which represents the
logarithm of the rms output. The 0dB reference level is set
by an externally supplied current and can be selected by the
user to correspond to any input level from 0dBm (774.6mV)
to -20dBm (77.46mV). Frequency response ranges from
1.2MHz at a 0dBm level to over 10kHz at -50dBm.

The AD636 is designed for ease of use, The device is factory-
trimmed at the wafer level for input and output offset, posi-
tive and negative waveform symmetry (dc reversal error), and
full scale accuracy at 200mV rms. Thus no external trims are
required to achieve full rated accuracy.

The AD636 is available in two accuracy grades; the AD636]
has a total error of £0.5mV £0.6% of reading, and the AD636K

AD636 FUNCTIONAL BLOCK DIAGRAM

s

is accurate within £0.2mV to *0.3% of reading. Both versions
are specified for the 0 to +70°C temperature range, and are
offered in either a hermetically sealed 14-pin DIP or a 10-pin
TO-100 metal can.

PRODUCT HIGHLIGHTS

1. The AD636 compurtes the true root-mean-square of a com-
plex ac (or ac plus dc) input signal and gives an equivalent
dc output level. The true rms value of a waveform isa
more useful quantity than the average rectified value since
it is a measure of the power in the signal. The rms value
of an ac-coupled signal is also its standard deviation.

2. The 200 millivolt full scale range of the AD636 is com-
patible with many popular display-oriented analog-to-digital
converters. The low power supply current requirement
permits use in battery-powered hand-held instruments.

3. The only external component required to perform mea-
surements to the fully specified accuracy is the averaging
capacitor. The value of this capacitor can be selected for
the desired trade-off of low frequency accuracy, ripple, and
settling time.

4, The on-chip buffer amplifier can be used to buffer either
the input or the output. Used as an input buffer, it pro-
vides accurate performance from standard 10M£ input
attenuators, As an output buffer, it can supply up to 5
milliamps of output current.

5. The AD636 will operate over a wide range of power sup-
ply voltages, including single +5V to +24V or split 2.5V
to £16.5V sources, A standard 9V battery will provide
several hundred hours of continuous operation.

RMS-TO-DC CONVERTERS 8-11
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(@ +25°C, and +Vs=+3V, —Vs=—5V unless otherwise noted)

SPECIFICATIONS

AD636] AD$36K
Min Typ Max Min Typ Max Usits
TRANSFER FUNCTION Vour = Vavg, (Ve Vour = Vavg, (Ve
CONVERSION ACCURACY
Total Error, Internal Trim'+ +0.5 £0.6 +0.2£0.3 mV + % of Reading
vs. Temperature, 010 + 70°C =0.1 =001 =0.1 =0.005 | mV =% of Reading™C
vs. Supply Voltage =0.1=0.01 X mV = %of Reading/V
de Reversal Error at 200mV =0.2 % of Reading
“Total Error, External Trim' =0.3 =0.1 mV = % of Reading
ERROR VS. CRESTFACTOR?
Crest Factor 1102 Specified Accuracy
Crest Factor = 3 -0.2 % of Reading
Crest Factor = 6 -0.5 %oof Reading
AVERAGING TIME CONSTANT 25 mu/uF CAV
INPUT CHARACTERISTICS
Signal Range, All Supplies
Continuous rms Level 0o 200 010200 mV rms
Peak Transient Inputs
+3V, - 5V Supply 28 =23 Vpk
=2.5V Supply =2.0 2.0 Vpk
+ 5V Supply =50 =5.0 Vpk
M C oD
Input Level (All Supply Voltages) =12 =12 Vpk
Input Resistance 5.33 6.67 B 5.33 6.67 L] ki
Input Offset Voltage 0.5 =0.2 mV
FREQUENCY RESPONSE*#
Bandwidth for 1% sdditional error (0.09dB)
Vi = 10mV 14 14 kHz
Vixe= 100mY 90 90 kHz
Vs = 200mV 130 130 kHz
+ 3dB Bandwidih
Vo= 10mV 100 100 kHz
Vi = 100mV 900 900 MHz
Vi = 200mV 1.5 L5 MHz
OUTPUT CHARACTERISTICS?
Offset Voltage, Vin = COM +0.5 +0.2 mV
vs Temperature =10 wvec
vi. Supply 0.1 mV/V
Voltage Swing
+3V, —5V Supply Ot + 1.0 0w +1.0 v
=5V 1o = 16.5V Supply Oto +1.0 +1.4 O +1.0 +1.4 v
Output Impedance 3 10 12 3 10 12 ki}
dBOUTPUT
Error, Vi = 7mV 1o 300mV rms =03 =0.5 =0.1 =0.2 dB
Scale Factor -3.0 -30 mV/idB
Scale Factor Temperature Cocfficient +0,33 +0.33 % of Reading"C.
-0.033 -0.033 dBrC
Tnes for 0dB = 1V rms 2 4 8 2 4 8 nA
Iner 1 50 1 50 pA
lour TERMINAL
Iy Scale Factor 100 100 pAV rms
Iout Seale Factor Tolerance -20 =10 +20 -20 =10 +20 %
Cutput Resistance 3 10 12 B 10 12 ki
Voltage Complance -Vswo(+Vy —Vsto(+Vy
-2V) -V v
BUFFER AMPLIFIER E
Inputand Output Voltage Range —Vsto(+Vs =Vswa{+Vs
-V -2v) v
Input Offset Voltage, Rg = 10k =08 =2 =05 %1 mV
Input Buas Current 20 &0 20 60 (.
Input Resistance 10* 10*
Crutput Current (+5mA, {+5mA,
—130uA) ~130pA)
Short Carcuit Current 20 i} mA
Small Signal Bandwidth 1 1 MHz
Slew Rate’ 5 5 Vips
POWER SUPPLY
Voliage, Rated Performance +3,-5 +3,-5 v
Dual Suply ¥, -25 =16.5 +2,-2.5 =16.5 \
Single Suply +5 +24 +5 +24 v
Quiescent Current® 0.80 1.00 0.80 1.00 mA
TEMPERATURE RANGE
Rated Performance 0 +70 0 +70 C
Storage ~55 +150 —55 +150 <
PACKAGE OPTIONS”
TO-116(D-14} AD636]D AD63IGED
TL-100 (H-104) AD636TH AD636KH
NOTE! Wit 10k pull d 6(BUFOUT)te Vs,

Accuracy hugher

*Measured at pin 8 of DIP (TIoyy), with pin 9 tsed to common.

*Error vs. crest factor

rectangular pulse tram, ;ulumdd: =200ps,
*Input voltages are expressed i volts rms.

5
L speaified for 0 1o 200mV rms, de or 1kHz sinewave input *With BUF input ted to Common.
oo a imnal levek L fine i

Specili byect to change without notce

for  200mV rms

8-12 RMS-TO-DC CONVERTERS
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Applying the AD636

STANDARD CONNECTION

The AD636 is simple to connect for the majority of high
accuracy rms measurements, requiring only an external capac-
itor to set the averaging time constant. The standard connec-
tion is shown in Figure 1. In this configuration, the AD636
will measure the rms of the ac and dc level present at the
input, but will show an error for low frequency inputs asa
function of the filter capacitor, Cay, as shown in Figure 5.
Thus, if a 4uF capacitor is used, the additional average error
at 10Hz will be 0.1%, atr 3Hz it will be 1%. The accuracy at
higher frequencies will be according to specification. If it is
desired to reject the dc input, a capacitor is added in series with
with the inpurt, as shown in Figure 3; the capacitor must be
non-polar. If the AD636 is driven with power supplies with

a considerable amount of high frequency ripple, it is advisable
to bypass both supplies to ground with 0.1uF ceramic discs as
near the device as possible. Cg is an optional output ripple
filter, as discussed elsewhere in this data sheet.

The input and output signal ranges are a function of the sup-
ply voltages as detailed in the specifications. The AD636 can
also be used in an unbuffered voltage output mode by dis-
connecting the input to the buffer. The output then appears
unbuffered across the 10k resistor. The buffer amplifier can
then be used for other purposes. Further, the AD636 can be
used in 2 current output mode by disconnecting the 10k re-
sistor from the ground. The output current is available at

pin 8 (pin 10 on the “H" package) with a nominal scale

of 100pA per volt rms input, positive out.

Figure 1. Standard rms Connection

OPTIONAL EXTERNAL TRIMS FOR HIGH ACCURACY
If it is desired to improve the accuracy of the AD636, the
external trims shown in Figure 2 can be added. R4 is used to
trim the offset. The scale factor is trimmed by using Ry

as shown. The insertion of R allows Ry to either increase
or decrease the scale factor by +1.5%.

The trimming procedure is as follows:

1. Ground the input signal, Vpy, and adjust R4 to give zero
volts output from pin 6. Alternatively, R4 can be adjusted to
give the correct output with the lowest expected value of Viy.
2. Connect the desired full scale input level to Vpy, either

dc or a calibrated ac signal (1kHz is the optimum frequency);
then trim R to give the correct output from pin 6, i.c.,
200mV dc input should give 200mV dc output. Of course, a

£200mV peak-to-peak sinewave should give a 141.4mV dc out-
put. The remaining errors, as given in the specifications, are
due to the nonlinearity.

SINGLE SUPPLY CONNECTION

The applications in Figures 1 and 2 assume the use of dual
power supplies, The AD636 can also be used with only a
single positive supply down to +5 volts, as shown in

Figure 3. Figure 3 is optimized for use with a 9 volt battery.,
The major limitation of this connection is that only ac

signals can be measured since the input stage must be biased
off ground for proper operation. This biasing is done at pin
10; thus it is critical that no extraneous signals be coupled into
this point. Biasing can be accomplished by using a resistive
divider between +Vg and ground. The values of the resistors
can be increased in the interest of lowered power consump-
tion, since only 1 microamp of current flows into pin 10 (pin
2 on the “H" package). Alternately, the COM pin of some
CMOS ADCs provides a suitable artificial ground for the
AD636. AC input coupling requires only capacitor C; as
shown; a de return is not necessary as it is provided internally.
Cy is selected for the proper low frequency break point with
the input resistance of 6.7k£2; for a cut-off at 10Hz, C; should
be 3.3uF. The signal ranges in this connection are slightly more
restricted than in the dual supply connection. The load resis-
tor, Ry, is necessary to provide current sinking capability.

Vg

£

Figure 2. Optional External Gain and Output Offset Trims
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Figure 3. Single Supply Connection
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CHOOSING THE AVERAGING TIME CONSTANT
The AD636 will compute the rms of both ac and dc signals.
If the input is a siowly-varying dc voltage, the output of the
ADG636 will track the inpurt exactly. At higher frequencies,
the average output of the AD636 will approach the rms value
of the input signal. The actual output of the AD636 will differ
from the ideal output by a de (or average) error and some
amount of ripple, as demonstrated in Figure 4,
Eq
IDEAL
K5

_DC ERROA =
Eo - Eq IIDEAL}

e Fat Fat i
U v t/_\"_ T - TA:ERME Eo=Eg

DOUBLE-FREQUENCY
RIPPLE

! TIME
Figure 4. Typical Output Waveform for Sinusoidal Input

The dc error is dependent on the input signal frequency and
the value of Cay. Figure 5 can be used to determine the mini-
mum value of Cyy which will yield a given % dc error above
a given frequency using the standard rms connection.

100 : 100
-
NEIINEINNEIL RS
10 N N N o %’ 10 %
W 3 =
; N R N 8
s 10 \‘bj %’ N, 10 §§
N
- o <
NNEIHNEILN EE
A RN RN RN
{— FORSTATED % OF READING
|~ AVERAGING ERROR"
o A
_J‘%dlatlﬂlﬂi!-v:u.nll’l!’l.élﬂnh \ \‘
PP I T N N -
1 10 100 1k 10k 100k
INPUT FREQUENCY - Mz

Figure 5. Error/Settling Time Graph for Use with the Standard
rms Connection

The ac component of the outpurt signal is the ripple. There are
two ways to reduce the ripple. The first method involves using
a large value of Cay. Since the ripple is inversely proportional
to Cav, a tenfold increase in this capacitance will effect a ten-
fold reduction in ripple. When measuring waveforms with high
crest factors, (such as low duty cycle pulse trains), the aver-
aging time constant should be at least ten times the signal peri-
od. For example, a 100Hz pulse rate requires a 100ms time
constant, which corresponds to a 4uF capacitor (time con-
stant = 25ms per pF).

0o

e

SETTLING
TIME RELATIVE

TO SETTLING
TIME AT
200mV rmz 50 ~
25 \
10 =S
o
TmV 10mV 100my w

rms INPUT LEVEL

Figure 6. Settling Time vs. Input Level
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The primary disadvantage in using a large Coy to remove rip-
ple is that the settling time for a step change in input level is
increased proportionately. Figure 5 shows the the relationship
between Cay and 1% settling time is 115 milliseconds for
each microfarad of Cpy. The settling time is twice as great
for decreasing signals as for increasing signals (the values in
Figure 5 are for decreasing signals). Settling time also in-
creases for low signal levels, as shown in Figure 6.

A better method for reducing output ripple is the use of a
“post-filter”. Figure 7 shows a suggested circuit. If a single-
pole filter is used (C3 removed, Ry shorted), and C, is approx-
imately 5 times the value of Cay, the ripple is reduced as
shown in Figure 8, and settling time is increased. For ex-
ample, with Cqy = 1uF and C; = 4.7yF, the ripple for a
60Hz input is reduced from 10% of reading to approximate-
ly 0.3% of reading. The settling time, however, is increased
by approximately a factor of 3. The values of Cpy and G
can therefore be reduced to permit faster settling times
while still providing substantial ripple reduction.

Vg

I;]L»*-_HEFLTT

1

CURRENT 10
MIRROR

[FOR SINGLE POLE.
SHORT Rx, REMOVE
Ca)

R

CaJ'_
1'1—
& OUT

Figure 7. 2 Pole "Post” Filter

The two-pole post-filter uses an active filter stage to provide
even greater ripple reduction without substantially increasing
the settling times over a circuit with a one-pole filter, The
values of Cay, Cz, and C3 can then be reduced to allow ex-
tremely fast settling times for a constant amount of ripple.
Caution should be exercised in choosing the value of Cpy,
since the dc error is dependent upon this value and is inde-
pendent of the post filter.

For a more detailed explaination of these topics refer to
the AMS-to-DC Conversion Application Guide, 2nd Edition,
available from Analog Devices.
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Figure 8. Performance Features of Various Filter Types



rms Measurements

AD636 PRINCIPLE OF OPERATION

The AD636 embodies an implicit solution of the rms equa-
tion that overcomes the dynamic range as well as other limi-
tations inherent in a straight-forward computation of rms.
The actual computation performed by the AD636 follows

the equation:
2
Vin
Vims = AVE. [ _;n_n;_]

Figure 9 is a simplified schematic of the AD636; it is sub-
divided into four major sections: absolute value circuit (ac-
tive rectifier), squarer/divider, current mirror, and buffer am-
plifier. The input voltage, Vy;, which can be ac or dc, is con-
verted to a unipolar current Iy, by the active rectifier A, A,
I, drives one input of the squarer/divider, which has the
transfer function:

s = K3/ 1L

The ourput current, Iy, of the squarer/divider drives the cur-
rent mirror through a low pass filter formed by R, and the
externally connected capacitor, Cpy. If the Ry, Cpy time
constant is much greater than the longest period of the input
signal, then l4 is effectively averaged. The current mirror re-
turns a current I3, which equals Avg. [I4], back to the squarer/
divider to complete the implicit rms computation. Thus:

I4 = Avg. ]I,2114| = 1; rms
The current mirror also produces the output current, Iy,
which equals 214. 1o can be used directly or converted to
a voltage with R, and buffered by A4 to provide a low im-
pedance voltage output, The transfer function of the AD636
thus results:

Vour = 2R2 Lknys = Vin s
The dB outpur is derived from the emitter of Q3, since the
voltage at this point is proportional to -log Vpy. Emitter fol-
lower, Qs, buffers and level shifts this voltage, so that the

dB output voltage is zero when the externally supplied
emitter current (Iggp) to Qs approximates 3.

CURRENT HIRI‘ID: -“D:‘
Bt
iy éj
R4 f»

*-1-" + i v b
Meptly [ 78

ONE — QUADRANT
SOUARER/
‘ DIVIDER

ABSOLUTE VALUE/
VOLTAGE — CURRENT
CONVERTER

Figure 9. Simplified Schematic

THE AD636 BUFFER AMPLIFIER

The buffer amplifier included in the AD636 offers the user
additional application flexibility. It is important to understand
some of the characteristics of this amplifier to obtain optimum
performance, Figure 10 shows a simplified schematic of the
buffer.

Since the output of an rms-to-dc converter is always positive,
it is not necessary to use a traditional complementary Class
AB output stage. In the AD636 buffer, a Class A emitter
follower is used instead. In addition to excellent positive out-
put voltage swing, this configuration allows the output to
swing fully down to ground in single-supply applications
without the problems associated with most IC operational
amplifiers.

)

CURRENT .

MIRROR

BUFFER
BUFFER
INPUT L]

(] --—---aw--l
EXTERNAL
s !W!'!DN&I. SEE TEXT)

Figure 10. AD636 Buffer Amplifier Simplified Schematic m

When this amplifier is used in dual-supply applications as an
input buffer amplifier driving a load resistance referred to
ground, steps must be taken to insure an adequate negative
voltage swing. For negative outputs, current will flow from the
load resistor through the 40k§2 emitter resistor, setting up a
voltage divider between -Vg and ground. This reduced effec-
tive Vg will limit the available negative output swing of the
buffer. Addition of an external resistor in parallel with Rg
alters this voltage divider such that increased negative swing

is possible.

Figure 11 shows the value of RgxTERNAL for a particular

ratio of Vpgak to -Vs for several values of Ry gap. Addition
of REXTERNAL increases the quiescent current of the buffer
amplifier by an amount equal to Rgxt/-Vs. Nominal buffer
quiescent current with no RExTERNAL 15 30uA at -Vs = -5V,

.
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Figure 11. Ratio of Peak Negative Swing to -V vs.
REXTERNAL for Several Load Resistances
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FREQUENCY RESPONSE
The AD636 utilizes a logarithmic circuit in performing the

implicit rms compurtation. As with any log circuit, bandwidth

is proportional to signal level. The solid lines in the graph be-
low represent the frequency response of the AD636 at input
levels from 1 millivolt to 1 volt rms. The dashed lines indi-
cate the upper frequency limits for 1%, 10%, and +3dB of
reading additional error. For example, note that a 1 volt rms

signal will produce less than 1% of reading additional error up

to 220kHz. A 10 millivolt signal can be measured with 1%
of reading additional error (100uV) up to 14kHz.

1 VOLT rms INPUT

]
1% fow :‘.Sds
2000 {220V s INPUT 1 !
100mV rms INPUT ! P,
[ 1 A1 4 | PR
‘
30mV rms INPUT i 4
T T T \\ \
e
1 g h10mY s 1npUT] 7 pd IV N
3 ‘aEre SEARN)
/| A V] A \
I Pl
dout| 7 17| \"

10k m

ImV rm |
100k
FREQUENCY — Hz

Figure 12. AD636 Frequency Response

AC MEASUREMENT ACCURACY AND CREST FACTOR
Crest factor is often overlooked in determining the accuracy

of an ac measurement. Crest factor is defined as the ratio of the
the peak signal amplitude to the rms value of the signal (C.F. =
Vp/Vims). Most common waveforms, such as sine and triangle
waves, have relatively low crest factors (<2). Waveforms which
resemble low duty cycle pulse trains, such as those occurring

in switching power supplies and SCR circuits, have high crest
factors. For example, a rectangular pulse train with a 1% duty
cycle has a crest factor of 10 (C.F.= 1A/n).

Figure 13 is a curve of reading error for the AD636 for a
200mYV rms input signal with crest factors from 1 to 7. A rec-
tangular pulse train (pulse width 200pus) was used for this test
since it is the worst-case waveform for rms measurement (all
the energy is contained in the peaks). The duty cycle and peak
amplitude were varied to produce crest factors from 1 to 7
while maintaining a constant 200mV rms input amplitude.

1= DUTY CYCLE = @E

CF =175
ey (rma) = 200mV
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ERROR % OF READING

&
o

CREST FACTOR

Figure 13. Error vs. Crest Factor

A COMPLETE AC DIGITAL VOLTMETER .
Figure 14 shows a design for a complete low power ac digital
voltmeter circuit based on the AD636. The 10MS2 input at-
tenuator allows full scale ranges of 200mV, 2V, 20V and
200V rms. Signals are capacitively coupled to the AD636
buffer amplifier, which is connected in an ac bootstrapped
configuration to minimize loading. The buffer then drives
the 6.7k§2 input impedance of the AD636. The COM termi-
nal of the ADC chip provides the false ground required by
the AD636 for single supply operation. An AD589 1.2

volt reference diode is used to provide a stable 100 millivolt

reference for the ADC in the linear rms mode; in the dB mode,

o1

a 1N4148 diode is inserted in series to provide correction
for the temperature coefficient of the dB scale factor. Cal-
ibration of the meter is done by first adjusting offset pot
R17 for a proper zero reading, then adjusting the R13 for an
accurate readout at full scale,

Calibration of the dB range is accomplished by adjusting R9
for the desired 0dB reference point, then adjusting R14 for
the desired dB scale factor (a scale of 10 counts per dB is
convenient).

Total power supply current for this circuit is typically
2.8mA using a 7106-type ADC.
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Figure 14. A Portable, High Z Input, rms DPM and dB

Meter Circuit
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ANALOG
DEVICES

High Precision
Wideband rms-to-dc Converter

AD637

FEATURES
High Accuracy
0.02% Max Nonlinearity, 0 to 2V rms Input
0.10% Additional Error to Crest Factor of 3
Wide Bandwidth
8MHz at 2V rms Input
600kHz at 100mV rms
Computes:
True rms
Square !
Mean Square
Absolute Value
dB Output (60dB Range)
Chip Select-Power Down Feature Allows:
Analog “3-State” Operation
Quiescent Current Reduction from 2.2mA to 350pA
Side-Brazed DIP or Low-Cost Cerdip

PRODUCT DESCRIPTION

The AD637 is a complete high accuracy monolithic rms to dc
converter that computes the true rms value of any complex
waveform. It offers performance that is unprecedented in inte-
grated circuit rms to dc converters and comparable to discrete
and modular techniques in accuracy, bandwidth and dynamic
range. A crest factor compensation scheme in the AD637 permits
measurements of signals with crest factors of up to 10 with less
than 1% additional error. The circuit’s wide bandwidth permits
the measurement of signals up to 600kHz with inputs of 200mV
rms and up to 8MHz when the input levels are above 2V rms.

As with previous monolithic rms converters from Analog Devices,
the AD637 has an auxiliary dB output available to the user. The
logarithm of the rms output signal is brought out to a separate
pin allowing direct dB measurement with a useful range of
60dB. An externally programmed reference current allows the
user to select the 0dB reference voltage to correspond to any
level between 0.1V and 2.0V rms.

A chip select connection on the AD637 permits the user to
decrease the supply current from 2.2mA to 350p.A during periods
when the rms function is not in use. This feature facilitates the
addition of precision rms measurement to remote or hand-held
applications where minimum power consumption is critical. In
addition when the AD637 is powered down the output goes to a
high impedance state. This allows several AD637s to be tied
together to form a wide-band true rms multiplexer.

The input circuitry of the AD637 is protected from overload
voltages that are in excess of the supply levels. The inputs will
not be damaged by input signals if the supply voltages are lost.

AD637 FUNCTIONAL BLOCK DIAGRAM
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BUFFER
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The AD637 is available in two accuracy grades (J, K) for com-
mercial (0 to +70°C) temperature range applications and one
(S) rated over the —55°C to + 125°C temperature range. All
versions are available in hermetically-sealed, 14-pin side-brazed
ceramic DIPs as well as low-cost cerdip packages.

PRODUCT HIGHLIGHTS

1. The AD637 computes the true root-mean-square, mean square,
or absolute value of any complex ac (or ac plus dc) input
waveform and gives an equivalent dc output voltage. The
true rms value of a waveform is more useful than an average
rectified signal since it relates directly to the power of the
signal. The rms value of a statistical signal is also related to
the standard deviation of the signal.

2. The AD637 is laser wafer trimmed to achieve rated performance
without external trimming. The only external component
required is a capacitor which sets the averaging time period.
The value of this capacitor also determines low frequency
accuracy, ripple level and settling time.

3. The chip select feature of the AD637 permits the user to
power down the device down during periods of nonuse,
thereby, decreasing battery drain in remote or hand-held
applications.

4. The on-chip buffer amplifier can be used as either an input
buffer or in an active filter configuration. The filter can be
used to reduce the amount of ac ripple, thereby, increasing
the accuracy of the measurement.

RMS-TO-DC CONVERTERS 8-17
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@ +25°C, and =15V dc unless otherwise noted)

SPECIFICATIONS .

AD63TA] AD6ITAK ADE3TAS
Min Typ Max Min Typ Max Min Typ Max Units
TRANSFER FUNCTION Vour -« Vavg (Vi Vour = Vavg (Vp? Vour = Vavg (Vp?
CONVERSION ACCURACY
“Total Error, Internal Trom' (Fig 2) =1x05 =0.5+0.2 =1 =05 mV =% of Reading
T 10 Trnas =30 0.6 2003 6207 mV = %of Reading
vs Supply + £ 150 30 150 30 150 pVIV
ve Supply o0 300 100 300 100 300 uwviv
dc Reversal Errorat 2V 0.25 0.1 0.25 %% of Reading
Nonlineanity 2V Full Scale’ 0.04 0.02 0.04 Ynof FSR
Nonlneanty 7V Full Scale 0.05 0.05 0.05 % of FSR
Total Error, External Trim =05=01 =025 =005 =050 mV =% of Reading
ERROR V5. CREST FACTOR'
Crest Factor 1102 Specified Accuracy Speaified Accuracy Specified Accuracy
Crest Factor = 3 = =01 =01 % of Reading
Crest Factor = 10 =10 =10 =10 % of Reading
AVERAGING TIMECONSTANT 25 ¥l 25 ms/pFCAV
INPUT CHARACTERISTICS
Signal Range, = [5V Supply
Continuous rms Level 0107 Oto? Gta7 Vrms
Peak Transient Input =15 =15 =13 Vpp
Signal Range, = 5V Supply
Conunuous rms Level Owd 004 o4 Vrms
Peak Transient Input “h =6 =6 Vpp
M Naon-Dx
Input Level (All Supply Voltages) =15 =15 =15 Vpp
Input Resistance 64 8 96 64 & & 64 8 96 kit
Tnput Offser Vialtage =05 =02 =05 mV
FREQUENCY RESPONSE*
Bandwidth for 1% sddiional error (0 094B)
3] il 1 kHz
66 6 66 kHz
Vin=2V 200 200 200 kHz
= 3dB Bandwidth
Vi = 20mV 150 150 150 kHz
Vi = 200mV 1 I 1 MHz
Vin =2V 8 g 8 MHz
OUTPUT CHARACTERISTICS
Offser Voliage =0.5 *1 mV
v Temperature =0.05% =0.089 =004 =0.056 =004 =0.07 m¥/"C
Voltage Swing, = 15V Supply,
2ki} Load Oto+12.0 #1353 Oto +12.0 +135 O +12.0 +135 v
Voliage Swing, = 3V Supply,
2k{l Load Oto +2 +2.2 Oto +2 +2.2 Oto +2 +212 v
Output Current & & mA
Short Crreust Current 0 20 0 mA
Resstance, Chip Sclect ““High™ 0s 0.5 0s M
Ressstance, Chep Select " Low™ 100 100 100 kil
dBOUTPUT
Error, Vix: TmV 10 7V rms, 0dB = [V rms =1 £1 =1 dB
Scale Factor =3 ~3 3 mV/dB
Scale Factor Temperature Coefficient «033 +033 +0.33 Y% of Reading"C
-0 033 -0.033 - 0,033 dBFC
Inprfor 0dB = IV rms 5 20 B0 5 20 80 5 20 50 rA
Tarr Range 1 100 1 100 1 100 nA
BUFFER AMPLIFIER
Input and Cutput Voliage Range Vita( + Vy Vitol+ Vi =Vito(+ Vg
25V) -15V) -2 5V} v
Input Offser Voltage =08 £2 =05 *1 =08 *2 mV
Input Current =2 =10 =2 =5 =l =10 nA
Input Resstance o* 0¥ 10% N
Chutpun Current {+5mA, (+5SmA, {+5SmA,
130pA) 130pA) 1300A)
Short Carcuit Current i) 0 20 mA
Small Signal Bandwidih 1 I 1 MHz
Slew Rane® 5 5 Vips
DENOMINATOR INPUT
Input Range 0w + 10 Oro + 10 Do+ 10 v
Input Resistance £0 25 30 20 25 20 25 i k)
Offset Voliage =02 =05 =02 =05 =02 =05 mV
CHIPSELECT PROVISION (C5)
s “ON"" Level Openor + 24V<Vi< iV, Openor + 2 4V<Vi=+V, Openor # 2 4V<Ve< +Vy
mms “OFE" Level Ve=102v Vi=+02V Vi=+02V
Ty 1 of Chip Select
CS LOW” n 10 10 RA
CSUHIGH™ Zero Zero Zero

On Time Constam
Off Time Constant

10ps ¢ ({25k41) ¥ Cay)
105 # ((25k11) % Cay)

10ps + ({25%41) % Cav)
10 + ((25%A1) & Cayd

103 + ((25Kk82) = Cay)
10ps + ((23kiY) = Cpy)
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Model AD6&3ITA] ADSITAK AD63TAS
Min Typ Max Min Typ Max Min Typ Max Units
POWER SUPPLY
Operatng Voltage Range =3.0 %18 +3.0 *=18 +3.0 =18 v
Quiescent Current 22 3 22 3 22 3 mA
Suandby Current 350 450 350 450 350 450 wA
PACKAGE OPTIONS®
TO-116-(D-14) ADS3ITAID ADSITAKD AD&3ITASD
Cerdip (Q-14) ADSITA]Q ADS3TAKQ NiA
NOTES
' Accuracy specified 0-7V rms de with AD637 connected as shown in Figure 2, Speaifications shown in boldface are tested on all production umis ar final
Py fi o hne electrical test. Results from those rests are used to calculare outgomng quality
connecting the readngs at 10mV and 2V, levels. All mun and max speaifications are guaranteed, although only those
YError vs. crest i for 1V rms shown in boldface are tested on all production unis
“Input voltages are expressed 1n volts rms., % are in % of reading,
Syt 19503 oall d tied to - Vg
*See Section 16 for package outhne mformation
5 b ng notce
| FILTER/AMPLIFIER
BuFF 0uT (o) | onEouaoranT | O
BUFE i (3 BUFFER I | (1) “vs
AMPLIFIER |
b i RS
I | aur
' L
—————————————— — R e
Fre e | out
L I q‘i com
ABSOLUTE VALUE VOLTAGE - I 4 s
CURRENT CONVERTER |
| iruT
Bait Bhit ~ | 0z a3 ) Fineiis
i . OFFSET
-1 <
Vol }_ 12hiE ." + | !!su:’
| I v
7 -+ E Vs
1

Figure 1. Simplified Schematic
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FUNCTIONAL DESCRIPTION

The AD637 embodies an implicit solution of the rms equation
that overcomes the inherent limitations of straightforward rms
computation. The actual computation performed by the AD637
follows the equation

V rms= Avg [ % ]

Figure 1 is a simplified schematic of the AD637, it is subdivided
into four major sections; absolute value circuit (active rectifier),
square/divider, filter circuit and buffer amplifier. The input
voltage Vyy which can be ac or dc is converted to a unipolar
current I1 by the active rectifier Al, A2, I1 drives one input of
the squarer divider which has the transfer function

I2?
-1,
The output current of the squarer/divider, I4 drives A4 which
forms a low pass filter with the external averaging capacitor. If
the RC time constant of the filter is much greater than the
longest period of the input signal than A4s output will be pro-
portional to the average of I4. The output of this filter amplifier
is used by A3 to provide the denominator current I3 which
equals Avg. I4 and is returned to the squarer/divider to complete
the implicit rms computation.

I

I
I,=Avg [ - ] =1, rms
I,
and
VOUT = VTN rms
If the averaging capacitor is omitted the AD637 will compute
the absolute value of the input signal. A nominal SpF capacitor
should be used to insure stability. The circuit operates identically
to that of the rms configuration except that I3 is now equal to
14 giving
4 I.'
L=

The denominator current can also be supplied externally by
providing a reference voltage, Vggg, to pin 6. The circuit operates
identically to the rms case except that I3 is now proportional to
Vrer. Thus:

I;2
I,=Avg I
3
and
Vin?
Vi=
°" Vo

Figure 2. Standard rms Connection

8-20 RMS-TO-DC CONVERTERS

STANDARD CONNECTION

The AD637 is simple to connect for a majority of rms measure-
ments. In the standard rms connection shown in Figure 2, only
a single external capacitor is required to set the averaging time
constant. In this configuration, the AD637 will compute the
true rms of any input signal. An averaging error, the magnitude
of which will be dependent on the value of the averaging capacitor,
will be present at low frequencies. For example, if the filter
capacitor Cay, is 4. F this error will be 0.1% at 10Hz and increases
to 1% at 3Hz. If it is desired to measure only ac signals the
AD637 can be ac coupled through the addition of a nonpolar
capacitor in series with the input as shown in Figure 2.

The performance of the AD637 is tolerant of minor variations in
the power supply voltages, however, if the supplies being used
exhibit a considerable amount of high frequency ripple it is
advisable to bypass both supplies to ground through a 0.1pF
ceramic disc capacitor placed as close to the device as possible.

The output signal range of the AD637 is a function of the supply
voltages, as shown in Figure 3. The output signal can be used
buffered or nonbuffered depending on the characteristics of the
load. The output of the AD637 is capable of driving SmA into a
2k(} load without degrading the accuracy of the device.

MAX Viyy - Volts 2kil Load
3

& /
/ !
=3 = =10 =15 =18
SUPPLY VOLTAGE - DUAL SUPPLY - Volts

Figure 3. AD637 max Vaur vs. Supply Voltage

CHIP SELECT

The AD637 includes a chip select feature which allows the user
to decrease the quiescent current of the device from 2.2mA to
350pA. This is done by driving the CS, pin 5, to below 0.2V
dc. Under these conditions, the output will go into a high im-
pedance state. In addition to lowering power consumption, this
feature permits bussing the outputs of a number of AD637s to
form a wide bandwidth rms multiplexer. If the chip select is not
being used, pin 5 should be tied high or left floating.

OPTIONAL TRIMS FOR HIGH ACCURACY

The AD637 includes provisions to allow the user to trim out

both output offset and scale factor errors. These trims will

result in significant reduction in the maximum total error as

shown in Figure 4. This remaining error is due to a nontrimmable

input offset in the absolute value circuit and the irreducible
nonlinearity of the device.

The trimming procedure on the AD637 is as follows:

1. Ground the input signal, Vv and adjust R1 to give 0V output
from pin 9. Alternatively R1 can be adjusted to give the
correct output with the lowest expected value of Vpy.

2. Connect the desired full scale input to Vyy, using either a de
or a calibrated ac signal, trim R3 to give the correct output
at pin 9, i.e., 1V dc should give 1.000V dc output. Of course,
a 2V peak-to-peak sine wave should give 0.707V dc output.
Remaining errors are due to the nonlinearity.
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Figure 5. Optional External Gain and Offset Trims

CHOOSING THE AVERAGING TIME CONSTANT
The AD637 will compute the true rms value of both dc and ac
input signals. At dc the output will track the absolute value of
the input exactly; with ac signals the AD637’s output will approach
the true rms value of the input. The deviation from the ideal
rms value is due to an averaging error. The averaging error is
comprised of an ac and dc component. Both components are
functions of input signal frequency f, and the averaging time
constant T (1: 25ms/wF of averaging capacitance). As shown in
Figure 6, the averaging error is defined as the peak value of the
ac component, ripple, plus the value of the dc error.

Eg

IDEAL
L]

DC ERROR = AVERAGE OF OUTPUT-IDEAL

————— I AVERAGING ERROR
DOUBLE-FREQUENCY
RIPPLE

TIME
Figure 6. Typical Output Waveform for a Sinusoidal Input

The peak value of the ac ripple component of the averaging
error is defined approximately by the relationship:

% in % of reading where (v>1/f)
This ripple can add a significant amount of uncertainty to the
accuracy of the measurement being made. The uncertainty can
be significantly reduced through the use of a post filtering network
or by increasing the value of the averaging capacitor.

The dc error appears as a frequency dependent offset at the
output of the AD637 and follows the equation:

1 3 i
TR st

Since the averaging time constant, set by Cay, directly sets the
time that the rms converter “holds™ the input signal during
computation, the magnitude of the dec error is determined only
by Cay and will not be affected by post filtering.
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SINEWAVE INFUT FREQUENCY - He

Figure 7. Comparison of Percent dc Error to the Percent ﬂ

Peak Ripple over Frequency Using the AD637 in the Standard
rms Connection with a 1uF Cay

The ac ripple component of averaging error can be greatly reduced
by increasing the value of the averaging capacitor. There are
two major disadvantages to this: first, the value of the averaging
capacitor will become extremely large and second, the settling
time of the AD637 increases in direct proportion to the value of
the averaging capacitor (Ts = 115ms/pF of averaging capacitance).
A preferrable method of reducing the ripple is through the use
of the post filter network, shown in Figure 8. This network can
be used in either a one or two pole configuration. For most
applications the single pole filter will give the best overall com-
promise between ripple and settling time.

sureR ™~ ineay BUFFER AMS
BUFFERINPUT —| @ ouTPUT ouTRUT
L
“[
AMALOG COM s
3 T
auTPuT
OFFSET
+ H
CHP 5
soEct
DENOMINATOR,
e
|y
FOR 1 POLE
FILTER, SHORT
o Ao AND
Pl REMOVE 3
211

Figure 8. Two Pole Sallen-Key Filter
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Figure 9a shows values of Cay and the corresponding averaging
error as a function of sine-wave frequency for the standard rms
connection. The 1% settling time is shown on the right side of
the graph.

Figure 9b shows the relationship between averaging error, signal
frequency settling time and averaging capacitor value. This
graph is drawn for filter capacitor values of 3.3 times the averaging
capacitor value. This ratio sets the magnitude of the ac and dc
errors equal at S50Hz. As an example, by using a 1p.F averaging
capacitor and a 3.3uF filter capacitor the ripple for a 60Hz
input signal will be reduced from 5.3% of reading using the
averaging capacitor alone to 0.15% using the single pole filter.
This gives a factor of thirty reduction in ripple and yet the
settling time would only increase by a factor of three. The values
of Cay and C;, the filter capacitor, can be calculated for the
desired value of averaging error and settling time by using
Figure 9b.
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The symmetry of the input signal also has an effect on the mag-
nitude of the averaging error. Table I gives practical component
values for various types of 60Hz input signals. These capacitor
values can be directly scaled for frequencies other than 60Hz,
i.e., for 30Hz double these values, for 120Hz they are halved.

Hacommended Cayand C2
- Vabues for 1% Averaging
Absalute Value o | Erraris S0MEwith T= 16 8ms | 1%
- Corcunt Wawetorm | 1% Cav Setthog
n ™o
ey Gomptamt  |Standard | Standsrd a
VoloeCay | Value €2
A 12T QaTuF 10uF 1 Ims
[3 T 0 82uF 27uF Azt
.mlh‘mwnhd:ﬂ!ﬂ___
—T—e -—T—e
© ﬁn | {t‘- WIT-T5h &auF 22pF ET
av
Pulse Tran Wasnfarm |
L ¥ i
=T T
o T-2T4 LT 18aF 2 17see
T o

Table I. Practical Values of Cay and C2 for Various Input
Waveforms

For applications that are extremely sensitive to ripple, the two
pole configuration is suggested. This ccn.figurauon will mini-
mize capacitor values and settling time while maximizing
performance.

Figure 9c can be used to determine the required value of Cpy,
C; and C; for the desired level of ripple and settling time.

FREQUENCY RESPONSE

The frequency response of the AD637 at various signal levels is

shown in Figure 10. The dashed lines show the upper frequency
limits for 1%, 10% and # 3dB of additional error. For example,

note that for 1% additional error with a 2V rms input the highest
frequency allowable is 200kHz. A 200mV signal can be measured
with 1% error at signal frequencies up to 100kHz.
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Figure 10. Frequency Response

To take full advantage of the wide bandwidth of the AD637
care must be taken in the selection of the input buffer amplifier.
To insure that the input signal is accurately presented to the
converter, the input buffer must have a —3dB bandwidth that
is wider than that of the AD637. A point that should not be
overlooked is the importance of slew rate in this application.
For example, the minimum slew rate required for a 1V rms
SMHz sine-wave input signal is 44V/us. The user is cautioned
that this is the minimum rising or falling slew rate and that care
must be exercised in the selection of the buffer amplifier as
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some amplifiers exhibit a two-to-one difference between rising T
and falling slew rates. The AD381 is recommended as a precision | | /
input buffer. 12

AC MEASUREMENT ACCURACY AND CREST FACTOR
Crest factor is often overlooked in determining the accuracy of
an ac measurement. Crest factor is defined as the ratio of the
peak signal amplitude to the rms value of the signal (C.F. =
Vo/Vims). Most common waveforms, such as sine and triangle
waves, have relatively low crest factors (=2). Waveforms which
resemble low duty cycle pulse trains, such as those occurring in
switching power supplies and SCR circuits, have high crest

|
| Y

factors. For example, a rectangular pulse train with a 1% duty ': | '_" e | ]
cycle has a crest factor of 10 (C.F. = l.l"\/ﬁ). T 1) 1 s 20
[T n.muvc—u_-$ bt
.M “'I"':;’_'_" _— Figure 13. Error vs. rms Input Level for Three Common
i " Crest Factors
T CONNECTION FOR dB OUTPUT
Cuy = TnF Another feature of the AD637 is the logarithmic or decibel
'\ \ output. The internal circuit which computes dB works well over
2 e a 60dB range. The connection for dB measurement is shown in
g k=10 Figure 14. The user selects the 0dB level by setting R1 for the
z proper 0dB reference current (which is set to exactly cancel the
; log output current from the squarer/divider circuit at the desired
[ | — 0dB point). The external op amp is used to provide a more
convenient scale and to allow compensation of the +0.33%/°C
temperature drift of the dB circuit. The special T.C. resistor R3
cr=3 is available from Tel Labs in Londenderry, New Hampshire
omk . (model Q-81) and from Precision Resistor Inc., Hillside, N.J.
" sl = (model PT146).
PULSE WIBTH - s A anscME
SAGHAL 33 ik nm
Figure 11. AD637 Error vs. Pulse Width Rectangular Pulse e =
BUFFER INPUT E - i Aoayy. o 3-"-'-‘3'1 w0 A
Figure 12 is a curve of additional reading error for the AD637 I—Ef s |y
for a 1 volt rms input signal with crest factors from 1 o 11. A P G -
rectangular pulse train (pulse width 100ps) was used for this o & "
test since it is the worst-case waveform for rms measurement === [ e
(all the energy is contained in the peaks). The duty cycle and st 3] L] -
peak amplitude were varied to produce crest factors from 1 to owcumston 15 — s gureur
10 while maintaining a constant 1 volt rms input amplitude. ar] 3_} e
- T s ;
| T iR
s o ABRIST
g
£ ___-—-"""--“ Figure 14. dB Connection
5 ’ ____-"""--.."‘--..___ B
g s l— — e~ dB CALIBRATION
"E«? ~_ 1. Set Ve = 1.00V dc or 1.00V rms
et ~>-< 2. Adjust R1 for 0dB out = 0.00V
iv 3. Set Viy = 0.1V dc or 0.10V rms
! : ! ‘ : ¢ ' b e 4. Adjust R2 for dB out = —2.00V
e Any other dB reference can be used by setting Vi and R1
Figure 12. Additonal Error vs. Crest Factor accordingly.
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LOW FREQUENCY MEASUREMENTS

If the frequencies of the signals to be measured are below 10Hz,
the value of the averaging capacitor required to deliver even 1%
averaging error in the standard rms connection becomes extremely
large. The circuit shown in Figure 15 shows an alternative method
of obtaining low frequency rms measurements. The averaging
time constant is determined by the product of R and Cay;, in
this circuit 0.5s/pF of Cay. This circuit permits a 20:1 reduction
in the value of the averaging capacitor, permitting the use of
high quality tantalum capacitors. It is suggested that the two
pole Sallen-Key filter shown in the diagram be used to obtain a
low ripple level and minimize the value of the averaging
capacitor.

MOTE VALLIES CHOSEN T0.GivE 8 1%
AVERADING GRIOR = iz

Burren

= R
s GUATPUT

Ve

[

outeuy

Qe 1w
any

v

=]
7
o

Figure 15. AD637 as a Low Frequency rms Converter

If the frequency of interest is below 1Hz, or if the value of the
averaging capacitor is still too large, the 20:1 ratio can be increased.
This is accomplished by increasing the value of R. If this is
done it is suggested that a low input current, low offset voltage
amplifier like the AD542 be used instead of the internal buffer
amplifier. This is necessary to minimize the offset error introduced
by the combination of amplifier input currents and the larger
resistance.

8-24 RMS-TO-DC CONVERTERS
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VECTOR SUMMATION

Vector summation can be accomplished through the use of two
AD637s as shown in Figure 16. Here the averaging capacitors
are omitted (nominal 100pF capacitors are used to insure stability
of the filter amplifier), and the outputs are summed as shown.
The output of the circuit is

VO= V VXZ + v‘rz

EXPANDABLE

BUFFER ™

=

T

=

T

|
&

m%ﬁgﬁ- m%ﬁ?ﬁmm

ﬁﬁ

O Vo= A Vs Vo

Figure 16. AD637 Vector Sum Configuration
This concept can be expanded to include additional terms by
feeding the signal from pin 9 of each additional AD637 through
a 10k(} resistor to the summing junction of the AD611, and
tying all of the denominator inputs (pin 6) together.
If Cay is added to IC1 in this configuration the output is

Vi + Vy If the averaging capacitor is included on both

IC1 and IC2 the output will be VV,? + Vy?
This circuit has a dynamic range of 10V to 10mV and is limited

only by the 0.5mV offset voltage of the AD637. The useful
bandwidth is 100kHz.



ANALOG
DEVICES

Low-Cost, Low-Power
True rms-to-dc Converter

AD736

FEATURES

COMPUTES
True rms Value
Average Rectified Value
Absolute Value

PROVIDES

200mV Full-Scale Input Range

High Input Impedance of 10"

Low Input Bias Current: 25pA max

High Accuracy: £0.5mV +0.5% of Reading

RMS Conversion with Signal Crest Factors Up to 5

Wide Power Supply Range: +2.8V, —3.2V
to £16.5V

Low Power: 200p.A max Supply Current

Buffered Voltage Output

No External Trims Needed for Specified Accuracy

AD737 - An Unbuffered Voltage Output Version
with Chip Power Down is also Available

1

PRODUCT DESCRIPTION iy 2

The AD736 is a low-power, precision, monohth{c mxe l"h:?t?o-dc ¢, Wéﬂl

converter. It is laser trimmed to provide agnapmum.éh‘ur 0[
less than =0.5mV +0.5% of readmgwﬂh le-wave mpnlts i

and triac (phase) controlled sine Waves. Thg o “and small
physical size of this converter make it suna‘fﬂe fd‘l‘ﬁ%gr&dﬁg thz
performance of non-rms “precision rectifiers™ in many ap :
tions. Compared to these circuits, the AD736 offers higher ""
accuracy at equal or lower cost.

The AD736 can compute the rms value of both ac and dc input
voltages. It can also be operated ac coupled by adding one external
capacitor. In this mode, the AD736 can resolve input signal
levels of 100pV rms or less, despite variations in temperature or
supply voltage. High acccuracy is also maintained for input
waveforms with crest factors of 1 to 3. In addition, crest factors
as high as 5 can be measured (while introducing only 2.5%
additional error) at the 200mV full-scale input level.

The AD736 has its own output buffer amplifier, thereby providing
a great deal of design flexibility. Requiring only 200p.A of power
supply current, the AD736 is optimized for use in portable
multimeters and other battery powered applications.

e %\s, Ill‘l
'{‘I’

AD736 FUNCTIONAL BLOCK DIAGRAM

Bkil
Ce E AD736 3 com

FULL
V| 2 RECTIFIER by 7 | +Vs
iNPUT I

AMPLIFIER I »

LES] ourmar
OUTPUT

Cr E BIAS
BECYION AMPLIFIER

ks Iv _{5_ [

Ty 7

N%;%B aJlows the choice of two signal input terminals: a

(10”(1) FET input which will directly interface
tenuﬂtors and a low impedance (8k{1) input

e measurement of 300mV input levels, while
m the minimum power supply voltage of 4+ 2.8V,
Thc two inputs may be used either singly or

% ."*Rilffere
Furthermore, it maintains high, m.l'gﬁm meas{h‘ﬁ!g-_ﬁ wide
range of input waveforms, mclll'hn‘\eﬁ iable q‘gmr c&de plﬂtes ;

R.E A%%uchievus a 1% of reading error bandwidth exceeding
r input amplitudes from 20mV rms to 200mV rms
consuming only 1mW.
The AD736 is available in four performance grades. The AD736]
and AD736K grades are rated over the commercial temperature
range of 0 to +70°C. The AD736A and AD736B grades are
rated over the industrial temperature range of —40°C to +85°C.
The AD736 is available in three low-cost 8-pin packages: plastic
mini-DIP, plastic SO and hermetic cerdip.

PRODUCT HIGHLIGHTS

1. The AD736 is capable of computing the average rectified
value, absolute value or true rms value of various input
signals.

2. Only one external component, an averaging capacitor, is
required for the AD736 to perform true rms measurement.

3. The low power consumption of ImW makes the AD736
suitable for many battery powered applications.

4, A high input impedance of 10'*(} eliminates the need for an
external buffer when interfacing with input attenuators.

5. A low impedance input is available for those applications
requiring up to 300mV rms input signal operating from low
power supply voltages.
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SPEBIFICA“ONS (@ +25°C = 5V supplies, ac coupled with TkHz sine-wave input applied unless otherwide noted.)

Model ADT736J/A ADT736K/B
Conditions Min Typ Max Min _ Typ Max Units
TRANSFER FUNCTION Vour =V Avg. (Vi) Vour = VAvg. (Viv®)
CONVERSION ACCURACY 1kHz Sine Wave
Total Error, Internal Trim' ac Coupled
All Grades 0-200mV rms 0.2/0.2 0.5/0.5 0.2/0.2 0.3/0.3 | =mV/=%of Reading
200mV-1V rms 1.2 2.0 1.2 2.0 =% of Reading
Tmn‘Tmn
A&B Grades @ 200mV rms 0.7/0.7 0.5/0.5| =mV/="% of Reading
J&K Grades @ 200mV rms 0.007 0.007 =+ % of Reading/*C
vs. Supply Voltage
@ 200mV rms Input Vs= =5V £ 16.5V +0.06 +0.1 %V
@ 200mV rms Input Vs==5Vio =3V -0.18 -03 | %V
dec Reversal Error, de Coupled @ 600mV dc 1.3 2.5 % of Reading
Nonlinearity*, 0-200mV @ 100mV rms +0.25 +0.35 | %ofReading
Total Error, External Trim + 0-200mV rms 0.1/0.3 +mV =% of Reading
ERROR vs. CREST FACTOR?
Crest Factor 1to3 Cav, Cp=100pF 0.7 % Additional Error
Crest Factor= 5 Cay, Ce= 100pF 2.5 % Additional Error
INPUT CHARACTERISTICS
High Impedance Input (Pin 2)
Signal Range
Continuous rms Level Vs= +2.8V, 3.2V 200 mV rms
Continuous rms Level Vs= =5Vio = 16.5V 1 Vrms
Peak Transient Input Vs= +28V,-3.2V v
Peak Transient Input Vs= =5V *2.7 v
Peak Transient Input Vs= =16.5V T v
Input Resistance 4 107 0
Input Bias Current 1 25 pA
Low Impedance Input (Pin 1)
Signal Range ¥ o
Continuous rms Level V= g BV, -3.2% 300 mV rms
Continuous rms Level Vs= =5Vio =165V | 1 Vrms
Peak Transient Input Vs= +2.8V, -3, +1.7 v
Peak Transient Input Vs= =5V ’ +3.8 v
Peak Transient Input Vs= =16.5V =11 v
Input Resistance 8 9.6 ki)
Maximum Continuous Non-
Destructive Input All Supply Voltages =12 =12 Vp-p
Input Offset Voltage* ac Coupled
J&K Grades +3 +3 mV
A&B Grades %3 +3 mV
vs. Temperature 8 30 8 i wVFEC
vs. Supply Vs= =5V =16.5V 50 150 50 150 pVv
vs. Supply V= =5Vio =3V 30 80 wVrv
OUTPUT CHARACTERISTICS
Output Offset Voltage
J&K Grades =0.1 +0.5 =0.1 =03 mV
A&B Grades +0.5 +0.3 mV
vs. Temperature 1 20 1 20 wVrc
vs. Supply Vs= +5Vio = 16.5V 50 130 50 130 Y
Vs= =5Vio =3V 50 50 wVv
Output Voltage Swing
2k() Load Vs= +2.8V,-3.2V 0w + 1.6 +1.7 Ow +1.6 +1.7 v
2k(1 Load Vs= =5V O +3.6 +38 0o +3.6 +38 v
2k2 Load Vs= =16.5V Oto +4 +5 Oto +4 +5 v
NoLoad Vg= =16.5V Oto +4 +12 Oto +4 +12 v
Ourput Current 2 2z mA
Short-Circuit Current 3 k] mA
Output Resistance @ de 0.2 0.2 0

8-26 RMS-TO-DC CONVERTERS
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Model

Conditions Min

ADT736J/A

Typ Max

AD736K/B

Typ Max

Units

FREQUENCY RESPONSE
High Impedance Input (Pin 2)

For 1% Additional Error
Vin = ImV rms
Vi = 10mV rms
Vi = 100mV rms
Vi = 200mV rms

+ 3dB Bandwidth
Vin = ImVrms
Vi = 10mV rms
Vin = 100mV rms
Vin = 200mV rms

Sine-Wave Input

Sine-Wave Input

7
3

35
170
190

7
i3

55
170
190

kHz
kHz
kHz
kHz

kHz
kHz
kHz
kHz

FREQUENCY RESPONSE
Low Impedance Input (Pin 1)

For 1% Additional Error
Vin = ImVrms
Vin = 10mV rms
Vin = 100mV rms
Vin = 200mV rms

= 3dB Bandwidth
Viy = ImVrms
Vin = 10mV rms
Vin = 100mV rms
Vin = 200mV rms

Sine-Wave Input

Sine-Wave Input

kHz
kHz
kHz
kHz

kHz
kHz
kHz
kHz

POWER SUPPLY
Operating Volage Range
Quiescent Current

200mV rms, No Load

%5 +16.5
160 200
230 270

Voits
ph
[Tr.%

TEMPERATURE RANGE
Operating, Rated Performance
Commercial (0 to + 70°C)
Industrial ( - 40°C to + 85°C)

" AD736]
AD736A°

ADT36K
AD736B

PACKAGE OPTIONS®
8-Pin Plastic Mini-DIP (N-8)
8-Pin Plastuc SO (R-8)
8-Pin Cerdip (Q-8)

ABT6IN
AD736]R
AD736AQ

ADT736KN
AD736KR
AD736BQ

NOTES

' Accuracy 15 specified with the AD736 connected as shown in Figure 1.

*Nonlineanty 15 defined as the maximum deviation (in percent error) from a straight line connecting

the readings at 0 and 200mV rms. OQutput offset voltage is adjusted to zero,

*Error vs, Crest Factor is specified as additional error for a 200mV rms signal. C.F. = Vpgax/V rms,

*DC offset does not imit ac resolution.
*See Section 16 for package outhne information.

Specifications are subject 1o change without notice.

Speaificauons shown in boldface are tested on all production units ar final electrical rest.

Resulrs from those tests are used to calculate outgoing quality levels,

ABSOLUTE MAXIMUM RATINGS'
Supply Voltage . ........ +16.5V
Internal Power Dissipation 200mW
Input Voltage . . . . . . . . . . ¢« v s v v v v nen e +Vs
Output Short-Circuit Duration . . . . .. .. ... Indefinite
Differential Input Voltage . ......... +Vgand —Vj
Storage Temperature Range Q —65°C to+150°C
Storage Temperature Range N, R . . . . . . —65°C1o+125°C

Operating Temperature Range
AD736]/K
AD736A/B . . ... .. ...

Lead Temperature Range (Soldering 60sec) .

NOTE

... 0w +70°C
—40°C 10 +85°C
+300°C

'Stresses above those listed under “Absolute Maximum Ratings” may cause per-
manent damage to the device, This is a stress rating only and functional opera-
tion of the device ar these or any other conditions above those indicated in the

operational section of this specification is not i

rating conditions for

lied

e tenl

o

1 periods may affect device reliability.
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Applications Circuits
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Low-Cost, Low-Power
True rms-to-dc Gonverter

AD737

FEATURES

COMPUTES
True rms Value
Average Rectified Value
Absolute Value

PROVIDES

200mV Full-Scale Input Range

Direct Interfacing with 3 1/2 Digit
CMOS A/D Converters

Power Down Feature which Reduces Supply Current

High Input Impedance: 10'? ohms

Low Input Bias Current: 25pA max

High Accuracy: =0.2mV +0.3% of Reading

RMS Conversion with Signal Crest Factors Up to 5

Wide Power Supply Range: +2.8V,
-3.2V to £16.5V

Low Power: 160pA max Supply Current

No External Trims Needed for Specified Accuracy

AD736 - A General Purpose, Buffered Voltage
Output Version is also Available

AD737 FUNCTIONAL BLOCK DIAGRAM

Nt
il AD737
Ce E VWA 3 com
FULL
WAVE
Vin E RECTIFIER 3 +Ve
INPUT Bkil
AMPLIFIER J
POWER _| BIAS RMS CORE
pown |3 szcnon] ] il

chulrmg only 160p.A of power supply current, the AD737 is
opum‘izni for use in portable multimeters and other barttery
4 ipobethd inhcahons This converter also provides a “power

dotwn fearure. which reduces the power supply standby current

&4 % o  less ‘than 30;1;\

PRODUCT DESCRIPTION

The AD737 is a low-power, precision, monolithic true rms- m-d&;m

converter, It is laser trimmed to provlda a maximum error of,
less than =0.2mV = 0.3% of reading ‘with sitie-wave inputs, 7,
Furthermore, it maintains high accuracy while measuring a mde
range of input waveforms, including variable duty c)rcle pulses
and triac (phase) controlled sine waves. The low cost and smail, .
physical size of this cnnverter make it smtablc for upgrading, '(ht:\,
performance of non-rms “precision rectifiers” in many appli¢és""
tions. Compared to these circuits, the AD737 offers higher
accuracy at equal or lower cost.

The AD737 can compute the rms value of both ac and dc input
voltages. It can also be operated ac coupled by adding one external
capacitor. In this mode, the AD737 can resolve input signal
levels of 100V rms or less, despite variations in temperature or
supply voltage. High acccuracy is also maintained for input
waveforms with crest factors of 1 to 3. In addition, crest factors
as high as 5 can be measured (while introducing only 2.5%
additional error) at the 200mV full-scale input level.

The AD737 has no output buffer amplifier, thereby significantly
reducing dc offset errors occurring at the output. This allows
the device to be highly compatible with high input impedance
A/D converters.

*H'Kb iD?‘S? allows the choice of two signal input terminals: a
Hmpedmce (10'?Q1) FET input which will directly interface
vith hlgh‘&,mpm attenuators and a low impedance (8k(}) input

wl:u@l allm ‘the measurement of 300mV input levels while

50 pcrs?bng ‘from the minimum power supply voltage of + 2.8V,

3.2V. The two inputs may be used either singly or

dlfferenua]ly

The AD737 achieves a 1% of reading error bandwidth exceeding

10kHz for input amplitudes from 20mV rms to 200mV rms

while consuming only 0.72mW.

The AD737 is available in four performance grades. The AD737]

and AD737K grades are rated over the commercial temperature

range of 0 to +70°C. The AD737A and AD737B grades are

rated over the industrial temperature range of —40°C 1o +85°C.

The AD737 is available in three low-cost, 8-pin packages: plastic
mini-DIP, plastic SO and hermetic cerdip.

PRODUCT HIGHLIGHTS

1. The AD737 is capable of computing the average rectified
value, absolute value or true rms value of various input
signals.

. Only one external component, an averaging capacitor, is
required for the AD737 to perform true rms measurement.

. The low power consumption of 0.72mW makes the AD737
suitable for many battery powered applications.

RMS-TO-DC CONVERTERS 8-29
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SPECIFICATIONS (@ +25t, v sppes,a ot vt ot sn-vav st e avrvse e

Model ADT737)/A ADT73TK/B
Conditions Min Typ Max Min Typ Max Units
TRANSFER FUNCTION Vour = — VA (Vi) Vour = — VAvg. (Ve
CONVERSION ACCURACY 1kHz Sine Wave
Total Error, Internal Trim' AC Coupled
All Grades 0-200mV rms 0.210.3 0.4/0.5 0.2/0.2 0.2/0.3 | =mV/=Y%of Reading
200mV-1V rms —1.2 2.0 =12 2.0 = % of Reading
TouaTmax
A&B Grades @0 200mV rms. 0.5/0.7 0.3/0.5 | =mV/=%of Reading
J&K Grades @ 200mV rms 0.007 0.007 * % of Reading™C
vs. Supply Voluage
@ 200mV rms Input Vs==5Vio = 16,5V 0 +0.06 +0.1 0 +0.06 +0.1 %lV
@@ 200mV rms Input Vs==5Vio =3V 0 0.18 -0.3 L] ~0.18 -0.3 %V
de Reversal Error, dc Coupled @ 600mV de 1.3 25 L3 25 % of Reading
Nonlinearity*, 0-200mV @ 100mV rms 0 +0.25 +035 | 0 +0.25 +0.35 | %ofReading
Total Error, External Trim 0-200mV rms 0.1/0.2 0.1/0.2 =mV/=% of Reading
ERROR vs, CREST FACTOR?
Crest Factor 1103 Cay, Cp= 100pF 0.7 0.7 % Additional Error
Crest Factor= 5 Cav, Cg= 100pF 25 25 % Additional Error
INPUT CHARACTERISTICS
High Impedance Input (Pin 2)
Signal Range
Continuous rms Level Vs= +2.8V,-3.2V 200 mVrms
Continuous rms Level Vs= =5Vto =16.5V 1 Vrms
Peak Transient Input Vg= +2.8V, =32V v
Peak Transient Input Vs= =5V =27 v
Peak Transient Input Vs= =16.5V b v
Input Resistanice [ 0
Input Bias Current Vg==3Vio = 16.5V 1 25 pA
Low Impedance Input (Pin 1}
Signal Range
Continuous rms Level V= +2.8V/~3.2V, 300 mV rms
Continuous rms Level Vs= =5V tgat 1 Vrms
Peak Transient Input Vs =l 24 =17 v
Peak Transient Input +3.8 v
Peak Transient Input =11 v
Input Resistance 8 9.6 ki
Maximum Continuous Non-
Destructive Input All Supply Voltages =12 Vpp
Input Offset Voltage* ac Coupled
J&K Grades +3 +3 mV
A&B Grades *3 +3 mV
vs. Temperature 8 30 8 30 pvrC
vs. Supply Vs= =5Vi0 =16.5V S0 150 50 150 wVv
vs. Supply Vg= =5Vio =3V 80 80 wViv
OUTPUT CHARACTERISTICS
Output Voltage Swing
No Load V= +2.8V, -3.2V O - 1.6 -1.7 0w - 1.6 -1.7 v
No Load Vs= 5V O ~3.3 -34 Ow 3.3 -34 v
NoLoad Vs= =16.5V Oto —4 -5 Oto —4 -5 '
Output Resistance fie de 6.4 8 9.6 6.4 8 9.6 kil
FREQUENCY RESPONSE
High Impedance Input (Pin 2)
For 1% Addiuonal Error Sine-Wave Inpur
Vin = ImVrms 1 1 kHz
Vin = 10mV rms 6 6 kHz
Vin = 100mV rms 37 37 kHz
Vin = 200mV rms 33 13 kHz
= 3dB Bandwidth Sine-Wave Input
Vin = IlmVrms 5 5 kHz
Vix = 10mV rms 55 55 kHz
Vin = 100mV rms 170 170 kHz
Vin = 200mV rms 190 190 kHz
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Maodel ADT73TJ/A AD7TITK/B
Conditions Min Typ Max Min Typ Max Units
FREQUENCY RESPONSE
Low Impedance Input (Pin 1)
For 1% Additional Error Sine-Wave Input
Vin = ImVrms 1 | kHz
Vv = 10mV rms 6 6 kHz
Vin = 100mV rms 90 90 kHz
Ny = 200mV rms 90 90 kHz
= 3dB Bandwidth Sine-Wave Input
Vine = ImVrms 5 5 kHz
Vi = 10mV rms 55 S5 kHz
Vin = 100mV rms 350 350 kHz
Vin = 200mV rms 460 460 kHz
POWER SUPPLY
Operating Voltage Range +2.8,-3.2 =5 =16.5 +2.8,-3.2 =5 =165 | V
Quiescent Current Zero Signal 120 160 120 160 [Te.%
Vin = 200mV rms, No Load Sine-Wave Input 170 210 170 210 wA
Power Down Mode Current Pin3uedio +V, 25 40 25 40 7.}
TEMPERATURE RANGE
Op ing, Rated Perf s
Commercial (0 to + 70°C) AD737] \.a&: ADT7ITK
Industrial { — 40°C o + 85°C) AD737A R AD737B
PACKAGE OPTIONS®
8-Pin Plastic Muni-DIP (N-8) AD737IN AD737KN
8-Pin Plastic SO (R-8) LADFITIR AD737KR
8-Pan Cerdip (Q-8) 7, ADBIAG" AD737BQ
. '].' N4
NOTE.S iy G "ﬂfﬁ % ®
'Aceuracy is specified with the AD737 connected as shown in Figure 1. ) T
*Nonlnearity 15 defined as the maximum deviation (in pcrw.nun‘d‘] I'mm t'sra!ght Imawnnd:ung
the readings at 0and 200mV rms W )
*Error vs. Crest Factor 1s specified as addimonal crvorfm ZNmV ms s:gml Qf .
*DC offset does not limit ac resolution. g T i, R A L~ A el
5 A /| =% 4
‘Sex Section 16 for package outhne mformwﬁm A ,% } © ;
Specul'cmons are subject to change without nwoe e ol s
shown in boldface are tested on a!lpmdudhﬂumlnllyd:ﬂn‘w_
Results from those tests are used to calculate outgoing. qualﬂy'kvels’.' % £
ABSOLUTE MAXIMUM RATINGS!
Supply Voltage . . . . . . . . .. v i v v v e +16.5V
Internal Power Dissipation . . ... ......... 200mW
Input Voltage . < oo vod v msw sis s ae v srecEVg
Qutput Short-Circuit Duration . . . . . ... ... Indefinite
Differential Input Voltage . . . . . . ... .. +Vsand - Vs
Storage Temperature Range Q . . . . . . . —65°C to+150°C
Storage Temperature Range N, R . . . . . . —65°C10+125°C
Operating Temperature Range
ADBIVE: oo o wmns is sl 608 i ons 0t +70°C
AD737A/B .. ... .. veenes. —40°C o +85°C
Lead Temperature Range (Sn]denng 60sec) . . . . . . +300°C
NOTE
'Stresses above those listed under “Absolute Maximum Ratings” may cause per-
manent damage to the device. This is a stress rating only and functional opera-
tion of the device at these or any other conditions above those indicated in the
operational section of this specification is not lied. E: to absol
maximum rating conditions for extended periods may affect device reliability.
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Applications Circuits
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Orientation
Special Function Components

This section contains technical data on integrated-circuit chips
that could not be classified in any of the major sections of this
databook without losing their identities. For example, the AD639
trigonometric function generator is a close relative of analog
multiplier/dividers, in both function and circuitry; but if it were
listed in that section, its unique trigonometric capabilities would
be “buried”.

We describe briefly here the function and salient uses of these
devices. For further information, consult the individual data
sheets.

ANALOG FUNCTIONS

AD630 Balanced Modulator/Demodulator

The AD630 is a fast, flexible, switched dual-input op amp with
an on-chip comparator. Intended for wideband, low-level, and
wide-dynamic-range instrumentation applications and coherent
systems, it is capable of such analog signal-processing functions
as balanced modulator, balanced demodulator, absolute-value
amplifier, phase detector, square-wave multiplier and two-channel
precision multiplexer. It can be used as a lock-in amplifier,
synchronous detector, rectifier, dual-mode circuit, and much
more. Essentially a complete device with on-chip scaling resistors,
it can be used for these functions with little or no additional
circuitry,

As a lock-in amplifier, it can recover a 0. 1-Hz sine wave, transmitted
as a modulation on a 400-Hz carrier, from a band-limited, clipped
white-noise signal approximately 100,000 times larger — a dynamic
range greater than 100dB.

It consists of a frequency-compensated op-amp-output stage,
with two identical switched differenuial front ends (A and B), a
differential comparator that controls the switching and a set of
jumper-programmable matched precision resistors — trimmed to
produce closed-loop gain accuracies to *=0.015% and gain match
(between channels) to +0.03%. When the net input to the
comparator is positive, front-end A will be selected; when the
comparator input is negative, front-end B is selected. A status
output indicates the state of the comparator.

AD639 Universal Trigonometric Function Generator

The AD639 is an analog “trigonometric microsystem” on a
single silicon chip, packaged in a 16-pin DIP. From a differential
input voltage, representing an angle (20mV/°), it can be pin
programmed to generate a voltage output, accurately determined
by any of the standard functions — sine, cosine, tangent, secant,

cosecant and cotangent — as well as some lesser known variants,
such as the versine and exsecant, plus a corresponding set of
inverse functions. All inputs are differential, and either polarity
of input or output can be generated.
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Trigonometric functions play an important role in electronics.
Inherent to many communications, measurement and display
systems, they also find increasing application in control and
robotics., Most familiar are the sine and the cosine, which find
wide use as fundamental signal sources — both separately and in
orthogonal pairs. In display systems, these functions are basic to
graphical manipulations (axis rotation and polar-to-Cartesian
conversion), and they also appear in many antenna-related signal
transformations. The tangent is important in scanning systems,
and the arctangent is used in Cartesian-to-polar conversion and
in determining phase angle from the real and imaginary compo-
nents of a complex signal.

With its large repertoire of functions, the AD639 makes it possible
to include trigonometric transformations in the analog portion of
a system with little added cost or board space, and with high
accuracy, without the overhead in software, memory or time,
which would accompany such computations in an associated
digital system. It also makes it easy to generate low-distortion
sine-wave signals, with voltage control of amplitude and frequency,
up to 10V and 1MHz, respectively.

DIGITAL FUNCTIONS

AD?345 Pin Driver for Automatic Test Equipment

The AD345 is a complete high-speed pin driver designed for
use in digital functional test equipment and general purpose
instrumentation. It accepts digital, analog and timing information
from system sources and translates them directly to digital output
levels to be applied to the input of a device to be tested (DUT).
By teaming up the economy of surface-mount technology and
the accuracy of thick-film laser trimming, the AD345 attains
superb electrical performance while preserving optimum packaging
densities in a convenient 10-pin SIP package.

Its output is switched by digital control inputs, and its amplitude
is derived from analog sources; its output high level can be set
by an analog voltage at any value from —2V to +8V, and its
low level can be set from — 3V to + 6V; this flexibility makes it
compatible with ECL, TTL and CMOS logic levels and timing.
It can drive level changes at up to 100MHz, with slewing rates
better than 1V/ns; its dynamic output impedance is laser trimmed
for waveform integrity and guaranteed performance with 50-ohm
transmission lines. Qutput impedance is 50 ohms, matching it

SPECIAL FUNCTION COMPONENTS 9-3
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to coaxial cable used for interconnecting the pin driver and the
device’s input terminal, in order to minimize error-causing
reflections.

Who should use the AD345? Anyone who manufactures or
designs equipment for automatic test of semiconductor devices
or boards, or for instrumentation and characterization. It can
also function as a high-performance, low-cost general purpose
digital driver.

ADS890 and AD891 Hard-Disk Bit-Recovery ICs

The AD890 Precision Wideband Channel-Processing Element
and the AD891 Rigid-Disk Data-Channel Qualifier are a pair of
monolithic integrated circuits that together are the key to a
complete signal-processing subsystem capable of error-free high
performance in demanding disk-drive applications. They take
data directly from the disk-head preamplifier, condition and
qualify it and produce recovered precisely timed data bits at
rates in excess of 50 megabits per second (guaranteed), Such
rates are essential for making efficient use of high-capacity,
high-performance disk drives. This chip pair replaces slower,
lower-performing discrete-circuit “kludges,” and no external
trims are needed.

As the diagram below shows, the AD890 amplifies the signal to
a normalized level, using stable variable-gain amplification with
automatic gain control (AGC); and the AD891 establishes whether
a pulse exists, using differentiation to find peaks, then produces
data-output pulses of precise width. Since the actual timing
requirements — of both the filter time constants and the differ-
entiator characteristics — are a function of the user’s system, the
filter functions (using only passive elements) remain off-chip
under full control of the user. In addition to the functions shown,
the AGC can be turned off digitally when necessary; and input
clamping can be switched in during wwrite so as to avoid input
overloads.

Although these circuits were developed for use in disk-drive
applications, it should be apparent that their applicability may
be considered wherever high-speed pulses have been degraded

ASS PASSIVE PHASE
TASSIE COMPENSATION
L

PHEAMPY
LIFIER,

by attenuation and noise — and must be amplified, qualified and
reconstituted. Separately, the AD890 is an excellent AGC amplifier
for radio-frequency signals.

AD9500 Digitally Programmable Delay Generator

The AD9500 delays events by an interval selected by an 8-bit
digital code, with settable time resolution as small as 10
picoseconds. The delay is initiated at the time a Trigger input
goes high: an integrator generates a downgoing ramp, and when
it crosses a preset level (established by an 8-bit DAC), a comparator
output changes state to produce the delayed output, Q.

The delay is equal to the programmed delay — which depends
on the integrator’s selectable RC time constant and the precision
threshold set by the DAC - plus a propagation delay of 5.4ns
minimum. A pulse of appropriate width applied at the Reset
input resets the integrator and the Q output to prepare the
device for the next Trigger. The range of full-scale programmed
delays is from 2.5ns to more than 1 ms, depending on the choice
of R and C. When RC = 2.5ns, the LSB (or one increment of
delay) is 2,500 ps/256 = 10 ps, which is also the typical jitter
level.

1u/MAX] - PROGAAM DELAY FULL SCALE]
= T eooaoneY

TiRS - LINGARRAMP SETTLING TIME
o - RESETPROPAATIONUELAY

ADS500 Internal Timing Diagram

The differential Trigger and Reser inputs are designed primarily
for single-ended or differential ECL, but they function with
analog and TTL input levels. The Q, @ output is a complementary
ECL stage, with a parallel @ output circuit to facilitate reset
timing implementations.

An important application is in equalizing skew in multichannel
systems; with one line used as the standard, the programmed
delays of the other AD9500s are adjusted to eliminate the timing
skews. Other applications include multiple-phase clock generators,
measuring unknown delays and time response of high-speed ac
waveforms, and digitally programmable oscillators.
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High-Speed Pin Driver
with Inhibit Mode

AD345

FEATURES
100MHz Driver Operation
Driver Inhibit (Tristate) Function
Guaranteed Industry Specifications
500} Output Impedance
1Vins Slew Rate
Variable Output Voltages for ECL, TTL and CMOS
High-Speed Differential Inputs for Maximum Flexibility
Small SIP Package
Low Cost

APPLICATIONS
Automatic Test Equipment
Semiconductor Test Systems
Board Test Systems
Instrumentation & Characterization Equipment
General Purpose Driver

PRODUCT DESCRIPTION

The AD345 is a complete high-speed pin driver designed for
use in digital test systems. By combining surface mount technology
and thick-film laser trimmed technology, this product attains
superb electrical performance while preserving optimum packaging
densities in a convenient 10-pin SIP package.

Featuring unity gain programmable output levels of —3 to +8
volts with output amplitude capability of 700mV to 11V, the
AD345 is designed to stimulate ECL, TTL and CMOS logic
families. The 100MHz (5ns pulse width) data rate capacity, 1V/
ns controlled slew rate, and 50() output impedance allows for
real-time stimulation of these digital logic families. To test /O
devices the pin driver can be switched into a high impedance
state (inhibit or tristate) by using the inhibit mode. The pin
driver leakage in tristate is typically 50nA and output charge
transfer going into tristate is guaranteed at 200pC maximum.
The AD345 transition from hi/low or to tristate is effected through
the data and inhibit inputs. The input circuitry is implemented
utilizing high-speed differential inputs with a common-mode
range of 8 volts. This allows for direct interface to the precision
of differential ECL timing or the simplicity of stimulating the
pin driver from a single ended TTL or CMOS logic source. The
analog inputs V high or V low are equally easy to interface.
Requiring typically 500p.A of bias current, the AD345 can be
directly coupled to the output of a DAC either singularly or in
parallel with several other pin drivers.

The AD345 utilizes surface mount technology creating a small
single in-line package which can be mounted upright or laying
down (leads bent 90°) depending on the specific application.

The SIP packaging enables the user to create a tight radial test
head design or a custom high-speed dedicated probe card with

AD345 FUNCTIONAL BLOCK DIAGRAM

the drivers placed in close proximity to the device under test
guaranteeing optimum signal integrity. A metal tab is mounted
on the back side allowing for heatsinking or mechanical support.
The AD345 is available for operation over the 0 to +70°C
range.

PRODUCT HIGHLIGHTS

1. The AD345 is a complete 100MHz pin driver designed to
meet the requirements of ATE manufacturers.

2. Output high voltage level is adjustable from —2V to +8V
and output low levels from —3 to +6V allowing compatibility
with ECL, TTL, CMOS logic levels.

3, Certified large signal slew rates of better than 1V/ns with
dynamic output impedance laser trimmed for waveform
integrity and guaranteed performance with 50} transmission
lines

4. TRISTATE (inhibit) capability for testing I/O devices.

5. INHIBIT leakage current of 50nA typical virtually eliminates
the requirement for a disconnect relay in a semiconductor
test system.

6. Repeatability from driver-to-driver is guaranteed to meet
published specifications through pretesting and active laser

7. The 10-pin SIP hybrid package with mounting tab provides
high functional mechanical densities with maximum
versatility.
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SPECIFICATIONS tu secs @ 25 e ottt +v= + 24, ~v= =, s otveriseseiie

PIN CONFIGURATION
Component Side View

PIN | SYMBOL | FUNCTION
1w VOLTAGELOGICLOW
2 | vy VOLTAGE LOGIC HIGH
3 | D DRIVERINPUT
4 | D DRIVERINPUT
5 | +Vs POSITIVE SUPPLY
6 -Vs NEGATIVE SUPPLY
7 | Vour DRIVER OUTPUT
8 | GND CIRCUIT GROUND
9 | INH TNHIBIT INPUT
10 | INH INHIBIT INPUT

AD345KY
Parameter Min Typ Max Units Comments
DIFFERENTIAL INPUT
CHARACTERISTICS
DwD, INHwINH
Voltage Range =V +6V + Vg —6V| Volis
Pulse Amplitude 0.37 ECL is Volts p-p SeeNote |
Bias Current 500 750 whA
REFERENCE INPUTS SeeNote2
Ve -2 +8.3 Volis
Viow =3 +6.2 Volts
Bias Current 500 750 rA
OUTPUT CHARACTERISTICS SeeNotes2 &3
Logic High Range -2 +8 Volts
Logic Low Range -3 +6 Vaolts
Amplitude 0.7 11 Vaolis
Tmtial Offset =30 +30 mV SeeNote 3
Gamn Error -1.2 +1.2 %o of Ser Level Normahzed 1o
Figures | &2
Output Voltage Temp. Coeff, 0.5 Lo mVrC
Current Drive
Stanc 60 mA
Dynamic 100 mA
Output Capacitance 9 pF
Output Charge Going
Into Intubit Mode 200 pC
Leakage Currentin
Inhubit Mode 50 200 nA
Protection
Output v GND INDEFINITELY
Output @ 4V 1 Minute w/o Damage
Quiput @ =V 1 Minute w/o Damage
DYNAMIC PERFORMANCE SeeNotes4 &5
Drwver Delay Time 1.5 2.0 2.5 ns
Drwver Delay Matching
Edge to Edge -0.5 +0.5 ns
Driver to Driver -1.0 +1.0 ns
Slew Rate
1V Swing 20%- B0% 1.5 2.5 ns
4V Swing 10%-90% 35 4.0 ns
Large Signal 1.0 1.25 Vins
Toggle Rate 100 MHz ECL Output Level
Overshoot and Preshoot
In Driver Mode
1V Swing 200 mV
=2V Swing 120 mV
In Inhibit Mode iso mV
Settling Characteristic 5 % of Steady State 50ns
after Starting Time of
Voltage Slew. Steady State s
Greater Than Ims after
Starung Time of Voltage Slew.
Inhibit Delay Time
Inhibit to Acuve 14 15 16 ns See Notes6 & 7
Active to Inhibat *5 & 105 ns SeeNotes6 & 7
Output Impedance 47.5 50 52.5 1 See Note 8
POWER SUPPLIES
- Vg0 + Vg Range 0 25 Volts
Positve Supply Range +11 +12 415 Volts
Negative Supply Range -5 -8 =10 Volts
Current 100 mA
+PSRR V=8V -70 +70 mV +V=x25%
-PSRR V= -3V — 60 +60 mV -V=x2.5%
PACKAGE OPTIONS”
SIP(Y-10) AD345KY
NOTES

"The maximum aliowable voltage from D 1o D and from INH 1o TNH 15 3 5V
*The output valtage rnge 1s specified for — 3V to + BV for typical power supply values of -8V and + 12V but can be

offset for dafferent values of Vyr such as 0V to + 11V as long a3 the required headroom of 4V between Vg and
I+\|’s are mamtmned and the negative headroom of 5V between Vy and =V 15 preserved

Dynamically trimmed at SMHz, 50% duty cycle
*Delay times are measured from the crossing of differential ECL outputs at inputs of the device to a 250mV transition
at output with ¥y and Vi ser 1o = IV respectively

“Deelay nmes, slew rates, hoot and undersh

to exceed I00MHz

specified with 3 10k, 2pF probe Challoscope bandwidth

*Inbibat mode delay nmes are measured from the crossng of differential ECL outputs at INH inputs to threshold crossing at the

pndriver outpul  Vgyry i connected to & 1000Hoad rermunated ar + 2V de

e Vi

and Vy_are set to a normalized +3 5V and +0 5V respectively High delay times are measured

toa +1 5V threshold Frequency is set to 10MHz with 3 50% duty cycle

“The wnhibit delay ume specifi allows for d

15 better than Ins and 200ps respectively

"Dynamically timmed a1 the factory for 5000 Other impedance values can be obtamned on special request

See Section 16 for package outhne mformation
Specificatons subjpect 1o change without notice
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ABSOLUTE MAXIMUM RATINGS

Operating Temperature Range . . ... ... .. 0 to +70°C
Storage Temperature Range . . . . ... .. —65°C 1o +125°C
Power Supply Voltage

W GND 2 Sy 55 Gereds oG wale S i +15V

=VstoGND . . .. ... ... . ... -10V

Difference from +Vsto —Vs . ... ........ +25V
Input: & ory gn 250005 S0 v il Erelhls -Vsto +V,
Vour « + v v v v v oo v +Vs +0.6Vor —Vs —0.6V
Vour to Short Circuit

0GND ~5 i SaEn o8 FeE S e R Indefinitely

+Vor =Vs . ..o e 1 Minute

DETERMINING LOGIC SET LEVELS

Within a system it is possible to minimize gain error and increase
the output level accuracy of the AD345 by using the information
provided by Figures 1 and 2. Figure 1 is a table of desired
output high levels followed by the recommended input reference
levels. Figure 2 accomplishes the same for the output low levels.
Values of output levels not supplied by the tables can simply be
interpolated from the data supplied.

Another potential source of output level error is offset error.
The value, once determined for a specific device, should be

algebraically subtracted for the appropriate Vingu or Viow set
value.

VOUTPUTHIGH VuINPUTLEVEL
—2.00V —2.016
-1.00V —1.009
+1.00V +1.007
+2.00V +2.018
+3.00V +3.028
+4.00V +4.041
+5.00V +5.054
+6.00V +6.070
+7.00V +7.098
+8.00V +8.150

Figure 1. Table of Normalized Viysu Levels

VOUTPUTLOW V_INPUT LEVEL
-3.00Vv -3.012
—-2.00V —-2.007
-1.00V —-1.008
+1.00V +1.015
+2.00V +2.023
+3.00V +3.031
+4.00V +4.040
+5.00vV +5.050
+6.00V +6.060

Figure 2. Table of Normalized Viow Levels

FUNCTIONAL DESCRIPTION

The AD345 is a complete high-speed pin driver designed for

use in general purpose instrumentation and digital functional
test equipment. The purpose of a pin driver is to accept digital,
analog and timing information from a system source and interface
those elements to the input of a digital device to be tested.

The circuit configuration for the AD345 has been summarized
in Figure 3. Simply stated a pin driver performs the function of
a precise, controlled, high-speed level translator with an output
which can be disabled. The AD345 accepts digital information
utilizing high-speed comparators on the D, D and INH, INH
from ECL differential outputs for precise timing at logic cross-over
and high-noise immunity. The wide input voltage range allows
for ECL operation between 0 to —5.2V, or +2V o —3.2V and
+5V to OV. Where timing is less critical TTL or CMOS logic
levels may be used to toggle the AD345. By biasing the D and
INH inputs to approximately + 1.3V for TTL and 1/2V for
CMOS, the D and INH inputs can be directly stimulated from
these single-ended output sources. The output of the pin driver
will follow the logic state of the D input providing the inhibit
input is low. When the inhibit level is asserted the output will
be disconnected and any activity on the input will not be transferred
to the output.

Analog information is input to the pin driver through the Vi
and Vi terminals as a reference voltage. These analog voltages
are then buffered using unity gain followers. The resulting gain
error has been characterized in Figures 1 and 2. System timing
requirements are achieved through a specified 2.0ns, =500ps
driver propagation delay, 1.25V/ns slew rate, defined preshoot
and overshoot, and a dynamically trimmed 501 output
impedance.

Figure 3. AD345 Block Diagram

SPECIAL FUNCTION COMPONENTS 9-7
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LAYOUT CONSIDERATIONS

While it is generally considered good engineering practice to
capacitively decouple an active device from the power supplies,
it is absolutely essential for a high-power, high-speed device
such as the AD345. The engineer merely has to consider the
current pulse demanded from the power supply when a dynamic
current change of —90mA to +90mA is required in only a few
nanoseconds. Therefore, a 0.011F high frequency decoupling
capacitor must be located within 0.25 inches of the + Vg and

— Vs terminals to a low impedance ground. A 10pF capacitor
should also be situated between the power supplies and ground,
however, the proximity to the device is less critical assuming
low impedance power supply distribution techniques are em-
ployed. Circuit performance will be similarly enhanced and
noise minimized by locating a 0.01wF capacitor as close as possible
to Vi, Vi and connected to ground. Bypass considerations have
been summarized in Figure 4.

An equally important consideration is the use of microwave
stripline techniques on the output of the AD345. Failure to
preserve the 50£) output impedance of the pin driver will result
in unwanted reflections, ringing and general corruption of the
output waveshape. Care should therefore be exercised when
selecting etch widths and routing, wire and cable to the device
to be tested, and in choosing relays if they are required.

@——- +12V
:I:_f-'-o‘luF ;‘ésour
@ _L Vi
0.014F
@®— % - COMMON
0.01pF
@ -.r — -V,
TS 001WF AR 104F
® T i " -8V

Figure4. Basic Circuit Decoupling

The quality of the ECL differential driving source to the data
inputs of the AD345 is another important consideration. The
ECL driving outputs should be located close to the D and D
inputs of the pin driver. Due to the low propagation delay of
the AD345 excessive overshoot at the D input can be coupled to
the pin driver output at low pulse amplitudes. In this case, an
isolation resistor of approximately 62} can be inserted between
the ECL output and the D input to the pin driver without any
degradation in performance.

APPLICATIONS

The AD345 has been optimized to function as a pin driver in an
ATE test system. Shown in Figure 5 is a block diagram illustrating
the electronics behind a single pin of a high-speed digital functional
test system with the ability to test I/O pins on logic devices.
The AD345 pin driver, AD96687 high-speed dual comparator,
and the AD394 quad 12-bit voltage DAC would comprise the
pin electronics portion of the test system. Such a system could
operate at 100MHz in the data mode or 50MHz in the I/O
mode, yet fit into a neat trim package.

9-8 SPECIAL FUNCTION COMPONENTS
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Figure5. High-Speed Digital Test System Block Diagram
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Figure 10. AD345 Test Setup

527



ANALOG
DEVICES Balanced Modulator/Demodulator

AD630

FEATURES AD630 FUNCTIONAL BLOCK DIAGRAM

Recovers Signal from +100dB Noise

2MHz Channel Bandwidth

45V/ps Slew Rate

—120dB Crosstalk @ 1kHz

Pin Programmable Closed Loop Gains of =1 and +2
0.05% Closed Loop Gain Accuracy and Match

100V Channel Offset Voltage (AD630BD)

350kHz Full Power Bandwidth

Chips Available

PRODUCT DESCRIPTION PRODUCT HIGHLIGHTS

The AD630 is a high precision balanced modulator which combines 1. The configuration of the AD630 makes it ideal for signal

a flexible commutating architecture with the accuracy and tem- processing applications such as: balanced modulation and

perature stability afforded by laser wafer trimmed thin film demodulation, lock-in amplification, phase detection, and
resistors. Its signal processing applications include balanced square wave multiplication.

moduisrion asd. demadulstion, spaclictnils detection; phisse 2. The application flexibility of the AD630 makes it the best

detection, quadrature detection, phase sensitive detection, lock-in
amplification and square wave multiplication, A network of on-
board applications resistors provides precision closed loop gains
of =1 and +2 with 0.05% accuracy (AD630B). These resistors
may also be used to accurately configure multiplexer gains of

choice for many applications requiring precisely fixed gain,
switched gain, multiplexing, integrating-switching functions,
and high-speed precision amplification.

3. The 100dB dynamic range of the AD630 exceeds that of any

+1, +2, 4+3 or +4. Alternatively, external feedback may be hybrid or IC balanced modulator/demodulator and is com-
employed allowing the designer to implement his own high gain parable to that of costly signal processing instruments.
or complex switched feedback topologies. 4. The op-amp format of the AD630 ensures easy implementation

of high gain or complex switched feedback functions. The

The AD630 may be thought of as a precision op amp with two
application resistors facilitate the implementation of most

independent differential input stages and a precision comparator

which is used to select the active front end. The rapid response common applications with no additional parts.

time of this comparator coupled with the high slew rate and fast 5. The AD630 can be used as a two channel multiplexer with
settling of the linear amplifiers minimize switching distortion. gains of +1, 4+2, +3 or +4, The channel separation of

In addition, the AD630 has extremely low crosstalk between 100dB @ 10kHz approaches the limit which is achievable
channels of —100dB @ 10kHz. with an empty IC package.

The AD630 is intended for use in precision signal processing 6. The AD630 has pin-strappable frequency compensation (no
and instrumentation applications requiring wide dynamic range. external capacitor required) for stable operation at unity gain
When used as a synchronous demodulator in a lock-in amplifier without sacrificing dynamic performance at higher gains.

configuration, it can recover a small signal from 100dB of inter- 7
fering noise (see lock-in amplifier application). Although optimized

for operation up to 1kHz, the circuit is useful at frequencies up

to several hundred kilohertz.

Other features of the AD630 include pin programmable frequency
compensation, optional input bias current compensation resistors,
common mode and differential offset voltage adjustment, and a
channel status output which indicates which of the two differential
inputs is active.

. Laser trimming of comparator and amplifying channel offsets
eliminates the need for external nulling in most cases.

SPECIAL FUNCTION COMPONENTS 9-9
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(@ +25°C and £V; = =1

5V unless otherwise specified)

'SPECIFICATIONS

AD630J/A
Min Typ Max

AD630K/B

Min Typ Max

Units

GAIN
Open Loop Gain
+1, =2 Closed Loop Gain Error
Closed Loop Gain Match
Closed Loop Gain Drift

90 110
0.1
0.1
2

100 120
0.05

0.05

90 110
0.1
0.1

CHANNEL INPUTS
Vpy Operational Limit'
Input Offset Voltage
Input Offset Voltage
Tonin 0 Tnsx
Inpur Bias Current
Input Offset Current
Channel Separation @ 10kHz

(= Vs +4V)o(+ Vs —-1V)

g

(=Vs+4Vito(+Vs - 1V)
100

160
100 300
10 50
100

(=Vs +4V)wo(+ Vs - 1V)
500

1000
100 300
10 50
100

COMPARATOR

Vi Operational Limit!

Switching Window

Swirching Window
T o Tl

Input Bias Current

Response Time ( ~ SmV to -+ SmV step)

Channel Status
Ising @ Vor = — Vs + 0.4V?
Pull-Up Voltage

(Vs +3V)to(+Vs ~ 1.5V)
=15

2.0
100 300

200

(— Vs + 33V)

(=Vs +IWV)to(+Vs = 1.5V)
+15

=2.0
100 300

200

1.6
(—Vs +33V)

(=Vs +3Vie(+Vs - 1.3V)
=15

*25
100 300

200

1.6
{=Vg+33V)

BRE

Volts

DYNAMIC PERFORMANCE
Unity Gain Bandwidth
Slew Rate®
Settling Time to0.1% (20V step)

45

45

45

MHz
Vips

OPERATING CHARACTERISTICS
Common-Mode Rejection
Power Supply Rejection
Supply Voltage Range
Supply Current

105
110
5 =16.5

8%

1o
110

23

+5 =16.5

110
1o

&8

%5

£
bl

dB

Volts

OUTPUT VOLTAGE, @ Ry = 2kl
Troin 10 Tivax
Output Short Circuit Current

+=10
25

=10
25

25

Volts

TEMPERATURE RANGES
Rated Performance— N Package
D Package

0 +70
-25 +85

0 +70
=25 +85

N/A

=35 +125

8a

NOTES

'If one terminal of each differential channel or comparator input is kept within these limits the other terminal may be taken to the positive supply.

2 This parameter guaranteed but nor tested.

gk @ Vigr, = (— Vs + 1) voltis typically 4mA.
*Pin 12 Open. Slew rate with Pins 12 & 13 shorted is typically 35V/us.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final electri-
cal test. Results from those tests are used to calculate outgoing quality levels. All
min and max specifications are guaranteed, although only those shown in

‘boldface are tested on all production units.

ABSOLUTE MAXIMUM RATINGS

Supply Voltage . .
Internal Power Dissipation
Output Short Circuit to Ground

Storage Temperature, Ceramic Package . . .
Storage Temperature, Plastic Package . . . .
Lead Temperature, 10 sec. Soldering . . . ... ...

Max Junction Temperature

9-10 SPECIAL FUNCTION COMPONENTS

Indefinite
—65°C to + 150°C
—55°C to +125°C
+300°C
+150°C

ORDERING GUIDE

Model

Package
Options*

AD630JN
AD630KN
AD630AD
AD630BD
ADG630SD

Plastic (N-20)
Plastic (N-20)
Ceramic (D-20)
Ceramic (D-20)
Ceramic (D-20)

*See Section 16 for pack tine inf;
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Typical Performance Characteristics
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CHIP METALLIZATION AND PIN OUT

Dimensions shown in inches and (mm).

1'—_ 099 {2515) !
=

CHIP AVAILABILITY '
The AD630 is available in laser trimmed, passivated chip form.
The figure shows the AD630 metalization pattern, bonding pads
and dimensions. AD630 chips are available; consult factory for
details. ;

TWO WAYS TO LOOK AT THE AD630

Figure 10 is a functional block diagram of the AD630 which
also shows the pin connections of the internal functions. An
alternative architectural diagram is shown in Figure 11. In this
diagram, the individual A and B channel pre-amps, the switch,
and the integrator-output amplifier are combined in a single op
amp. This amplifier has two differential input channels, only
one of which is active at a time.

Figure 10. Functional Block Diagram

9-12 SPECIAL FUNCTION COMPONENTS

Figure 11. Architectural Block Diagram

HOW THE ADé630 WORKS

The basic mode of operation of the AD630 may be more easy to
recognize as two fixed gain stages which may be inserted into
the signal path under the control of a sensitive voltage comparator.
When the circuit is switched between inverting and noninverting
gain, it provides the basic modulation/demodulation function.
The AD630 is unique in that it includes laser wafer trimmed
thin film feedback resistors on the monolithic chip. The config-
uration shown below yields a gain of =2 and can be easily
changed to =1 by shifting Ry from its ground connection to the
output.

Figure 12. AD630 Symmetric Gain (+2)
The comparator selects one of the two input stages to complete
an operational feedback connection around the AD630. The de-
selected input is off and has negligible effect on the operation.

When channel B is selected, the resistors R4 and Ry are connected
for inverting feedback as shown in the inverting gain configuration
diagram in Figure 13. The amplifier has sufficient loop gain to
minimize the loading effect of Ry at the virtual ground produced
by the feedback connection. When the sign of the comparator
input is reversed, input B will be de-selected and A will be
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selected. The new equivalent circuit will be the noninverting
gain configuration shown below. In this case Ry will appear
across the op-amp input terminals, but since the amplifier drives
this difference voltage to zero the closed loop gain is unaffected.

The two closed loop gain magnitudes will be equal when
Rp/Ra=1+Rg/Rg, which will result from making R, equal to
ReRp/(Rr+ Rg) the parallel equivalent resistance of Ry and Rg.

The 5k and the two 10k resistors on the AD630 chip can be
used to make a gain of two as shown here. By paralleling the
10k resistors to make Rg equal 5k and omitting Ry the circuit
can be programmed for a gain of =1 (as shown in Figure 19a).
These and other configurations using the on chip resistors present
the inverting inputs with a 2.5k source impedance. The more
complete AD630 diagrams show 2.5k resistors available at the
noninverting inputs which can be conveniently used to minimize
errors resulting from input bias currents.

Re (10K}
R (5K
(53
{10k} 2 " 9
Vo==p=V,

L +* T
v
Figure 13. Inverting Gain Configuration

v, o +

L
5k}

—]
Vo="| ikl\p‘.

R (10K)

Ra <
110kl &

Figure 14. Noninverting Gain Configuration

CIRCUIT DESCRIPTION

The simplified schematic of the AD630 is shown in Figure 15.
It has been subdivided into three major sections, the comparator,
the two input stages and the output integrator. The comparator
consists of a front end made up of Q52 and Q53, a flip-flop load
formed by Q3 and Q4, and two current steering switching cells
Q28, Q29 and Q30, Q31. This structure is designed so that a
differential input voltage greater than 1.5mV in magnitude

cHE

. L
®= ] = o
6:6. _5_1::l ___________ e o i _JE ] u“'o
Yo | B2
| anp” b= j% t ' axz
NS 1R

O
oy

Figure 15. AD630 Simplified Schematic

applied to the comparator inputs will completely select one of
the switching cells. The sign of this input voltage determines
which of the two switching cells is selected.

The collectors of each switching cell connect to an input trans-
conductance stage. The selected cell conveys bias currents iz;
and iz3 to the input stage it controls causing it to become active.
The deselected cell blocks the bias to its input stage which, as a
consequence, remains off.

The stricture of the transconductance stages is such that they
present a high impedance at their input terminals and draw no
bias current when deselected. The deselected input does not
interfere with the operation of the selected input insuring maximum
channel separation.

Another feature of the input structure is that it enhances the
slew rate of the circuit. The current output of the active stage
follows a quasi-hyperbolic-sine relationship to the differential
input voltage. This means that the greater the input voltage, the
harder this stage will drive the output integrator, and hence, the
faster the output signal will move. This feature helps insure
rapid, symmetric settling when switching between inverting and
noninverting closed loop configurations.

The output section of the AD630 includes a current mirror-load
(Q24 and Q25), an integrator-voltage gain stage (Q32), and a
complementary output buffer (Q44 and Q74). The outputs of
both transconductance stages are connected in parallel to the
current mirror. Since the deselected input stage produces no
output current and presents a high impedance at its outputs,
there is no conflict. The current mirror translates the differential
output current from the active input transconductance amplifier
into single ended form for the output integrator. The com-
plementary output driver then buffers the integrator output to
produce a low impedance output.

OTHER GAIN CONFIGURATIONS

Many applications require switched gains other than the *1

and + 2 which the self-contained applications resistors provide.
The AD630 can be readily programmed with 3 external resistors
over a wide range of positive and negative gain by selecting Ry
and Ry to give the noninverting gain 1 + Ry/Ry and subsequently
R, to give the desired inverting gain. Note that when the inverting
magnitude equals the noninverting magnitude, the value of Ry
is found to be Rg Rg/(Rg + Rg). That is, Rs should equal the
parallel combination of Rg and Ry to match positive and negative
gain.

The feedback synthesis of the AD630 may also include reactive
impedance. The gain magnitudes will match at all frequencies if
the A impedance is made to equal the parallel combination of
the B and F impedances. Essentially the same considerations
apply to the AD630 as to conventional op-amp feedback circuits.
Virtually any function which can be realized with simple non-in-
verting “L. network” feedback can be used with the AD630. A
common arrangement is shown in Figure 16. The low frequency
gain of this circuit is 10. The response will have a pole (—3dB)
at a frequency f = 1/(2w100k(2C) and a zero (3dB from the high
frequency asymptote) at about 10 times this frequency. The 2k
resistor in series with each capacitor mitigates the loading effect
on circuitry driving this circuit, eliminates stability problems,
and has a minor effect on the pole-zero locations.

As a result of the reactive feedback, the high frequency components
of the switched input signal will be transmitted at unity gain

SPECIAL FUNCTION COMPONENTS 9-13
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=Vs

Figure 16. AD630 with External Feedback

while the low frequency components will be amplified. This
arrangement is useful in demodulators and lock-in amplifiers. It
increases the circuit dynamic range when the modulation or
interference is substantially larger than the desired signal
amplitude. The output signal will contain the desired signal
multiplied by the low frequency gain (which may be several
hundred for large feedback ratios) with the switching signal and
interference superimposed at unity gain.

SWITCHED INPUT IMPEDANCE

The noninverting mode of operation is a high input impedance
configuration while the inverting mode is a low input impedance
configuration. This means that the input impedance of the
circuit undergoes an abrupt change as the gain is switched under
control of the comparator, If gain is switched when the input
signal is not zero, as it is in many practical cases, a transient
will be delivered to the circuitry driving the AD630. In most
applications, this will require the AD630 circuit to be driven by
a low impedance source which remains “stiff ”’ at high frequencies.
Generally this will be a wideband buffer amplifier.

FREQUENCY COMPENSATION

The AD630 combines the convenience of internal frequency
compensation with the flexibility of external compensation by
means of an optional self-contained compensation capacitor,

In gain of + 2 applications the noise gain which must be addressed
for stability purposes is actually 4. In this circumstance, the
phase margin of the loop will be on the order of 60° without the
optional compensation. This condition provides the maximum
bandwidth and slew-rate for closed-loop gains of |2 and above.
When the AD630 is used as a multiplexer, or in other configurations
where one or both inputs are connected for unity gain feedback,
the phase margin will be reduced to less than 20°, This may be
acceptable in applications where fast slewing is a first priority,
but the transient response will not be optimum. For these appli-
cations, the self-contained compensation capacitor may be added
by connecting pin 12 to pin 13. This connection reduces the
closed loop bandwidth somewhat, and improves the phase
margin.

For intermediate conditions, such as gain of + 1 where loop
attenuation is 2, use of the compensation should be determined
by whether bandwidth or settling response must be optimized.
The optional compensation should also be used when the AD630
is driving capacitive loads or whenever conservative frequency
compensation is desired.

OFFSET VOLTAGE NULLING

The offset voltages of both input stages and the comparator
have been pre-trimmed so that external trimming will only be
required in the most demanding applications. The offset adjust-
ment of the two input channels is accomplished by means of a
differential and common mode scheme. This facilitates fine

9-14 SPECIAL FUNCTION COMPONENTS

adjustment of system errors in switched gain applications. With
system input tied to 0V, and a switching or carrier waveform
applied to the comparator, a low level square wave will appear
at the output. The differential offset adjustment pot can be used
to null the amplitude of this square wave (pins 3 and 4). The
common mode offset adjustment can be used to zero the residual
dc output voltage (pins 5 and 6). These functions should be
implemented using 10k trim pots with wipers connected directly
to pin 8 as shown in Figures 19a and 19b.

CHANNEL STATUS OUTPUT
The channel status output, pin 7, is an open collector output
referenced to — Vs which can be used to indicate which of the
two input channels is active. The output will be active (pulled
low) when channel A is selected. This output can also be used
to supply positive feedback around the comparator. This produces
hysteresis which serves to increase noise immunity. Figure 17
shows an example of how hysteresis may be implemented. Note
that the feedback signal is applied to the inverting (—) terminal
of the comparator to achieve positive feedback. This is because
the open collector channel status output inverts the output sense
of the internal comparator.

+85V

=16V

3
2 10011

v
Figure 17. Comparator Hysteresis

The channel status output may be interfaced with TTL inputs
as shown in Figure 18. This circuit provides appropriate level
shifting from the open-collector AD630 channel status output to
TTL inputs.

|
|
| +15V
|
|

ADB30 1004

Nz222

I =15V

Figure 18. Channel Status — TTL Interface

APPLICATIONS:

BALANCED MODULATOR

Perhaps the most commeonly used configuration of the AD630 is
the balanced modulator. The application resistors provide precise
symmetric gains of =1 and =2. The =+ 1 arrangement is shown
in Figure 19a and the =2 arrangement is shown in Figure 19b.
These cases differ only in the connection of the 10k feedback
resistor (pin 14) and the compensation capacitor (pin 12). Note
the use of the 2.5k} bias current compensation resistors in
these examples. These resistors perform the identical function in
the =1 gain case. Figure 20 demonstrates the performance of
the AD630 when used to modulate a 100kHz square wave carrier
with a 10kHz sinusoid. The result is the double sideband sup-
pressed carrier waveform.

These balanced modulator topologies accept two inputs, a signal
(or modulation) input applied to the amplifying channels, and a
reference (or carrier) input applied to the comparator.
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Applications

TION

MODULA
INPUT

.%, MODULATED
——0 OUTPUT
SIGNAL

—— 4V

Figure 19a. AD630 Configured as a Gain-of-One Balanced
Modulator

Figure 19b. AD630 Configured as a Gain-of-Two Balanced
Modulator

MODULATION
INPUT

CARRIER
INPUT

OUTPUT

Figure 20. Gain-of-Two Balanced Modulator Sample
Waveforms

BALANCED DEMODULATOR

The balanced modulator topology described above will also act
as a balanced demodulator if a double sideband suppressed
carrier waveform is applied to the signal input and the carrier
signal is applied to the reference input. The output under these
circumstances will be the baseband modulation signal. Higher
order carrier components will also be present which can be
removed with a low-pass filter. Other names for this function
are synchronous demodulation and phase-sensitive detection.

PRECISION PHASE COMPARATOR

The balanced modulator topologies of Figures 19a and 19b can
also be used as precision phase comparators. In this case, an ac
waveform of a particular frequency is applied to the signal input
and a waveform of the same frequency is applied to the reference
input. The dc level of the output (obtained by low pass filtering)
will be proportional to the signal amplitude and phase difference
between the input signals. If the signal amplitude is held constant,
then the output can be used as a direct indication of the phase.
When these input signals are 90° out of phase, they are said to
be in quadrature and the AD630 dc output will be zero.

PRECISION RECTIFIER-ABSOLUTE VALUE

If the input signal is used as its own reference in the balanced
modulator topologies, the AD630 will act as a precision rectifier.
The high frequency performance will be superior to that which
can be achieved with diode feedback and op amps. There are no
diode drops which the op amp must “leap over” with the com-
mutating amplifier.

LVDT SIGNAL CONDITIONER

Many transducers function by modulating an ac carrier. A Linear
Variable Differential Transformer (LVDT) is a transducer of
this type. The amplitude of the output signal corresponds to
core displacement. Figure 21 shows an accurate synchronous
demodulation system which can be used to produce a dc voltage
which corresponds to the LVDT core position. The inherent
precision and temperature stability of the AD630 reduce demod-
ulator drift to a second order effect.

ADS44
E1000
FOLLOWER
HAE AD&30
N AT =2 DEMOOULATOR
I 4 10k
2 kb 25K A
2V ph-pk —-1- [ 100K o
SINUSOIDAL 10k —p-0
EXCITATION -

Figure 21. LVDT Signal Conditioner

AC BRIDGE

Bridge circuits which use dc excitation are often plagued by
errors caused by thermocouple effects, 1/f noise, dc drifts in the
electronics, and line noise pick-up. One way to get around these
problems is to excite the bridge with an ac waveform, amplify
the bridge output with an ac amplifier, and synchronously de-
modulate the resulting signal. The ac phase and amplitude in-
formation from the bridge is recovered as a dc signal at the
output of the synchronous demodulator. The low frequency
system noise, dc drifts, and demodulator noise all get mixed to
the carrier frequency and can be removed by means of a low
pass filter, Dynamic response of the bridge must be traded off
against the amount of attenuation required to adequately suppress
these residual carrier components in the selection of the filter.

SPECIAL FUNCTION COMPONENTS 9-15.
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Figure 22 is an example of an ac bridge system with the AD630
used as a synchronous demodulator. The oscilloscope photograph
shows the results of a 0.05% bridge imbalance caused by the
1Meg resistor in parallel with one leg of the bridge. The top
trace represents the bridge excitation, the upper-middle trace is
the amplified bridge output, the lower-middle trace is the output
of the synchronous demodulator and the bottom trace is the
filtered dc system output.

This system can easily resolve a 0.5ppm change in bridge im-
pedance. Such a change will produce a 3.2mV change in the low
pass filtered dc output, well above the RTO drifts and noise.

F e
(“ L 5k o
0 i O
uF |

4%

—

BRIDGE EXCITATION
(20Vidiv) (A}

i} AMPLIFIED BRIDGE
QUTPUT [5Widwv) (B}

DEMODULATED BRIDGE
QUTPUT [5Widev) (C)

FILTER QUTPUT [2Vidw) (D)

Figure 23. AC Bridge Waveforms

LOCK-IN AMPLIFIER APPLICATIONS

Lock-in amplification is a technique which is used to separate a
small, narrow band signal from interfering noise. The lock-in
amplifier acts as a detector and narrow band filter combined.
Very small signals can be detected in the presence of large amounts
of uncorrelated noise when the frequency and phase of the desired
signal are known.

The lock-in amplifier is basically a synchronous demodulator
followed by a low pass filter. An important measure of performance
in a lock-in amplifier is the dynamic range of its demodulator.
The schematic diagram of a demonstration circuit which exhibits
the dynamic range of an AD630 as it might be used in a lock-in
amplifier is shown in Figure 24. Figure 25 is an oscilloscope
photo showing the recovery of a signal modulated at 400Hz
from a noise signal approximately 100,000 times larger; a dynamic
range of 100dB.
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Figure 24. Lock-In Amplifier
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Figure 25. Lock-In Amplifier Wave Forms

The test signal is produced by modulating a 400Hz carrier with
a 0.1Hz sine wave. The signals produced, for example, by chopped
radiation (IR, optical, etc.) detectors may have similar low fre-
quency components. A sinusoidal modulation is used for clarity
of illustration. This signal is produced by a circuit similar to
Figure 19b and is shown in the upper trace of Figure 25. It is
attenuated 100,000 times normalized to the output, B, of the
summing amplifier. A noise signal which might represent, for
example, background and detector noise in the chopped radiation
case, is added to the modulated signal by the summing amplifier.
This signal is simply band limited clipped white noise. Figure
25 shows the sum of attenuated signal plus noise in the center
trace. This combined signal is demodulated synchronously using
phase information derived from the modulator, and the result is
low pass filtered using a 2-pole simple filter which also provides
a gain of 100 to the output. This recovered signal is the lower
trace of Figure 25.

The combined. modulated signal and interfering noise used for
this illustration is similar to the signals often requiring a lock-in
amplifier for detection. The precision input performance of the
AD630 provides more than 100dB of signal range and its dynamic
response permits it to be used with carrier frequencies more
than two orders of magnitude higher than in this example. A
more sophisticated low pass output filter will aid in rejecting
wider bandwidth interference.
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ANALOG
DEVICES

Universal Trigonometric
Function Converter

AD639*

FEATURES
Complete, Fully-Calibrated Synthesis System
All Standard Functions: Sin, Cos, Tan, Cosec,
Sec, Cot, Arcsin, Arccos, Arctan, etc.
Accurate Law Conformance (Sine to 0.02%)
Angular Range of =500° (Sine Mode)
Function Programmable by Pin Strapping
1.5MHz Bandwidth (Sine Mode)
Multiplication via External Amplitude Input

APPLICATIONS

Continuous Wave Sine Generators

Synchro Sine/Cosine Multiplication
Coordinate Conversion and Vector Resolution
Imaging and Scanning Linearization Circuits
Quadrature and Variable Phase Oscillators

PRODUCT DESCRIPTION

The AD639 is a high accuracy monolithic function converter
which provides all the standard trigonometric functions and
their inverses via pin-strapping. Law conformance and total
harmonic distortion surpass that previously attained using analog
shaping techniques. Speed also exceeds that possible using ROM
look-up tables and a DAC; in the sine mode, bandwidth is
typically 1.5MHz. Unlike other function synthesis circuits, the
AD639 provides a smooth and continuous sine conformance
over a range of —500° to +500°. A unique sine generation
technique results in 0.02% law conformance errors and distortion
levels of —74dB in triwave to sinewave conversion.

The AD639 is available in three performance grades. The A and
B are specified from —25°C to +85°C and the S is guaranteed
over the extended temperature range of —55°C 1o +125°C. All
versions are packaged in a hermetic TO-116, 16-pin ceramic
DIP.

PRODUCT HIGHLIGHTS
The AD639 generates a basic function which is the ratio of a
pair of independent sines:

sin (x;

- %)
sin (y; — y,)

*Protected by U.S. Patent Numbers 3,887,863; 4,475,169; 4,476,538,

AD639 FUNCTIONAL BLOCK DIAGRAM

S
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v sinix)
Y Snt
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GaP [ | viov ANALOG
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B ¥ )
yi| 7 sanl¥) [ L
“:?;o_-.:ral U<t — erroR
vl | Ll | TRAR

The differential angle arguments are proportional to the input
voltages X and Y scaled by 50°/V. Using the 1.8V on-board
reference any of the angular inputs can be preset to 90°, This
provides the means to set up a fixed numerator or denominator
(sin 90°=1) or to convert either sine function to a cosine

(cosB = sin (90°—0)). Using the ratio of sines, all trigonometric
functions can be generated (see Table I).

The amplitude of the function is proportional to a voltage U,
which is the sum of an external differential voliage (U, —U,)
and an optional internal preset voltage (Uy). The control pin UP
selects a OV, 1V or 10V laser-trimmed preset amplitude which
may be used alone (U; = U;=0) or internally added to the U, - U,
analog input. At the output, a further differential voltage Z can
be added to the ratio of sines to obtain the offset trigonometric
functions versine (1 —cos 0), coversine (1 —sin 6) and exsecant
(1—sec 8). A gating input is available which may be used to
enable or disable the analog output. This pin also acts as an
error flag output in situations where a combination of inputs
will cause the output to saturate or to be undefined.

In the inverse modes, the argument can be the ratio of two
input signals. This allows the user to compute the phase angle
berween the real and imaginary components of a signal using
the arctangent mode.

SPECIAL FUNCTION COMPONENTS 9-17
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SPEGIFICATIDNS (typical @T,=25°C, V5= = 15V, U or U, = 10V unless otherwise specified)

AD639A AD639B AD639S
Parameter Conditions Min Typ Max | Min Typ Max | Min Typ Max | Units
SYSTEM PERFORMANCE
SINEANDCOSINE
MODE ACCURACY
Law Conformance' —90°10 +90°, U= 10V 0.02 0.02 0.02 %
Total Harmonic
Distortion® (i'10kHz, U= 10V -74 -74 ~74 dB
Mismatch of Six Peaks —540° 10 + 540° 0.05 0.05 0.05 %
Output Noise G 10kHz, U= 10V 2.8 2.8 2.8 wV/vVHz
(@ 10kHz,U=1V 0.5 0.5 0.5 uVvHz
PEAK ABSOLUTE ERROR
Sine Mode =90"10 +90°, U, =10V 04 0.8 0.2 0.4 0.2 0.8 %FS
T i 10 Tiax 1.0 0.8 1.8 12 25 %FS
Cosine Mode —90°t0 +90°, U= 10V 0.6 1.2 0.4 0.7 0.5 1.2 %FS
3 RE . 15 L2 2.0 L7 27 %FS
Sine or Cosine — 180"t +180°, U, =10V 0.8 1.5 0.5 0.8 0.6 1.5 %FS
T 10 T 1.7 1.3 25 2.1 3.0 %FS§
= 360° to +360°, U, = 10V 1.2 1.0 0.9 %FS
=90°t0 +90°, U, =1V 1.3 2.5 1.0 1.7 0.9 25 %FS
Tonay 10 T e 1.5 1.0 13 2.0 35 %FS
—180"to + 180°, U, =1V 1.5 3.0 1.2 2.0 1.1 EX] %FS
T 10 Fine 1.7 13 2.5 2.3 4.0 %FS
—360° 0 +360°, U, =1V 2.0 1.8 1.5 %FS
vs Supply =360° 0 +360°, U, =10V 0.02 0.02 0.02 %FSV
V=15V =1V
=360°to +360°, U, =1V 0.07 0.07 0.07 %FS/V
Vim =15V =1V
TANGENT MODE ACCURACY
Peak Error® — 4510 +45°, U, =10V 0.5 35 0.5 2.0 0.5 is %FS
Teran10 T 2.5 L5 2.8 30 %FS
—45%10 +45°, U, =1V 0.9 5.0 0.9 3.0 0.9 2.5 %FS
Trun 10 Trax 4.0 2.0 5.0 1.5 3.0 %FS
ARCTANGENT MODE ACCURACY
Peak Angular Error
Fixed Scale Up=1V 0.5 0.5 05 Degrees
Vanable Scale U=0.1V, - 1IV=sZ=+11V 1.5 1.5 1.5 Degrees
U=10V, - 1IV=Z=+11V 0.2 0.2 0.2 Degrees
SECTIONAL SPECIFICATIONS
ANGLEINPUTS (X1 & X2,Y1 & Y2)*
Inpur Resistance to COM 3.6 3.6 EX kil
Nominal Scaling Factor 50 50 50 'Y
X1 & X2 Inputs
Angular Range For
Speaified Error(X1 - X2} - 360 +360 | —360 +360] —3604 +360 | Degrees
Scaling Error X1 or X2 0.2 0.65 0.2 0.65 02 0.65 Y%
Angular Offset X1 =X2=0 0.1 0.3 0.1 0.3 0.1 0.3 Degrees
Y1&Y2Inputs
Angular Range For
Specified Error (Y1—-Y2) 0 +180 | 0 +180) 0 +180 | Degrees
Scaling Error Yl or Y2 0.2 2.0 0.2 2.0 0.2 1.0 %
Angular Offset Y1 =Y2=0 0.1 Lo 0.1 1.0 0.1 0.5 Degrees
AMPLITUDEINPUTS (U1 & U2)
Input Resistance 1o COM 50 50 50 kil
Nominal Gain X=Y=VR,WtoZl 1 1 1 v
Gain Error U=0.1to 10V 0.01 0.5 0.01 0.5 0.01 0.5 %
T 10 Tonae 0.08 0.08 0.25 %
Voltage Offset U, =U,=0V 3.0 10 3.0 10 3.0 10 mV
Tt To 3.0 3.0 4.0 mV
Linearity Error 0=U,-U;=10V 0.1 0.1 0.1 Yo
AMPLITUDEPRESET (UP)
IV Preser Enabled UPtiedto — Vs
Amplitude Accuracy 0.4 1.0 0.4 2.0 0.4 2.0 Yo
Torun 10 Trnas 15 L5 2.0 %
10V Presct Enabled UPuedto + Vg
Amplitude Accuracy 0.1 0.55 0.55 0.55 %
T 10 T 1.0 %
INVERSEINPUTS(Z1 & Z2)
Input Resistance to COM 50 50 50 ki
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AD639A AD639B AD6395
Parameter Conditions Min Typ Max Min Typ Max Min Typ Max Units
SIGNALOUTPUT (W)* Ry =2k, Cy = 100pF
Small Signal Bandwidth W o Z1
Ce=0 1.5 1.5 1.5 MHz
Ce=200pF 30 30 30 kHz
Slew Rate Ce=0 30 30 30 Vips
Output Voltage Swing =11 +13 =11 =13 =11 *13 v
Short Circut Current 20 El] 45 20 30 45 20 30 45 mA
Output Offset Zy=Z;=0,Uy=10 5 30 5 30 5 30 mV
¥ o 10 T 10 10 mV
Zy=Z;=0,U,=1V 20 0 20 mV
Tonin 10 T rnax 7 7 mV
VOLTAGE REFERENCE(VR)
Ry==1.8k0
Nominal Qurput +1.8 +1.8 +1.8 v
Qutput Voltage Tolerance 0.05 0.45 0.05 0.45 0.05 0.45 %
T 10T e 0.08 0.08 0.5 0.2 0.6 Y%
Supply Regulation +Vs=5Vio18V 150 150 150 wViv
Maximum Output Current 4 4 4 mA
GATEVO(GT)
Switching Threshold as an Input Output Valid +1.5 +1.5 +1.5 v
Ourput Invalid 0.1 0.1 0.1 v
Voltage Output Error, Ry, = 5k(} +2.25 +2.25 +2.25 v
No Error, Ry =5k} -0.25 ~-0.25 —0.25 \'i
POWER SUPPLIES
Operating Range =55 =18 =55 =18 %55 +18 v
+ Vs Quiescent Current U=X=0V,Y=Vr 8.0 11 8.0 11 8.0 11 mA
— V3, Quiescent Current U=X=0V,Y=Vr 5.5 7.5 58 7.5 5.5 7.5 mA
TEMPI:RA TURERANGE
Rated P -25 +85 ~25 +85 =55 +125 |°C
Strmigc - 65 +150 | —65 +150 | -65 +150 | °C
PACKAGE OPTION®
D-16
NOTES
datan Litude of 10V lad b dual n lnwlnr ml:ng angular offset, amplitude scaling and cutput offset
*Using d i wa\eaf +3 6V peal k and external ad, it scaling and offset
‘Full scll:usdcl’ned as the ideal ourput when the aagle:npuuu:enh:rcnd of the hmit specified
forthe X by for range U = 1V 10 10V, whale the ¥ input errors are speafically given for U = 1V

’Wndnwnglnadwl’lcsslh:n!kﬂ # 25pF capacstor from pun 15 to pin @ avouds possible instability, although this s unnecessary when C; 1 greater than 150pF
*See Section 16 for package outline information.

Speaifications aubpccl tochange mthout notice

Specifi boldf; Il prod umits at final el I test Results from those d to caloul goung qualiny levels
All muin and max 1, although only those shown m boldface are tested on all production unas.
Shaded d P ¥ technscal data Contact the factory for detmls,
PIN CONFIGURATION
A

L]

X1 (1 EI +Vs

Xz |2 Ecc

v 3] [14] w

uz |4 ADB39 13|21
com | 5 E 22

VR E EI GT
Y1 E 10 | up

o o’
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- ABSOLUTE MAXIMUM RATINGS

AD63%A,B AD639S
Supply Voltage +18V *
Internal Power Dissipation 300mW *
Qutput Short-Circuit to Ground Indefinite *
InpulVolussX;,Xz,Yl,Yzl =12V *
Input Voltages U, Uy, U, Z1, Z5! +25V *
Operating Temperature Range ~25°Cto +85°C —55°Cto +125°C
Storage Temperature Range —65°Cro +150°C %
Lead Temperature, Soldering 60sec, +300°C *
NOTES
*Same as AD639A B Speuﬁuunus
"I‘heumpummpm'ely i d the d d by
resistor ion limits, not the supply voltag,
; _ sin(8) _ _sin(6-0) 1 _ sin(%0°—0)
sa(®) 1 sn0°—0) | O = T = “me-0)
_ cos(®) _ sin(90°—8) _ 1 _ sin(90°—0
cos(8B) 1 sn(90°—0) | *°® cos(®  sin(90°—6)
o) = Sn® _ _sin(®—0) _ cos(8) _ sin(90°-§
O = os® ~ amer-o) | @ = G@) 7 sne-0
Table .

Principles Of Operation

Figure 1 is a functional equivalent of the AD639, intended to
assist in understanding and utilizing the device: it is not a literal
representation of the internal circuitry'. Two similar sine-shaping
networks accept input voltages X;, X;, Y, and Y;, proportional
to the corresponding angles x,, x;, v, and y,, with a scaling
factor of 50°/V (20mV/°).

A
x1]| 1
sniX1-xz) | saniX)
X=50"Y
X2z
w| 3 -z u
1 z
- + x
uz| 4 u*
g Sl
com| s BAND- i -
GAP 1V ANALODG
ReFe- [*] PRESETS| | DIVIDER H
VR | & RENCE 1
1 ] H
vi| 7 snl¥) |
wnl¥1-¥2)
Y50y U< —
¥2| 8 | sanl¥l<0

Figure 1. Equivalent Block Schematic of the AD639

The first of these networks generates an output proportional to
the sine of x=(x; —x;) over a useful operating range in excess of
—500° to +500° (see Figure 3). The accuracy of the function
over the central + 180° is excellent, a consequence of the optimized
network design, further enhanced by precision laser wafer trim-
ming during manufacture. The output of the X-network is
multiplied by the amplitude-control voltage, U. This may be

'For details of the sine-network theory and design, m"i\MnnohthmMu:m—
system for Analog Synthesis of Trigonometric Functions and their I

Barrie Gilbert, IEEE Journal of Solid-State Circuits, Vol. SC-17, No. 6, Del:
1982, pp 1179-1191. Reprints available.
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provided by applying inputs to Ul or U2, or pre-selected to be
1V or 10V by a control input to UP, or in combination; that is,
the function amplitude is U=(U;-Uy) + U,

The second network generates an output proportional to the
sine of y=(y; —y;). Although the X and Y networks are similar,
other design considerations result in a smaller angular range for
the Y-input. The principal range is from 0° to + 180°; in the
adjacent ranges (+ 180° to +360° and 0° to — 180°) the error
trap is activated.

The ratio of the two sines is generated by implicit division,
rather than by use of a separate analog divider as indicated in
Figure 1, and is summed with the voltage Z=(Z,—Z,). The
difference is applied to the high-gain output op-amp. In the
normal modes (see below) Z1 is connected to the output W, and
Z2 is grounded. Under these conditions, the function is

sin (x; — Xp)
sin (Y[ - ¥

Either sine function can be converted to the cosine by applying
the input to X2 or Y2 and introducing a + 90° offset, since

W=U

X-ANGLE s
voLTage —==[7 | x1 WV E—I—— +15V
(50°V) 1uF
My [ ce [FE]ne 6c:mmc
ouTPUT
i—| 3|lwm w14 [10Visintx)
ADB39
0—'4 uz Fal KE]
OPTIONAL
p——5 | com 22 [17}———¢——— SumMMING
1 i INPUT
—[&] v et [1]Ne v
= _
8|Y2 =V, 9 1—_ 18V
v = * 1uF

6&&&“‘!":

Figure 2. Connections for the Sine Mode with Amplitude
Preset to 10V
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Interface Details

cos (8)=sin(90° - 6). For example, by connecting the + 1.8V
reference output at pin 6 (VR) to X1 and the angle voltage, Vy,
to X2 the numerator becomes the cosine of angle 6. Alternatively,
by connecting VR to either X1 or Y1 and grounding X2 or Y2,
the numerator or denominator, respectively, becomes unity,
since $in(90° —0)=1. By these means, the full set of normal
functions shown in Table I can be generated. All functions can
be sign-inverted by interchanging the X-inputs. The Z2 input
can be used to sum another function to the output, W, with
unity gain.

In addition to the normal modes providing sine, cosine, tangent,
cosecant, secant and cotangent functions, the AD639 can generate
the offser functions such as the versine, 1 - cos (8), discussed
below. The inwerse functions such as arc-sine, arc-cosine and
arc-tangent, are also supported by the AD639, by closing the
feedback loop through the corresponding normal function. The
output angle is limited to the principal range (for example,

—90° to +90° for the arc-sine and arc-tangent, 0° to + 180° or
—180° to 0° for the arc-cosine).

TERMINOLOGY

When discussing a device having as many inputs and operating
modes as the AD639, it is important to clarify the nomenclature
and scaling conventions. In all cases angles are denoted by lower-
case letters (x, y, 6) and have the dimension of angular degrees.
Upper-case letters (A, V, U, W, X, Y and Z) refer to voltages;
subscripts are used to refer to one or the other of a differential
pair such as X, — X, or the preset value U, Numbered upper-case
letters refer to the variable name or the package pin.

THE ANGLE INPUTS: X1, X2, Y1, Y2

The angles x=(x; —x;) and y=(y; —y3) are directly proportional
to the differential voltages X =(X;—X;) and Y=(Y,=Y3) re-
spectively, with a scaling factor of 50°V. The X-inputs can be
driven to * 12V pk, that is £600°, The Y-input should be
limited to 0 to + 3.6V (0° to + 180°) to satisfy certain internal
requirements. The resistance at these inputs is nominally 3.6k}
to COM.

The sine function exhibits odd-order symmetry: sin(—6) =
—sin(f). By simply interchanging the X-inputs, the overall sign
of any function can be inverted. The Y-inputs can also be inter-
changed to allow operation with a negative input voltage (0 to
—3.6V) while maintaining the correct angular range.

It may occasionally be desirable to reduce the angular scaling
factor. For example, to convert a triwave of + 10V amplitude
into a continuous sinewave requires a scaling factor of 9°/V
(since * 10V corresponds to =90°). This can be achieved by
using a resistor (in this case, about 16.4k()) in series with the
X1 input; a resistor of equal value must be inserted in series
with the X2 input to minimize angular offset error. Note that
the on-chip thin-film resistors are not trimmed to absolute value,
so a scaling adjustment is needed; however, once set, scaling
will be stable.

THE AMPLITUDE-CONTROL INPUTS: Ul, U2, UP
The amplitude of the function can be determined either by the
application of an external voltage to the Ul and U2 inputs, or
by enabling the internal preset voltage U, by taking the control
pin UP low or high, or via a combination of these modes. The
net amplitude is U= (U, —Uj)+ U,,. This sum must be greater

than zero and less than | — V,J; voltages beyond these limits
activate the error trap.

In the external mode, the differential voltage (U; —U;) will
generally be in the range 10mV to 10V, Positive inputs are
applied to Ul while U2 is grounded; for negative inputs, inter-
change Ul and U2. The input resistance at U1 and U2 is nominally
50k(} to analog common. A nominal bias current of —50pA is
needed at the U-inputs; zero-valued inputs must therefore

be connected to common to prevent offset error. The gain

from the U-interface to the output is trimmed to be unity for
sin(x)/sin(y)= 1. The effective gain can be lowered using a series
resistor; to avoid offset an equal resistor must be used in the
zero-valued input.

The UP control pin may be left unconnected (or grounded) to
disable the internal amplitude preset, connected to + V, to set
U,=10V, or to -V, to set U,=1V. An external resistor of
75k (=V,=5V) to 360k} (= V,=15V) can be inserted in
series with UP (which also has an input resistance of typically
S0k()) to minimize power dissipation. Alternatively, V, can be
used to enable U,= 10V for ambient temperatures below
+60°C. The UP input can be used to switch the output on or
off under logic control, but requires a relatively long response
time, The GT interface is more suitable for this purpose and it
allows gating to any amplitude, U not just to the preset values
of 1V or 10V.

THE REFERENCE OUTPUT: VR

The voltage V, is laser-trimmed to + 1.8V with respect to analog
common. It can be used to fix the angle x or y to 90° and thus
set sin(x) or sin(y) to unity. It can also provide a 90° offset to
convert the numerator or denominator to a cosine function.
Stable offsets less than 90° may be introduced using a voltage-divid-
ing series-resistor (nominally 3.6k() for 45°). V, can also be used
as the amplitude input voltage U, — Us, or as a convenient control
input to set U,= 10V for ambient temperatures below +60°C.
This output is short-circuit protected and can provide up to
4mA total load current,

THE ERROR-TRAP AND GATE: GT

In some applications it may be useful to know that the output is
severely in error due to a dynamic combination of inputs. For
example, the tangent, cotangent, secant and cosecant all exhibit
regions where the function increases sharply for small angular
changes, and the output may easily saturate. Consider the case
where (10V) tan (9) is being generated. W is 10V for 6 =45°,
and the theoretical output of 17.3V at 8 =60° cannot be achieved
using + 15V supplies. Likewise, the output is invalid whenever
the angle v is outside of a valid range (principally 0 to + 180°),
or when U<0 or U>|—V,|. Under such conditions the AD639
generates a HIGH outpur at pin 11 and simultaneously clamps
the analog output to zero (in fact, to the voltage Z;). Grounding
GT disables the error trap.

The GT pin may also be used as an input to gate the function
output. This is achieved by raising pin 11 to a voltage above
+1.5V. Response time is typically 500ns for a logic drive of 0
to +2V, and the ON/OFF ratio is greater than 83dB when used
as a continuous-wave sine converter with a single-sided = 1.8V
triwave drive at frequencies up to 10kHz, or 63dB at 100kHz;
the feedthrough is entirely capacitive, and is equivalent to 5pF
between X1 or X2 and the op-amp summing node. Feedthrough
can be minimized by using a balanced drive to X1 and X2.
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Operation In Normal Modes

In normal modes, the Z-input establishes a feedback path around
the output op-amp, by connecting Z1 to the output, W, and Z2
to the ground associated with the load circuit. For the highest
accuracy Z1 can be used to sense the output at the load terminals.
Similarly, zero-valued angle inputs and the angle common (pin
5) should be connected to the ground associated with the source

SINE MODE

The AD639 can generate either (1) a low-distortion continuous
sinewave from a repetitive triwave input or (2) a high-accuracy
sine function for use in computational applications. In most
cases, the choice of preset or externally-controlled amplitude
will make little difference to distortion or accuracy, and both
methods are used in this section. In all of the normal modes, the
Z2 input can be used either to sum a further signal to the output
(or introduce an optional output offset trim). The denominator
is set to unity by making y=90°, using the + 1.8V output.
Figure 2 shows typical connections. The 10V preset is selected,
using V, as a control input to UP, and the ideal output is
(10V)sin(x). In practice, five basic types of error arise:

1. X-angle scaling error: The amount by which the angle generated
for each volt of X-input differs from 50°. In triwave-to-sinewave
(CW) applications this introduces odd-order harmonic distor-
tion, and is indistinguishable from an incorrect triwave
amplitude.

2. X-angle offset error: The actual angle generated when
X=(X,—-X;)=0. In CW applications this introduces even-
order harmonic distortion, as a non-zero mean in the triwave
would.

3. Amplitude scaling error: The amount by which the peak-to-peak
amplitude of the sinewave differs from the ideal value, U/sin(y).
This error is usually critical only in computational applications.
Errors associated with the Y-network also affect the amplitude
in the sine mode.

4. Output offset error: The amount by which the mean value of
the sinewave differs from zero (strictly, the voltage on Z2).
This error is only important in computational applications.
Note that the output may also be non-zero due to angular
offset on the X-input. For example, the typical specified X-
angle offset of 0.1° introduces an output error of 17.45mV
when U/sin(y) = 10V, more than three times the specified
mean offset component of SmV.

5. Law-conformance error: The residual deviation between the
output function and the ideal function when all of the above
errors have been removed by trimming during manufacture
or further external trimming, limiting the ultimate accuracy
of the function. 4

Figure 3 shows the function when driven well beyond the specified
angular range, using a differential X-input of + 18V peak. This
also shows the AD639’s ability to drive =15V into a 6004} load,
with supplies of + 18V, Using an accurate data-acquisition system
the output can be compared to a computer-generated sine function,
When the first four types of errors are trimmed out, the peak
error over the full input range is typically less than 0.5%. Over
the central —90° to +90°, the peak law-conformance error is
typically only 0.02%. Figure 4 shows the law conformance for
four typical samples of AD639. The differential signal interfaces
simplify the inclusion of optional offset correction to any of the vari-
ables.
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Figure 3. Output Function for Peak X-Input of = 18V, with
U=15V, R, =600{} (= Vs=18V)
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Figure 4. Residual Error Over Central 180° Using External
Trimming

HARMONIC DISTORTION

The AD639 can generate continuous sinewaves of very low
distortion using a linear, highly-symmetric triangle-wave of

+ 1.8V amplitude. Imperfections in the triwave will cause the
following errors:

1. Incorrect amplitude: This causes odd-order distortion. Each
1% error (either too large or too small) generates 0.25% of
HD3, 0.0833% of HDS and a total harmonic distortion (THD)
of 0.27% (—51.42dBs).

2. Baseline offset: This causes even-order distortion, Each millivolt
of offset in a 1.8V triwave generates 0.037% of HD2, 0.0074%
of HD4 and a THD of 0.038%, as well as a DC offset of
0.055% of the output amplitude.

3. Time-asymmetry: The run-up time, t;, and run-down time, t;,
of the triwave may be unequal. This causes both odd- and
even-order harmonics. Let the asymmetry in percent be
p=100(t; — t;)/(t; +t3). The even-order terms are proportional
to p; the odd-order terms increase as pz‘ A 1% time-asymmetry
generates 0.57% of HD2, 0.00625% of HD3, 0.043% of
HD4 and 0.00167% of HDS5, and a THD of —44dBs. There
is no DC term.

4, Amplitude-nonlinearity: This can take on many forms, such as
an exponential nonlinearity in the triwave, amplitude com-
pression, and so on. Distortion can be calculated for various
special cases. Fortunately, it is fairly easy to avoid these
types of imperfections in the triwave generator using appro-
priate design methods.
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Normal Modes

When triwave errors are minimized, harmonic distortion can be
as low as 0.01%. Figure 5 shows the output spectrum at 10kHz,
with an output amplitude of 20V pk-pk and a load resistance of
10k(}. An HP3325A synthesizer/function generator was used to
produce the triwave. Distortion rises only slightly when using
the minimum specified load of 2k{}; in fact, the AD639 can
drive loads down to 600{). At +V,= + 18V, sine amplitudes of
=15V (10.6V rms, or 225mW of load power) can be generated,
with typically 0.03% HD2 and HD3.

Figure 5. Spectrum of 10V Sine Output at 10kHz;
HD2= —88dBs, HD3= —85.5dBs

COSINE MODE
The cosine function is generated by offsetting the sine by 90°
using V,. The X-input is connected to X2 and VR to X1; then

—pSinr-x) _
W=U sin (90°—0) U cos (x)
Connections for the cosine are shown in Figure 6; the amplitude
in this case is determined externally, by way of illustration. The
angular range now extends from —400° to + 600°, with highest

accuracy between 0° and + 180°.

TANGENT AND COTANGENT MODES

The tangent function is provided by the connections shown in
Figure 7. The angle voltage, corresponding to 6, is applied both
to the numerator, sct to the sine mode, and the denominator,
set to the cosine of the same angle:

sin (0—0) _ __sin (8)
sin (90°—0)  cos (8)
Most applications require accurate operation for angles up to
nearly +90° and accordingly U is preset to 1V (rather than
10V). Under these conditions, W =1V when 8=45° and 11.43V
when 6=285° Using 15V supplies, the output op-amp will be
unable to generate the tangent much beyond this point: at only
86° it would theoretically need to reach 14.3V. For an input
exceeding 90° in either direction the denominator becomes nega-
tive, and the error trap is enabled. Figure 8 shows the function
for inputs up to 2.5V (+125°).

The errors associated with the sine mode, (see above) apply to
the tangent mode also, but the total error in the tangent, cosecant,
secant and cotangent modes (when the Y-input is also varied)
are higher, since the Y network is not trimmed and the angular

W=U U

=U tan (8)
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Figure 6. Connections for the Cosine Mode with External
Amplitude Control
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Figure 7. Connections for Tangent Mode with Amplitude
Preset to 1V

Figure 8. The Tangent Output for Angle Inputs Up to
+ 125° (Error Trap Activated Above 85°)

scaling and offset errors of this network are absorbed during
trimming of the output in the sine mode.

The cotangent is generated by interchanging numerator and
denominator. The principal range is now from 0 to + 180°, and

the output (1V)cot (8) ranges from + 11.43V at 8=5°, through
zero at 6=90°, to —11.43V at 6=175°,
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SECANT AND COSECANT MODES

In secant and cosecant modes, the numerator is fixed to unity
by connecting X1 to VR and X2 to analog common. For the
secant, angle voltage A is connected to Y2 and Y1 is tied to VR;
then

sin(90°-0) L -

S0 —0) O cos (@ U ¢ ®

The principal range is —90° to +90°, The most practical amplitude
scaling is provided using the U-preset of 1V, when the output
ranges from +11.47V at 6= —85%and +85° to +1V at 6=0.
The cosecant differs only slightly: the angle input is connected
to Y1 and Y2 is connected to analog common, making the de-
nominator sin (8). The principal range is now 0 to + 180°. When
U=1V the output is +11.47V at 6= +5° and +175°, and +1V
at 6=90°

W=uU

OFFSET MODES
The versine, vers (8)=1—cos (B), coversine, covers (0)=
1—sin (8), and exsecant, exsec (6) =1 - sec (0) involve the addition
of a constant term to one of the normal trigonometric functions.
These can be generated with the AD639 using the Z2 input to
add a voltage to the output proportional to the amplitude of the
basic function, In the versine and coversine modes this is simply
the same voltage as applied to Ul (U2 grounded) to set up
the amplitude of the sign-inverted cosine or sine function,
respectively:

W=U-Uf (0)=U(1-1(8)

In these two modes the output starts at zero and has a peak
value of twice the amplitude voltage, U.

For the exsecant a negative voltage is added at Z2 and this same
voltage is applied to U2 with Ul grounded; this satisfies the
requirement that the sign of U, — U, be positive. (See comments
on the Amplitude Control Inputs). The angle inputs are set up
for the secant; the principal range is still —90° to +90°, but the
output is now zero when the input angle is zero.

OPERATION AT LOW SUPPLY VOLTAGES

The signal ranges at the angle interfaces are essentially independent
of the supply voltages. In almost all cases, the primary limitation
to the function’s range will arise at the ourput, W, which can
swing to within approximately 2V of either supply. For example,
the X-input may have a peak value of =12V (£600°) even
when using =5V supplies.

Inverse Function Modes

The AD639 generates the inverse trigonometric functions by
closing the feedback loop around the output op-amp through
the angle inputs, rather than through the Z-interface, resulting
in a nonlinear feedback system. To understand this, note first
that the general transfer function (with UP disabled) is
sin (x;—x3)

W=AgL [ U-U) Gi=vy) -(21—22)]
where Agy is the open-loop gain of the output op-amp (typically
85dB). Provided that the overall feedback remains negative, the
loop can be closed in many ways, so as to force the quantity
inside the brackets to a null, when

sin () —xp) _ (Z1-Zp)
sin (h‘!"z) (Ul—Uz)
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whatever combinations of variables are used to set up the feedback
path. In particular, when the angle inputs are used the system
will have one of the normal functions in the feedback path. The
input to this system is now the ratio (Z/U), and the output is a
voltage corresponding to the angle generated by the inverse of
the function in the feedback path.

Since all of the normal functions are periodic, and the maximum
value of the op-amp output can be equivalent to angles as large
as +650°, the closed-loop system could arrive at false “solutions”
to the above equation, that is, at angles outside of the principal
range. Also, the feedback can become positive in the wrong
angular range, causing latch-up. Hence, it is essential to limit
the magnitude of the feedback voltage. Ideally, this is done
using precise active clamps, but the saturated value of the output
at given supply voltages, in combination with a simple resistive
divider to the angle inputs, is usually sufficient to limit operation
to the principal range. The voltage at the angle inputs will be
accurate, but the op-amp output will in general have inaccurate
scaling and may show large offsets, due to the bias currents at
the angle inputs. The error-trap should be disabled in the inverse
modes by grounding GT.

ARCTANGENT MODE
The arctangent is the most useful of the inverse modes. With
the connections shown in Figure 9 the loop solves the equation

sin 90°—0) - 9= T U,

where 8 is the angle corresponding to voltage A, scaled by 50°/V.
It follows that

-1 (Z2—-2Zy)
U-U2)

The reversal of Z; and Z; in the numerator is due to the negative
sign in the tangent function. The numerator may be either
positive or negative, and the connections can be interchanged to
alter the overall sign of the function. The denominator must be
positive, but Ul and U2 may be interchanged to accept a negative
input voltage. The ability of the AD639 to form the ratio of two

6=tan
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Figure 9. Connections for the General Arctangent Mode
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Inverse Modes

variables prior to the arctangent operation is very useful in
many applications, for example, in real-time Cartesian-to-polar
conversion (see Applications section), The denominator can also
be preset to 1V or 10V using the UP input; when U=1V, the
angle a is simply the arctangent of the voltage value of Z;—Z,.
Figure 10 shows an X-Y plot of the output for Z= — 10V 10

+ 10V (horizontal axis of photograph) with four values of U
(0.3V, 1V, 3V, 10V).

Figure 10. The Arctangent Output for Z= = 10V and

U=0.3v, 1V, 3V and 10V
Range-Limiting and Loading
Resistor Ry in Figure 9 forms a divider with the parallel sum of
the input resistance at X2 and Y2 and the load resistance, shown
here as 2k(}, which prevents the output angle voltage A from
exceeding + 1.7V (6 = +85%), using =15V supplies. This voltage
is not directly affected by the load resistance (that is, the output
behaves as a low-impedance node) but the angular range limits
are. Consequently, the nominal value of R should be calculated
for specific values of load resistance, angular range and supply
voltages, and a trim range of about =+ 10% included to set up
the angle limits correctly. R, is needed to compensate the input
bias currents and thus equalize the clipping limits: it does not
cause an offset in 6. The direct output at pin 14 is also the
arctangent but with imprecise scaling. Although this can be
trimmed by R; there will also be a supply-dependent offset due
to Ry, For these reasons, the direct output should not be used
in this mode.

HF Compensation

The output op-amp is internally compensated to be stable in all
the normal modes when feedback is via the unity-gain difference
amplifier associated with the Z-interface. The dominant pole is
determined by the 30k() resistor and on-chip 3.5pF capacitor
(see Figure 1) for a closed-loop bandwidth of 1.5MHz. In the
arc-tangent mode, however, the gain of the feedback path is
much greater than unity for practical angle values and is theoreti-
cally unbounded. For example, if the forward path is set up to
generate (1V)tan(8), the incremental gain near 8=0 is slightly
less than unity (since a 20mV change in voltage A causes a
change of (1V)tan(1°) or 17.5mV in output W) but at 6 =85° the
gain is 115. While the resistive divider used to limit the angle
voltage A will lower the loop gain, it can still exceed unity. The
capacitors C. and C,, in Figure 9 provide the HF compensation
required for operation up to = 85°, with all values of U.

ARCSINE AND ARCCOSINE MODES

The basic principles for the arcsine and arccosine are similar to
those described for the arctangent. As before, the argument of
the function is the ratio (—Z/U), where U may be preset to 1V
or 10V, the loop gain must be negative over the principal angular
range of the output, and the feedback voltage must be limited
to ensure that this range is not exceeded. The loop stability is
easier to ensure, since the peak gain is bounded. With U= 10V
the maximum incremental gain of the forward path (at 0° for
the sine and +90° for the cosine) is 8.75 and the peak loop gain
is much less than this because of the attenuation used to limit
the angular range. Thus relatively little additional HF compen-
sation is required.

Connections for the arcsine are similar to the arctangent (Figure
9) except that Y2 is grounded, and C, and C,, can be reduced or
even omitted. Ry is adjusted for a peak angular range of =90° at
the (attenuated) output; if too high, the function will still be
correct, but the maximum angle will be less than 90°; if too
low, the function will exhibit hysteresis near the peak output.
Adjustments will be needed for other values of load resistance
and supply voltages. Note that the general limitation on the
amplitude input (U< =|—V,|) must be observed. Figure 11
shows an X-Y plot of the arcsine output for Z= — 10V to + 10V
(horizontal axis of photograph) with three values of U (2V, 5V
and 10V). The arcsine can be inverted by reversing the
Z-interface.

Figure 11. The Arcsine Output for Z= = 10V and U=2V,
5V and 10V

For the arccosine, use the arcsine connections with X1 tied to
V; and insert a small-signal diode in series with Ry, having its
cathode on the angle-interface side. This allows the output to
move only in a positive direction. Z1 now becomes the positive
numerator input, and the principal range is from 0° (when
Z/U=—1) to +180°. The function is similar in appearance to
the arcsine, except for the +90° output pedestal and the reversal
of phase along the horizontal axis. Note that

cos™H(Z/U)=90°—sin"(Z/U) = 90° + sin~'(— Z/U).

To generate the negative arccosine, reverse the X- and Z-interfaces
and the polarity of the diode. The output now runs from — 180°
for an input of Z=(Z;—Z;)= — 10V (with U=10V) to 0° at
Z=+10V.

It is strongly recommended that X-Y oscilloscope methods are
used to investigate functional behavior during the development
of any of these modes of operation: time-domain displays can
easily become confusing.
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Applications

WIDE-RANGE WAVEFORM GENERATOR

Figure 12 shows an inexpensive signal generator, providing
voltage control of frequency from 20Hz to 20kHz and a pre-set
sine amplitude of 2.8V (within 0.1dB of 2V rms). This output
may be further modulated by an input of up to +2.8V to U2,
or gated off by an input of + 1.5V or more to GT; Figure 13
shows the gated response. If required, a further input can be
summed into Z2. The sine output can be set to 10V amplitude
by connecting UP to VR and grounding Ul.

An AD654 is used to generate the triwave which appears across
the timing capacitor Cy, and is buffered, amplified and level-shifted
by Al and A2. Using a spectrum analyzer, P3 and P4 are adjusted
to minimize even- and odd-harmonic distortion, respectively.
The triwave linearity is not good enough to realize the inherent
capabilities of the AD639, but total harmonic distortion is in the
—50dB to —60dB range. A3 provides further gain for a =10V
triwave output. The square-wave output is taken directly from
the AD654 and is unbuffered. It swings between ground and

+ 15V; if pins 2 and 5 of the AD654 are connected to — 15V,
this output is 30V pk-pk.

The frequency scaling with the linear input (shown) is 10kHz/V,
calibrated using P1. The frequency can be controlled manually,
using a potentiometer and the V; output of the AD639. P1 has
sufficient trim range to provide a full-scale frequency of 20kHz
with the 1.8V peak input. The alternative input scheme pro-
vides a “log-sweep” response with an approximate scaling of
10Y kHZ (when V is in volts). The range is now from about
10Hz to 100kHz; the frequency should be set to 1kHz with
V=0, using P2. The frequency is now sensitive to variations in
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1uF
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Figure 13. Gated Output. Top Trace: 0 to +2V Gate Input.
Bottom Trace: 2V rms Gated Sine Output

both temperature and the + 15V supply, but stability will be
adequate for many applications.

Frequency Multiplication

Because of the exceptionally wide angular range of the numerator
function of the AD639, it is possible to generate sinewave outputs
with 2, 3, 4 or 5 times the triwave frequency using the cosine
mode for even multiples or the sine mode for odd multiples.?
For example, to multiply the output frequency by 3, use the
sine function with the X-input driven to +5.4V (£270°). Dis-
tortion remains low; all harmonics are typically under — 50dBs,
even for the frequency-quintupling mode.

?For full details see “A Remarkable M Mic G
Trigonometric Functions,” Barrie Gilbert, Industrial Electronics Equipment
Design, September 1984, pp. 19-24. Reprints available,
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Figure 14. Four-Quadrant Sine Multiplier; for Cosine,
Interchange X1 and X2 and Connect Angle ‘Lo’ Input to VR

FOUR-QUADRANT SINE/COSINE MULTIPLICATION
In synchro applications it is often necessary to multiply an AC
sinusoidal ‘carrier’ by a further sine ‘modulation’ function. This
can be achieved in two ways; the first is suitable only when
there is a large ratio between the carrier frequency and the
modulation frequency. Using a single AD639, the carrier input
Asin(wt) is applied to U2, and a DC bias voltage established on
Ul (which can be provided by a series resistor connected to
+V,). The modulation input, x, is applied to angle inputs
connected for —sin(x). The output is then W = — sin(x)

(U, — Asin(wt)). Using AC-coupling to the load, the voltage
Asin(x)sin(wt) results. Since the peak value of W is (U, +A), a
maximum of about 6V amplitude can be achieved before output
saturation. A further limitation of this approach is that the AC-
coupling may allow excessive transmission of the sine modulation
function. However, with typical values of 400Hz for the carrier
and 10Hz for the upper modulation frequency, this simple
approach is practical. Cosine modulation is similarly achieved.
An alternative method is DC-coupled and thus imposes no
frequency-ratio limitations; it also allows an input/output
amplitude of up to 12V. Two AD639s are used (Figure 14), the
second having both the X- and U-interfaces phase-inverted
relative to the first, and the two outputs are summed. The
figure shows a general bipolar input, A, applied to the U-inputs.
The first device generates Asin(x) when A is positive and zero
when A is negative. The second device generates — Asin(x)
(actually Asin(—x)) when A is negative and zero when A is
positive. The instantaneous sum of the two half-sines is Asin(x).
The switching speed of the U-interface is adequate to handle a
sinusoidal input A = (10V)sin(wt) at frequencies up to at least
1kHz, without significant crossover distortion. In synchro appli-
cations errors as small as 5 arc-minutes can be achieved.

Polar-to-Cartesian Conversion
Using a pair of AD639s connected as shown in Figure 14, and a
second pair connected similarly for the cosine function, a vector

of magnitude A and angle x can be resolved into its orthogonal
components Asin(x) and Acos(x), with unrestricted operation in
all quadrants and very high accuracy.

Cartesian-to-Polar Conversion

A point Z,U in a plane can be converted to a magnitude component,
A, and an angle component, 8, A suitable vector summation
circuit can be found in the AD637 data sheet. The AD639 in
the arctangent mode can provide the angle output 6 =tan™"(Z/U).
If U is bipolar, an absolute-value circuit using an AD630 should
be added.

Sine/Cosine (Quadrature) Oscillators

Quadrature oscillators generate a pair of sinusoudal outputs
displaced by 90°, and invariably are based on a “state-variable”
loop consisting of two integrators and a sign-inverter. Practical
difficulties in this approach are (1) considerable additional circuitry
is required to control the amplitude of the oscillation; (2) a
trade-off arises between the settling-time of this control circuitry
and the distortion level, particularly troublesome at low fre-
quencies; (3) the amplitude balance of the two outputs is dependent
on the matching of two time-constants; (4) two tracking analog
multipliers or multiplying DACs are needed if the frequency is
to be programmable.

These problems are avoided using a function-shaping technique
based on a triwave oscillator, which requires only one time-con-
stant, and whose frequency can thus be more easily controlled.
The need for an amplitude control system is eliminated using
the scheme shown in Figure 15. The two outputs have accurate
amplitudes of 10V (without the need for an external reference
source) or can be individually controlled by external voltages,
without any effect on frequency. Variable-amplitude sine and
cosine outputs can be added (using the Z-input discussed earlier)
to provide continuously-variable phase-control of the output.
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Figure 15. Quadrature Oscillator

The triwave oscillator comprises an AD630, which alternates the
sign of the 1.8V reference from one of the AD639s to generate a
square-wave output of + 1.8V amplitude, and an integrator
formed by R1, Cl and the op-amp, which generates the triwave.
The amplitude of the triwave is determined by the ratio of R3
and R4, and is nominally = 1,845V, 2.5% higher than needed at
the inputs of the AD639s, providing the adjustment range needed
to minimize distortion. In many applications, all adjustments
can be eliminated; to do this, make R3=R4 =5k}, omit P2,
P4, RS and R7 and replace P1, P3, R6, and R8 with short
circuits. The frequency is nominally 1/4C,R,, and is 1kHz with
the component values shown. A variety of methods may be used
to provide external control of frequency, including the use of
another AD630 in series with R1, or the use of a multiplying
DAC.

Figure 16. Top Waveform: Difference Voltage Between
Triwave and Squarewave. Bottom Waveform: Resulting
Output

The sine output is generated using the triwave directly. P1 and
P2 should be adjusted using a spectrum analyzer for minimum
odd-order and even-order harmonics, respectively. The cosine
output is generated by using the difference between the triwave
and the square-wave, shown in the upper waveform in Figure
16. This composite voltage first generates a sine-function over
the range 0 to + 180°, then over the range 0 to — 180°, to produce
the function shown in the lower waveform, which can be seen
to be 90° out of phase with the triwave. The complete set of
waveforms available from this generator are shown in Figure 17.
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Figure 17. Timing Relationships Between All Outputs of
the Quadrature Oscillator
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- 0049 M
BANGE 30.0 din =304 dF

Figure 18. Spectrum of Cosine Output at 1kHz

P3 and P4 are adjusted for minimum odd-order and even-order
cosine harmonics, respectively; Figure 18 shows the cosine
spectrum for a well-adjusted circuit.

Due to the finite transition time back to the baseline in the
drive voltage to the cosine generator, a brief spike occurs at the
zero-crossing of this output. The frequency components will be
beyond the bandwidth of the output amplifier in the AD639,
and the energy contained in these spikes will not generally be
troublesome. They may be further reduced, if necessary, by
adding a capacitor between pins 14 and 15, to roll off the AD639
output response.



ANALOG
DEVICES

Precision, Wideband
Channel Processing Element

AD890

FEATURES

An 80MHz Bandwidth Permitting a 50Mb/s Data
Transfer Rate

A Variable Gain Amplifier with 30dB max Gain
and 40dB Control Range

Two Gain of 4 RF Buffers

2004} Differential Load Drive Capability

A Pair of Precision Rectifiers

AGC Level and Threshold Outputs

An Averaging, High Gain Sample-and-Hold for
Accurate AGC Operation

Typical Gain Drift in Hold Mode: 0.2dB/ms

Gains Trimmed and Temperature Compensated

AGC Operation Independent of AGC Level

Symmetrical AGC Attack/Decay Times

1ps AGC Attack/Decay Times Using a 1000pF
External Capacitor

Suitable for Use as an Accurate Video Prugralmnible
Gain Amplifier

Dynamic Clamp Ensures Fast Heoqy'&ry Akgf Wnte to
Read Transients 2l

AGC RF Output Level is ImMPUaﬁet EE

PRODUCT DESCRIPTION . !
The ADB890 is primarily intended for high- f,erformancc dlsk
subsystem use and as such it is configured around the classic
read channel processing block diagram. It is intended to be
connected between the head preamplifier and the qualification
circuitry required for digital data recovery. When used with the
ADB891 rigid disk data qualifier, data transfer rates in excess of
SOMb/s can be processed.

A temperature-compensated AGC loop, with an exponential
transfer characteristic, permits optimal settling and allows for
predictable performance in the classic single integrator control
loop configuration. Fast acquisition and low droop while in the
hold mode allow for AGC operation to be performed within the
sector header without compromising channel behavior when
reading data,

The ADB890 processing element has the flexibility to perform
both continuous and sampled AGC functions; it is also ideal for
embedded, dedicated, or mixed servo applications. Two user-
defined filter/equalizer stages may be employed, thus allowing
maximum design flexibility. This greatly simplifies the design of
the overall channel characteristics. Using the AD890, the designer
no longer needs to resort to passive techniques to isolate network
functions; this avoids problems of signal loss and interaction.

AD890 FUNCTIONAL BLOCK DIAGRAM

* ] rose

- NEGATIVE
3 INPUT

VARIABLE

GAIN OF 4
AMPLIFIER

GAIN OF 4
AMPLIFIER +

‘l‘yio h&w»offset. 100MHz full-wave rectifiers provide the capability

it ey totrack a 1V peak signal. The rectifier generating the “Qualifier

Threshold” output may be used for creating a data gualification
level. A second rectifier is used to drive the sample-and-hold
circuitry.

The 80MHz bandwidth of the AD890 ensures good phase linearity
up to SOMHz. Thus, data transfer rates in excess of 50Mb/s can
be supported with good error rates and predictable channel
behavior.

The ADS890 is available in both a 24-pin, slim-line cerdip package
and in a 28-pin PLCC package and is specified to operate over
the 0 to 70°C commercial temperature range.

PRODUCT HIGHLIGHTS

1. A highly predictable gain control function allows the user to
perform a very accurate preset operation and facilitates D/A
converter control capability.

2. Two low-offset, 100MHz full-wave rectifiers are provided.

3. An internal clamping circuit ensures short recovery times
after read/write switching of the external head chip.

4. An 80MHz bandwidth ensures good phase linearity.
5. A 0.2dB per ms droop in gain during AGC hold mode.
6. All RF gain stages offer calibrated temperature-stable gains.
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SPECIFICATIONS (@25 st =51 s, wes aerviss raa

ADS90]
Model Conditions Min Typ Max Units
VARIABLE GAIN AMPLIFIER
Maximum Gain' 29.5 30.0 30.5 dB
+3dB Bandwidth Up to 26dB Gain Reduction 100 MHz
Input Voltage Noise 0dB Gain Reduction, f = 1kHz 5 nV/VHz
Input Signal Range Recommended p-p Differential 10 200 mV
Input Resistance 12 k)
Output Impedance 5 Q
Harmonic Distortion 0dB Gain Reduction 0.15 Y%
26dB Gain Reduction 1.5 %
Qutput de Level 3.5 Vv
INPUT CLAMP?
Turn-On Time ns
Turn-Off Time ns
Input Signal Attenuation dB
On-State Input Impedance Differential 0
GAIN OF 4 BUFFER
Nominal Gain 13.00 dB
Gain Variation T 10 T erix dB
+ 3dB Bandwidth MHz
Input Voltage Noise? f=1kHz nV/VHz
Input Resistance kil
Input Common-Mode Range gy iy A +1.5 Vv
Output Resistance e Y L 0
Harmonic Distortion 3005 V-Peak Outpur, 2 ;{:&d I %
OQutput Signal Level | Récommended p-p Differential 5, A
Output dc Level o T AT P v
FULL WAVERECTIFIER By g L
Input Signal Level p-p Différential o 0.3 3 v
— 3dB Bandwidth 100mV (@ 1V Peak Input 100 MHz
de Offset? 10 +20 mV
AGCCONTROL SECTION
Attack Time 26dB Gain Step— 1000pF CsamprE 1.0 us
26dB Gain Step— < S0pF Csampre 120 ns
Hold Time 1dB Gain Change - 1000pF Csampre 10 ms
AGC Control Range 36 40 dB
AGC Control Sensitivity Per 20mV Input 1 dB
AGC Control Linearity 26dB AGC Range +0.25 dB
Set Level Input Range For Specified Accuracy 0 800 mV
Nondestructive Input Range -0.3 Vee \
MODECONTROL SECTION
TTL Compatible
Viu 2.0 v
Vi 0.8 \
Im 100 nA
I"_ 2.0 I.E.A
Mode Switching Times 50 ns
POWER SUPPLY REQUIREMENTS
Rated Performance +5.0 v
Operating Range *+4.6 +6.5 \
Quiescent Current Tisnt0 T
Vee 18 28 40 mA
NOTES

'Gain calibrated in gain set mode with 0 volts applied to the Gain Set Pin

*Clamp operation 1s specified with a source impedance of 20001 in series wath 0. 1uF

*Owver the full 100MHz bandwidth of the AD8%0, the worst-case rms signal-to-noise ratio
1540dB or better with a 40dB AGC range.

*Measured using a 4k{2 resistor connected between the Qualifier Threshold Pinand V| .

Specifications subject to change without notice,

All muin and max specifications are guaranteed. Speaifications in boldface are tested on
all production umts at final electrical test Results from those tests are used to calculate
outgoing qualiy levels.
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Logic Assignments Bit0 Bitl ORDERING GUIDE
AGC Acquire 0 0 Package
AGC Hold 0 1 Model Package Options*
Gain Set 1 0 ADS90]Q 24-PinCerdip  Q-24
Input Clamp 1 1 ADS90JP 28-PinPLCC  P-28A
*See Section 16 for package outline information,
ABSOLUTE MAXIMUM RATINGS*
Supply Voltage: . . . . .. ¢t i v o v iv v v v a v oo £T.5V
RF Gain Stage Differential Input Voltage . . . . . . .. £5.6V
Storage Temperature Range
ADBS9%0JP, ADS90JQ . ... ....... —=65°C to +150°C
Operating Temperature Range'
ADBOGIP, ADBOIOY v s smsrs we wos wuess & 0 to+70°C
Lead Temperature Range (Soldering 60sec) . . . . . . +300°C
NOTE g i
128-pin PLCC package: 0], = 100°C/W; N %m,.t o
24-pin cerdip package: 0], =80°C/W. B T
*Stresses above those listed under "ﬁbmlur.eﬁnﬁpuﬁ”ﬁiﬁngs v cause
permanent damage to the device. This is ‘& ﬂr&s ral &
functional opcramn of the device u .these of any nth:r mﬂmu
those indicated in the cp;mthal sections of is mot
implied. Exposure to sbsnﬂhn foaimum rannq mgsﬂfur extended
periods may aﬁe?l@]ﬂbﬂ:w
o o 4 %3'._\
a
24-Pin Cerdip Package - ed 28-Pin PLCC Package
g Es s
Z- oy b E g8 EE
g oz oy B ¥ OB
T [#]
| + POSITIVE SAMPLE- NEGATIVE
MOE sebter VARIABLE = Caraciion Lo E OUTAUT
BITY | 2 e AMPLIFIER
AN SET E'-' HEC‘!"H:HEII E"‘ EE:&LJ?IGB
ARMELE: - =5V T - 5V de
Co AL e =

AGC E—-
w7}
~svee [3] Av830 5] v

DIGITAL * POSITIVE gmmﬂa; E
crounp | 7 n

E INPUT
E NEGATIVE
INPUT

QUALIFIER NEGATIVE QUALIFIER
THRESHOLD E GAIN OF 4 a 10 [ 20| Me
] panDEL = PUT THRESHOLD ; j
e T nu ] " »
s Lt : Il
RECTIFIER E RECTIFIERS E MEGATIVE - '
+
INPUT 'GII'T_S'FE; OUTPUT
- " 15 Rl 17 18
W - 41527 rosmue | 3 1 I ) I 1 B [e]
OUTPUT INPUT per = = oy or
rosive [+ X B £ f2 ? E5 B 3
ouTeLT |12 E Nssuwe 5; it £ g 52 §
2= &3 B8 £ B g3

NC = NO CONNECT
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Applying the AD890

GENERAL LAYOUT REQUIREMENTS

Almost 60dB of total gain is available at 100MHz. Care must be
taken to ensure good RF practice in the PC layout to avoid
oscillations in the 150MHz-350MHz region. A parallel combination
of 0.1p.F and 0.01uF ceramic bypass capacitors should be used
as close to the supply pins as possible.

Additionally, a single pole RC filter applied at the input of each
stage, with a cut off in the region of 100MHz-150MHz, will
help avoid oscillation problems. As a general rule, keep the
connections to interstage components as short as possible; it is
also recommended that any low pass filtering function which
may be required by the system be performed between the VGA
stage and the first X4 buffer amplifier. A ground plane should
be used to surround any interstage components wherever possible.
If these simple rules are followed, stable operation should be
assured.

BIASING THE RF GAIN STAGES

The VGA Stage

The 30dB variable gain stage is biased at a potential of one
diode drop above analog ground. No additional dc bias is raquirod
but ac coupling is necessary. The bias voltage is maintained -
during normal operation and during operation of the clamp; In
order for the clamp to operate correctly with an en:mtér foﬂotuer
driven input, 500-1000) resistors should be leed in sems ‘with
the input coupling capacitors. These resistors can.be used i in,
conjunction with a 5.1pF shunt capagitor to’! hmgt ‘the input v '
bandwidth to 150MHz. In the case of afi apen collector driven
input with resistive termination, no addmonal stnes resu{ors

are required. -

The differential outputs have a nominal dc vnlue of l 5V less
than the positive supply. Internal 13002 resistors provide bias
current to the output emitter followers which operate with 2.7mA
nominal current. Qutput drive can be increased by an additional
2.5mA by paralleling external resistors to either the analog
ground or the negative power supply. However, caution should
be exercised in order to avoid causing excess dissipation for the
package. The recommended output level for the VGA is 300mV
p-p differential into 200} loads.

The X4 Buffers

The inputs of these stages have no committed dc biasing, and
an input bias current path must be provided. This path can
normally be supplied via shunt resistors to analog ground which
are generally part of the interstage filter termination networks.
The inputs can be biased successfully within + 1.5V of analog
ground.

Output drive can be increased in a similar manner to that described
for the VGA stage. The nominal dc output level is 2.5V with
the internal S00£2 load resistors connected to analog ground
which provides a nominal standing current of SmA to the output
emitter followers. This current can be increased by up to an
additional SmA by paralleling external resistors to either analog
ground or the negative power supply. As before, precautions to
limit excessive overall power dissipation apply when steps are
taken to increase the output drive capability.
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OPERATING THE FULL WAVE RECTIFIERS

The full wave rectifiers consist of two nearly identical stages.
Full wave rectification is performed in each stage using two
transistors whose emitters are connected together. The inputs to
the two full wave rectifiers are biased at one diode drop above
analog ground; therefore, ac coupling is recommended. The full
wave rectifier outputs -~ “AGC Rectifier” and “Qualifier
Threshold” — are connected directly to these commoned emitters.
Thus, the normal output voltage with zero input signal applied
is close to analog ground. The “AGC Rectifier” pin allows
access to the output of the rectifier which drives the AGC sample-
and-hold section of the AD890. The “Qualifier Threshold” pin
allows access to the output of the threshold rectifier.

The AGC rectifier has an internal 2k(} resistive pull-down

connected between analog ground and the negative power supply

pin. The threshold line has no built in pull-down, in order to

allow for a hold capability during thresholding. If a well

controlled er offset is required, an external 4k} pull-down

rcststu;‘ a’t’lhr: “Quahf ter Threshold” pin is recommended and
proﬂﬁc&s nominal 10mV offset.

"-TIIE AGC SAMPLE-AND-HOLD

The AGC sample-and-hold section performs averaging of the
input waveform to set the RF average output level to 200mV
sinigle ended, or 330mV peak for a sinusoidal signal. Thus,

. without a peak hold capacitor at the “AGC Rectifier” pin, accurate

=AGC operation only occurs with sinusoidal input signals. An
approximate 2mA pull-down current is permanently present at
the “AGC Rectifier” pin, and a capacitor may be added here to
prmr:de a degree of peak hold for AGC operation within non-
sinusoidal fields. A capacitance value of less than 0.03uF or less
per ps of transition spacing is recommended. The addition of
the capacitor alters the symmetry of the attack and decay rates
of the rectifier, which is otherwise symmetric in operation. In
order to ensure that the overall AGC response is the same for
both high-to-low and low-to-high input level steps, it is necessary
to make the rectifier attack and decay times at least a factor of
two less than the AGC response time.

The AGC acquire time is approximately 1ps per 1000pF of hold
capacitor. A low leakage variety of hold capacitor, such as a
silver mica, is necessary to ensure low droop rates. The “Gain
Set” pin should be tied to analog ground if not used, in order to
prevent excessive leakage which would otherwise affect the hold
performance.

The AGC control potential is present at the “Sample-and-Hold
Capacitor” pin. If control over open-loop gain is desired, based
on AGC control potentials obtained during trial AGC operations,
a FET input op amp should be used to buffer this node in
order to avoid disturbing the hold operation.



USING THE ADS89%0 AS A PROGRAMMABLE GAIN
AMPLIFIER

The ADB90 is ideally suited for use as an accurate video pro-
grammable gain amplifier. If the X4 buffers are utilized with
the variable gain amplifier, nearly 60dB of total gain is available
at frequencies up to 100MHz. The VGA gain and exponentiator
scale factors are trimmed with respect to de control potentials
applied to the “Gain Set” pin. In this mode of operation (see
Logic Assignments for bit pattern to be applied to the “Bit 0”
and “Bit 1” pins), a 0V dc potential applied to the “Gain Set”
pin will produce a nominal VGA gain of 30dB. With an additional
12.75dB from each X4 buffer, total nominal gain is 55dB. Each
20mV increment of voltage applied will produce a 1dB reduction
in gain. A simple equation can be used to calculate the nominal
gain of VGA in this mode:

VGA Gain (dB) = (30 - Vgam ser % 50)
where VGAIN SET 1s in volts.
OPERATION WITH +5V, +12V SUPPLIES
Operation with +5V (=£0.25V) and + 12V (£ 1.2V) suppl:es

readily achieved. Figure 1 shows the AD890 configure f
+5V,+ 12V operation. The analog and digital gro

+12v

Vi

A3
Bhil

Figure 1. AD890 Connection for +5V, + 12V Operation

*sﬁ%
‘ie

connected to the + 5V line or to an available center tap of the
+ 12V supply. Thus connected, a current of approximately
30mA will flow in this line under normal operation. The input
clamping action occurs with respect to this line, increasing its
current by an additional 12mA or so.

Both the +5V and + 12V supplies should be RF bypassed to
ground with at least two capacitors: values of 0.1pF and 0.01pF
are recommended. In addition, some higher level of decoupling
capacitance such as 3.3uF value may be desirable. Next, insert
a series-connected 6.8() 1/4W resistor and 100mA diode in
series with the + 12V supply. This helps to reduce overdissipation
in the chip.

Power supply decoupling should occur on the circuit side of the
resistor-diode network. A second diode can be substituted for
the 6.802 ncs:sto if the voltage difference between the two supplies

S

: cotitrol is achieved by using open collector drivers

thrs as shown; 5.1V Zener diodes can be substituted
istors and R2. Internal diode clamping in the AD§90
its th.’s e of operation.

' T!w"ﬁmdémhmg times will be affected by resistor values
2 is due to the RC time constants formed by the
mﬂoi‘s in conjunction with the input capacitance of the chip

F‘*I‘Qaackagp&

¢ f.‘?
NT @ATING WITH THE AD891 RIGID DISK DRIVE
‘7’-'% DATA QUALIFIER
" "Figure 2 shows a typical application using the AD890 and AD891
© connected together to create a 30MHz channel (cerdip connections
shown). This circuit includes a 5-pole 30MHz Gaussian-to-6dB
transitional filter plus a second-order RLC time domain equalizer.
A typical second-order, fully differential, passive delay-line
differentiator interface for the AD891 is also included. (For a
more detailed description of the delay-line differentiator, see the
AD891 data sheet.) The analog and digital grounds should be
connected at the power supply common.
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50 MHz - 3dB POINT 40 nS PWS50

5TH ORDER GAUSSIAN-TO-6dB RLC EQUALIZER

062 H
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USING EQUALIZERS wrmtmE Ansﬂt i
The AD890 is ideal for applications whelt»aequihzmon is e
ployed. The X4 buffer output drivers are dulgned to opers
into 2002 loads, making tapped delay-line designs easy. Sum™
and differencing of different tap weights can be achieved by
simple resistive dividers.

As an alternative, a simple RLC network can be implemented to
provide a low-cost, fully differential alternative to the three-tap,
tapped delay-line equalizer which often is used for pulse slimming.
Essentially, the equalizer shown in Figure 3 consists of an RC
lattice, which provides the magnitude characteristic, together
with an LR shunt section which acts to define the overall passband
group delay and the ratio of minimum to maximum gains within
the passband.

Figure 3. RLC Equalizer

The network shown approximates a function of the form:
F{wr) = 1-k cos wr, where k= 0.6, and v = 36ns.

The circuit is optimized for a 120ns transition PW50, Altering
the 9530} resistor and the 24pH inductor can change both k and
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T ‘perrmmng cylinder dependent equalization to be performed,
“thus minimizing problems of overequalization. To alter k, the
ratio of the 1.1k and 9531} resistors should be changed. To
alter 7, the reactive element should be scaled proportionally.
The equalizer in Figure 2 is optimized for k = 0.6 and

= 12ns.

It is important to note the benefits of fully differential (as opposed
to single-ended) operation: 1) reduced harmonic distortion due
to symmetric operation; 2) improved power supply noise rejection;
3) less insertion loss, allowing for reduced gain and, hence,
improved distortion in stages prior to the equalizer.

CHOICE OF LOW PASS FILTER WITH THE
RECOMMENDED EQUALIZER

A fifth order, Gaussian-to-6dB transitional filter is recommended
for use with the equalizer. Such a low pass filter is shown in |
Figure 4. Low group delay ripple and high out-of-band rejection
make this design work well with the recommended equalizer
and the differentiator specified in the AD891 data sheet. The
recommended location for the low pass filter is between the
VGA and first X4 buffer. The equalizer should be placed between
the first and second X4 buffers. This minimizes the potential
for oscillations induced by interstage parasitic feedback.

010F z00  18BuH  24pM "

24apH 7

01pF 20000 18uH

Figure 4. 5th Order Gaussian-to-6dB Transitional Filter



ANALOG
DEVICES

Rigid Disk Data
Channel Qualifier

AD891

FEATURES

Three Matched, Offset-Trimmed Comparators
3.1ns (typ) Comparator Propagation Delay

ECL Logic Permits 50Mb/s Transfer Rates
6.8ns Delay (typ) from Inputs to Data Output
500ps (typ) Additional Pulse Pairing
Temperature-Compensated Operation
Compatible with 10kH ECL Logic

Two Temperature-Compensated One-Shots
One-Shot Periods Set Using External Resistors

PRODUCT DESCRIPTION
The AD891 disk t:hannel qualifier is intended as a com

excess of 50 megabits per second.

The AD891 provides both level and time-domain qna]iﬁé&go ;
Level quahﬁcauon is performed.on alternating half ¢ycles of the™:,

data waveform using a user-defined threshold level wh:ch_m' N fv
applied to each of two 3.1ns propagation delay comparategs. 1.

This technique prevents single bit errors from being propagated
into two bit errors. A third comparator is used to provide zero-
crossing detection. Factory trimmed offsets and a careful internal
layout ensure symmetric operation and low pulse pairing with a
differential input waveform.

An external RLC passive delay-line differentiator should be

used with the AD891; the design for a typical network is specified
in detail in the applications section of this data sheet. The use
of an external network permits equal delay times through both
the differentiated and undifferentiated signal paths, thus ensuring
correct centering of the qualification windows, Using the recom-
mended external network also helps ensure optimal signal passband
flatness and dispersion.

The outputs from the amplitude-qualification comparators are
applied to the “D” inputs of two master-slave D-type flip-flops
which are then clocked by the outputs from the zero-crossing
comparator. Each valid zero-crossing event causes a one-shot
with a user-definable period to be triggered. This disables the
operation of the flip-flops, thus preventing the detection of
additional zero-crossing events during the one-shot period.

: pAiA-E

ADS891 FUNCTIONAL BLOCK DIAGRAM

POSITIVE HALF
ok + 1 COMPARATOR B LEVEL
IN+
PIFF:= E'-] ZERO Enmn
CROSSING ADED
COMPARATOR
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IN = ) 12| Gno
cK

AMP —' 4 a E Vee
RESET

FILTER
Ve E NEGATIVE HALF

10|,
COMPARATOR IME SET
mcwm;t. o, TIME | QUTPUT
ano L8 DOMAIN ; 9 | PULSE SET
T ONE-SHOT
OUTPUT

ONE-SHOT B

s

'ﬂi:_.ﬁm.ln;fhéously, an output one-shot is activated, the leading

edge of which is synchronous with the change in the flip-flop
outpufs.-The period of this one-shot is also user-definable and is

.intended to ensure adequate output pulse duration for transmission

within the external environment. Each one-shot requires a single

»-metal-film resistor to set its period. All one-shots have trimmed

pulse periods; temperature stability is maintained by the use of
an internal bandgap reference.

The AD891’s internal logic consists of temperature-compensated
reduced-swing ECL which exhibits typical propagation delays of
600ps per gate. The output data conforms to standard 10kH
ECL logic levels. The AD891 can drive a properly terminated
75() transmission line.

The ADB891 is specified to operate over the commercial (0 to
+70°C) temperature range. It is available either in a 14-pin
cerdip package or in a 20-pin PLCC package.

PRODUCT HIGHLIGHTS
1. When paired with the AD890 wideband channel processor,
data can be recovered in excess of a 50 Mb/s rate.

2. Comparators have 3.1ns typical propagation delay.

3. 10kH ECL logic compatible.

4. 500ps typical additional pulse pairing through chip.
5. Two internal, temperature-compensated one shots.

6. Features both amplitude and time-delay qualification.
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SPECIFICATIONS (@ + 25 s 5., wiessoteris o

Model ADS891)
Conditions Min Typ Max Units
COMPARATOR SPECIFICATIONS
Propagation Delay 20mV Overdrive 33 ns
200mV Overdrive 3.1 ns
Comparator Mismatch 300 ps
Input Offset Voltage 0.25 1.0 mV
Noise Induced Offset Voltage 10® Error Rate + 300 Y
Input Offset Current 100 nA
Input Bias Current 1.3 pA
Open-Loop Gain f=10MHz 66 dB
Input Resistance Differential 500 k()
Input Common-Mode Range Referred to Digital GND —1.5 +2.2 \Y%
INTERNAL LOGIC SPECIFICATIONS
Logic “1” Level \Y
Logic “0” Level A
Rise Time ns
Fall Time ns
D-Type Flip-Flops
Clock - Q Delay ns
Clock - Q Delay ns
Reset—Q Delay ns
Reset—Q Delay ns
ONE-SHOT SPECIFICATIONS %
Resistor Scaling’ p{;&‘
Pulse Duration f*'i i 180 ns
¥ % 103 ns
* o 45 ns
Resistor Range 56 k()
EXTERNAL LOGIC SPECIFICATIONS?
Ourtput Logic “1"” v
Output Logic “0” v
Rise Time ns
Fall Time ns
DATA THROUGHPUT SPECIFICATIONS
Propagation Delay? Differentiator Input
to Data Output 6.8 ns
Additional Pulse Pairing* 200mV Overdrive
5ns Input Rise Time 500 1000 ps
Max Transfer Rate 50 Mb/s
Min Transfer Rate® 1 Mb/s
POWER SUPPLY REQUIREMENTS
Rated Performance +5.0 \Y
Operating Range +4.65 | +6.8 A
Quiescent Current T e 10 T
NOTES

'One-shot pulse in ns; Rgpr specified in kil.

?Logic specifications obtained for the *Data + " and “Data — " outputs using 1k{) pull-down resistors tied to Vg and 10042 resistors
connected to — 2V,

*Propagation delay is d from the zero- ing comy input to the “Data + " output with 200mV overdrive.

“Measurements were performed using a = 100mV square wave having a rise time under 5ns; this was applied to the input of the
zero-crossing comparator. The resultant pulse pairing is the difference in delay times for two consecutive output pulses.

*The minimum transfer rate is limited only by the i rec fed hot period of 180ns.

Specifications subject to change without notice.

Specifications in boldface are tested on all production units at final electrical test. Results from those tests are used to
calculate outgoing quality levels. All min and max specifications are 1, although only those shown in boldface
are tested on all production units.
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ABSOLUTE MAXIMUM RATINGS' Il\TO‘I'ES ) . )
Supply Voltage . . . . v v v v v n v v v en e e +7.5V Stresses above those listed under “Absolute Maximum Ratings” may
2 “ cause permanent damage to the device. This is a stress rating only and
Comparator Differential Input Voltage . . . . . . ol 5.6V functional operation of the device at these or any other conditions above
Storage Temperature Range P,Q . . . . .. =65°C to +150°C those indicated in the jonal section of this specification is not
Operating Temperature Range? implied. Exp to absol rating conditions for extended
ADSIIP, ADBSIOQ . . v womis sie somow an s 0to +70°C ip&ﬁmpﬂ& affoﬂk::iu uliabgiw»
Lead ing 60sec 00°C 20-pin pac 2 Bpa = +70°C/Wart;
Temperature Range (Soldering Y vs wwa +3 14-pin cerdip package: 8;4 = + 105°C/Wart.

PIN CONFIGURATIONS

14-Pin Cerdip (Q) Package

POSITIVE HALF

i +E COMPARATOR E] Lﬂf"
DIFF —E'—] ZERO EAMPi—
CROSSING ADEIN
COMPARATOR
LEVEL[ 3 12| DIGITAL
N - GND

AMP—E
o[

NEGATIVE HALF

COMPARATOR :
DIGITAL TIME FOUTPUT
GND E DOMAIN [ _,'EPUE«S“..ET
ONE-SHOT |, Ny

DATA—' 7

., ‘ 3 ’ ._.',.; '.

20-Pin PLCC (P) Package

LEVEL

DIFF- DIFE+ NC N+ AMP +
|3| |z| f1| Iznl |191
MPARA
LEVEL E”c
POSITIVE HALF
COMPARATOR
DIGITAL
D 17 GND
l——cx
CK a o
b RESET E Vea
RESET
NEGATIVE HALF
COMPARATOR 15 NC
TIME
i ,;. DOMAIN
! ONESHOT 7] FILTER
: ouTPUT 1
AD881 ous-suu;:l FIMESEY

] To] o] el [l

ORDERING GUIDE

ModelNo.

ADS891JQ
ADS91JP

DIGITAL DATA- DATA+ NC OUTPUT
GND PULSE SET
Package Option*
Cerdip (Q-14)
PLCC(P-20A)

*See Section 16 for package outline information.
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Applying the AD891

THEORY OF OPERATION

The ADB891 consists of three comparators, two D-type flip-flops,
an internal bandgap reference and a pair of externally adjustable
one-shots. Two comparators are used to provide data amplitude
qualification, and the third acts as a zero-crossing detector when
used with an external passive differentiator circuit, (Refer to the
ADS891 block diagram and Figure 2.)

Figure 2 illustrates the operation of the AD891, using the re-
commended passive delay-line differentiator described in the
following section. Sequence “A” represents the pattern written
on the disk, where a logic “1” is a change in magnetic state.
Each change in magnetic state results in an output pulse, The
analog input to the AD891 consists of a sequence of alternating
pulses “B.” The data pattern shown is worst case for a 1-7 code
input. “C” represents the output waverform from the external
differentiator, such that the points at which zero-crossings occur
correspond to the peaks of the analog input “B.” Sequence “D”
shows the output from the zero-crossing comparator. Changes in
state of this output are used to clock the two internal D-type

WRITE DATA
POSITIVE
THRESHOLD

NEGATIVE
THRESHOLD

ANALOG INPUT
TO AD891

pegiod
.

flip-flops. The flip-flops are enabled using the output “E" from
the positive and negative threshold comparators, such that the
flip-flop outputs change state only when the analog input exceeds
the programmed threshold levels (positive or negative). When
the threshold levels are exceeded and a zero-crossing event
occurs, the flip-flops change state, producing an output pulse
“F.” The duration of this pulse, seen at the Data+/Data—
outputs, is set using an external resistor, as is the internal time-out
which is used to prevent noise induced retriggering. The final
output data sequence is shown in “G.” As can be seen, despite
inflections in the analog input, the data is correctly detected and
the output is a time-shifted version of the write data.

Since the 1-7 code input is the most demanding of the popular
encoding schemes to qualify, the AD891 is clearly suitable for
other codes, such as MFM and 2-7. The recommended time
domain ﬁiu;%?ﬁe-shot period for MFM and 1-7 code is equal to
bitéell clock period. For 2-7 code the one-shot

ibe increased to 150% of the bit cell clock period.
1.
t,

75% o

up

DIFFERENTIATOR

QUTPUT
(INPUT TO ZERO-CROSSING
COMPARATOR) |

ZERO-CROSSING
COMPARATOR OUTPUT

e

B [z 1T T 1T .~
I

e — - - -
THRESHOLD COMPARISON g
OUTPUTS o) _ _ . -

I

AD891 OUTPUT
(DATA +/DATA —)

| [P —
JT
0
OUTPUT DATA 01

A"

o1 00 0 00 00 1T 0 10 0 1 0

| [ g
1 "G

Figure 1. ADB91 Operation for Worst Case 1-7 Code Pattern
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DESIGN CONSIDERATIONS

In designing a suitable passive delay-line differentiator, either
the fully differential (Figure 2a) or single-ended (Figure 2b)
configuration can be used. The equations governing component
selection for both connections are as shown.

If the single-ended configuration is employed, then the inputs to
the negative half-cycle comparator need to be biased such that
the comparator is turned off. This can be accomplished by
placing the “Amp—"" input at a potential at least 100mV more
negative than the “Level In—" input. The “Amp—" pin may
be connected to the “Vgg"” pin and the “Level In—" pin may
be connected to the “Digital GND” pin, provided that the
potential difference does not exceed 5.6 volts, which is the
absolute maximum differential input rating of the device.

Good RF layout practice should be obeyed, with decoupling
networks of 0.1uF in parallel with 0.01pF at both the “Vc”

and “Vgg" pins. A ground plane should be used extensively.
Two digital grounds are supplied: Pin 12 is for the internal logic
while Pin 5 is provided for the “Data” outputs only. (These

pins are for the cerdip package; the corresponding PLCC package
pins are 17 and 9, respectively.) The filter time and output

pulse setting resistors should be tied, as directly as possible, to . -
the “Digital GND” pin.

Ceourms
/'\/ R —
DIFFERENTAIL 10 0 ; “10
INPUT ANALOG GND —4 THRESHOLD — ZERD-GROSSING
ARA
s 2R, 4
\ :. > S
Ceourma Co Lo DIFF =
— o e -_—
\/\ _.{ *._._._.| }._. b »
LEVEL IN—
0
NEGATIVE
HALF-CYCLE

AMP -

Figure 2a. Fully Differential Configuration of Passive
Delay-Line Differentiator

The “Data—"" and “Data+" pins require pull-down resistors to
“Vgg”” as per normal practice in ECL. The use of 30k{} resistors
connected between the “Filter Time Set” and “Output Pulse
Set” pins and digital ground will produce a nominal 100ns one-
shot period; 10k{} resistors will nominally produce 42ns one-shot
periods. The timing of the two one-shots may be set
independently,

For best performance, the three input comparators should be
operated at a common-mode potential close to digital ground.
The digital ground should be connected to the analog ground as
near to the power supply as possible to minimize noise injection.

INTEGRATING WITH THE AD890 WIDEBAND
CHANNEL PROCESSING ELEMENT

Figure 3 shows a typical application using the AD891 and AD89%0
connected together to create a 30MHz channel (cerdip connections
shown). This circuit includes a 5-pole 30MHz gaussian-to-6dB
transitional filter plus a second-order RLC time domain equalizer.
i ntial passive delay-line differentiator previously
included. The analog and digital grounds should
Dnlfr to the power supply common.

AMP + +
e A
TO POSITIVE HALF-CYCLE
LEVEL IN + COMPARATOR
Gm»:mn Co Lo DIFF+
ENDED : ¥ 1 * TO
ELE ZERD-CROSSING
biadall : DETECTOR
s 2Ry -
TO DIFF -
AMALOG GND a—— |

2o

Figure 2b. Single-Ended Configuration of Passive
Delay-Line Differentiator

RECOMMENDED COMPONENTS

1
2aVLp Cp

o[ VE]

D

fD—

f = 1.5 Times the
Maximum Desired
Differentiated

Frequency

Ry, Minimum Value: 120€
15042 or Greater is Recommended

1.3 (Best Magnitude Response) =K =1.7 (Best Group Delay Response)
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50 MHz - 3dB POINT

40 nS PW50
RLC EQUALIZER

5TH ORDER GAUSSIAN-TO-6dB VSO LTBOSCY  |—0 48V
R o in - 22uF A 1
'L 39pF -L 10pF 636 e ] 1‘
0 62pH 22uF R
150k 2 15pF 12uH b -VS O UATS0SUC |—a0 -5V
200 20 0 82uH J08zuH 5k
L 733 —AMA-
1uF ) L
010F X2 0 1F 200 o1kl Ser 367 o
200 i€
y 22pF 0 1uF 22pF
1 b1 1L
o-h?% i L
100 22H21 17, 18] 18 15 13)(14
w  swiax s + N
o 1puF x30 w4 -
&) - = “
190 - =} o uF
12
+5V 19
AD890 014F
0 1pF 20 11 (
01pF
D3
=5V & EXP x1 SHA RECT 01pF
Gohr o
TTL MODE N2 9
8
CONTROL LoGic >
BITS 2 Bk
2 )
{7 e 3l 5 e
T PEAK TO .
= AVERAGE L A b
1000pF 75 CcoNTROL  Sakfl| 2
e b 02 )
-é— DIGITAL GND s CAPACITOR )
L
ANALOG GND \J]
v &
a5y

Figure 3. Typical ADBIO/ADBI1C

OPERATION WITH +5V, +12V SUPPLIES "

g

onnee¢

Operation with +5V (+0.25V) and + 12V (= 1.2V) suppliesiis |

readily achieved. The digital ground pins must be connected to
the +5V line or to an available center tap of the + 12V supply.
The specified output ECL logic levels are therefore referred to
the + 5V supply. Pull-down resistors for the “Data+" and
“Data—"" pins should be connected to Vgg. Thus connected, a
current of approximately 23mA will flow in the + 5V supply
under normal operation.

In order to ensure correct comparator operation, a pair of 100mA
diodes should be added in series with the + 12V supply which
is connected to the Vi terminal, This connection is shown in
Figure 4 (shown for cerdip package).

Both the +5V and + 12V supplies should be RF bypassed to
ground; the values of 0.1pF and 0.01F in parallel are recom-
mended. In addition, some higher value of decoupling capacitance
- such as 3.3pF — may be desirable. This decoupling should be
applied directly at the AD891 “V¢c” and “Digital GND” pins.
Finally, the common-mode range for the comparators is now
referred to the + 5V supply line, and care must be taken to
operate within the common-mode limits.
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ANALOG Digitally Programmable
DEVICES Delay Generator

AD3500

FEATURES AD9500 FUNCTIONAL BLOCK DIAGRAM
10ps Delay Resolution =y
2.5ns to 100ps+ Full-Scale Range _ & ol
Fully Differential Inputs
Separate Trigger and Reset Inputs TRIGGER —1 A0
Low Power Dissipation — 310mW TRIGGER p— Tanaioc conTRL {
RESET D—  sTage CIRCUIT a
APPLICATIONS ESET o—
ATE | K _
Pulse Deskewing ECLues ,_| VOLTAGE | :
Arbitrary Waveform Generators i INTERNAL DAC
High-Stability Timing Source ", N O ) S "_'
Multiple Phase Clock Generators CURRENT | TTL LATCHES |—]
Rt
{ -V GROUND D, Dy D, D, D, Dy D, D, LATCH OFFSET
ILSB} IMSB) ENABLE ADJUST
v,
GENERAL DESCRIPTION PIN CONFIGURATIONS
The AD9500 is a digitally programmable delay generator, which
provides programmed delays, selected through an 8-bit digital s
code, in resolutions as small as 10ps. The AD9500 is constructed o)

o[3]

in a high-performance bipolar process, designed to provide o0 s ] o W

high-speed operation for both digital and analog circuits. o] 5] Laren ennsae
The AD9500 employs differential TRIGGER and RESET inputs orseraowst[v]  ADssa o] anouno
which are designed primarily for ECL signal levels but function o [3]  mowsaa .

with analog and TTL input levels. An on-board ECL reference ow [1] [i7]-ve
midpoint allows both of the inputs to be driven by either single isgen [3] 163 eck commal

ended or differential ECL circuits. The AD9500 output is a_ TRGGER 10
complementary ECL stage, which also provides a parallel Qg “W‘ -
output circuit to facilitate reset timing implementations. el
The digital control data is passed to the AD9500 through a

transparent latch controlled by the LATCH ENABLE signal. In

the transparent mode, the internal DAC of the AD9500 will PR o 0, Kas
attempt to follow changes at the inputs. The LATCH ENABLE ECls 6 24 LATCH ENaBLE
is otherwise used to strobe the digital data into the AD9500 OFFSET ADJUST 7 1 aAouRD
lﬂ.tc.hﬁ. NCE 2 NC

Cs 8 21 Ry
The AD9500 is available as an industrial temperature range “Vemo 20 -4,
device, —25°C to +85°C, and as an extended temperature range TRIGGER 11 19 ECL COMMON
device, —55°C to +125°C. Both grades are packaged in a 24-pin
ceramic “Skinny” DIP (0.3" package width), as well as 28-pin o E '.é il
surface mount packages. Contact the factory for MIL-STD-883, g B ¥
revision C, qualified devices. e = o conmEer

ORDERING INFORMATION

Package
Device Temperature Range | Description Options*
AD9500BP —-25°Cto +85°C 28-Pin PLCC (Plastic), Industrial Temperature P-28A
AD9500BQ —25°Cro + 85°C 24-Pin “Skinny” DIP, Industrial Temperature Q-24
AD9500TE —55°Cto +125°C 28-Pin LCC, Extended Temperature E-28A
AD9500TQ | —55°Cro +125°C 24-Pin “Skinny” DIP, Extended Temperature Q-24

*See Section 16 for package outline information.
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SPECIFICATIONS

ABSOLUTE MAXIMUM RATINGS'

Positive Supply Voltage (+Vs) . . ... ... ... ... +7V Offset Adjust Current (Sinking) . . . .. ... ...... 4mA
Negative Supply Voltage (—=Vs) . . . . . . v v v v v v v -7V Power Dissipation (+25°C Free Air)> . . . .. ... .. 2.62W
ECL COMMON to Ground Differential . . —2.0V to +5.0V Operating Temperature Range
Digital Input Voltage Range . ... .. .. —3.5V o +5.0V AD9S00BP/BQ . .. ........... —25°C o +85°C
Trigger/Reset Input Voltage Range . . . . .. ... .. +5.0V AD9SOOTE/TQ . . . . v v eevn e e . —55°C to +125°C
Trigger/Reset Differential Voltage . .. ......... 5.0V Storage Temperature Range . . . ... ... —65°C to +150°C
Minimum Reer .« & v v v v v v et v e s s e e s 2200 Junction Temperature . . . . . .. .......... +175°C
Digital Output Current (Q and Q) Risedd o Tanan 30mA Lead Soldering Temperature (10sec) . . .. ... .. +300°C
Digital Output Current (Qr) . . .« v v v v v v v v v v 2mA
ELECTRICAL CHARACTERISTICS supply vottages + Vs = +5.0v, —Vs = —5.2¥: Coxy = 0pF: Ry = 50002,
unless otherwise stated)
Industrial Military
Mil? —25°Cto +85°C —55°Cto +125°C
Sub AD9500BP/BQ AD9S00TE/TQ
Parameter Group | Temp | Min Typ Max Min Typ Max Units
RESOLUTION 8 8 Bits
ACCURACY*
Differential Linearity 7 +25°C 0.5 0.5 LSB
Integral Linearity 7 +25°C 1.0 1.0 LSB
Monotonicity 7 +25°C Guaranteed Guaranteed
DIGITALINPUT
Logic “1” Voltage 7,8 Full 2.0 2.0 \Y
Logic “0” Voltage 7,8 Full 0.8 0.8 \'
Logic “1” Current 1,2;3 Full 5 5 pA
Logic “0” Current 1,2,3 Full 5 5 pA
Digital Input Capacitance 1 +25°C 5.5 5.5 pF
Data Setup Time® 12 +25°C 0.4 0.75 0.4 0.75 | ms
Data Hold Time® 12 +25°C 0.4 0.75 0.4 0.75 ns
Latch Pulse Width (t; pw) 12 +25°C | 3.0 3.0 ns
RESET/TRIGGER INPUTS’
TRIGGER Input Voltage Range Full —2.5;4.5 —2.5;4.5 \Y%
RESET Input Voltage Range Full -2.5;2.0 -2.5;2.0 v
Differential Switching Voltage 7,8 Full 40 300 40 300 mV
Input Bias Current 1 +25°C 40 50 40 50 pA
2,3 Full 75 75 RA
Input Resistance +25°C o+ 4 k()
Input Capacitance 12 +25°C 6.5 7.25 6.5 7.25 pF
Minimum Input Pulse Width
(trpws tRpw) +25°C 2.0 2.0 ns
DYNAMIC PERFORMANCE®
Maximum Trigger Rate 12 +25°C | 100 100 MHz
Minimum Propagation Delay (tpp)” 4 +25°C | 5.4 6.4 7.4 5.4 6.4 7.4 ns
Minimum Propagation Delay TC'? Full 7.5 7.5 ps°C
Full-Scale Range TC Full 0.5 0.5 ps/°C
Delay Uncertainty (Jitter) +25°C 10 10 ps
Reset Propagation Delay (tgp)"! 4 +25°C | 5.4 6.4 7.4 5.4 6.4 7.4 ns
Reset-to-Trigger Holdoff (try0)'? 4 +25°C | 0.2 0 0.2 0 ns
Trigger-to-Reset Holdoff (tgyi0)' 4 +25°C | 2.0 1.5 2.0 15 ns
Minimum Output Pulse Width +25°C 33 33 ns
Qutput Rise Time 12 +25°C 2.0 2.0 ns
Qutput Fall Time 12 +25°C 2.0 2.0 ns
Delay Coefficient Settling Time (tpac)'™ +25°C 29 29 ns
Linear Ramp Settling Time (1; gs) +25°C 22 22 ns
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Industrial Military
MiP? —25°Cto +85°C —55°Cto +125°C
Sub AD9500BP/BQ AD9S00TE/'TQ
Parameter Group | Temp | Min Typ Max | Min Typ Max | Units
SUPPORT FUNCTIONS
ECLggr 1 +25°C | —1.4 -1.3 —-1.2 -1.4 -1.3 -12 |V
ECL ggr Voltage Drift'® Full 1.1 1.1 mV/°C
Offset Adjust Range Full =2 =2 mA
DIGITAL OUTPUTS®
Logic “1” Voltage 1,2,3 | Full <5 -11 v
Logic “0” Voltage 1,2,3 Full —-1.5 -15 |V
POWER SUPPLY'®
Positive Supply Current ( + 5.0V) 1 +25°C 24 28 24 28 mA
2,3 Full 30 30 mA
Negative Supply Current (- 5.2V) 1 +25°C 37 42 37 42 mA
2,3 Full 44 4 mA
Nominal Power Dissipation +25°C 312 312 mW
Power Supply Rejection Ratio'”
Full-Scale Range Sensitivity 7 +25°C 70 300 70 300 ps/V
Minimum Propagation Delay
Sensitivity 7 +25° 150 500 150 500 psV
NOTES

! Absolute maximum ratings are limiting values, to be applied individually,

and beyond which serviceability of the circuit may be impaired. Functional

operability under any of these conditions is not necessarily implied.

*Program Delay = 0.0ps (Digital Data = 00). In Operation, any
programmed delays are in addition to the Minimum Propagation Delay.
1®Measured from the 50% transition point of the reset signal input, to the

Exp o i rating conditions for ded periods 50% transition point of the reserting output.
may affect device reliability. "' Minimum time from falling edge of RESET to triggering input, to insure a
*Typical thermal impedance valid output event.
24-Pin Ceramic Bya = 56°C/W; B¢ = 16°C/W !?Change in total delay through AD9500, exclusive of changes in

28-Pin PLCC (Plastic) 5 = 60°C/W; byc = 22°C/W
28-PinCeramicLCC iy = 69°C/W; B¢ = 25°C/W

*Military subgroups apply to military qualified devices only.

*Rger = 10k, (Full-scale delay = 100ns).

*The digital data inputs must remain stable for the specified time prior to
the LATCH ENABLE signal.

®The digital data inputs must remain stable for the specified time after the
LATCH ENABLE signal.

"The TRIGGER and RESET inputs are differential and must be driven
relative to one another. Both of these inputs are ECL compatible, but
can also be used with TTL logic families in a limited fashion.

*Outputs terminated through 500} resi to —2.0V,

EXPLANATION OF GROUP A MILITARY SUBGROUPS

propagation delay tpp.
"Minimum time from triggering event to rising edge of RESET, to insure a
valid output event.
“Measured from the LATCH ENABLE input to the point when the
AD9500 becomes 8-bit accurate again, after a full-scale change in
the programmed delay.
"*Standard 10K and 10KH ECL families operate with a 1.1mV/"C
drift by design.
15Supply voltages should remain stable within + 5% for normal operation.
"Measured at + 5% of — Vs and +Vs.
Specifications subject to change without notice.

Subgroup 1 - Static tests at +25°C.

Subgroup
Subgroup
Subgroup

6 — Dynamic tests at min rated operating temp.
7 — Functional tests at +25°C.

Subgroup 2 — Static tests at max rated operating temp. operating temp.
Subgroup 3 — Static tests at min rated operating temp. Subgroup 9 — Switching tests at +25°C.
Subgroup 4 — Dynamic tests at +25°C. Subgroup 10 — Switching tests at max rated operating temp.

5 — Dynamic tests at max rated operating temp.

Subgroup 8 - Functional tests at max and min rated

Subgroup 11 — Switching tests at min rated operating temp.
Subgroup 12 - Periodically sample tested.
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FUNCTIONAL DESCRIPTION

PIN NAME DESCRIPTION

D+Dg — One of eight digital inputs used to set the programmed delay.

D;(MSB) - One of eight digital inputs used to set the programmed delay. D; (MSB) is the most significant bit of
the digital input word.

ECLggr - ECL midpoint reference, nominally —1.3V. Use of the ECLggy, allows either of the TRIGGER or
the RESET inputs to be configured for single-ended ECL inputs.

OFFSET ADJUST — The OFFSET AD]JUST is used to adjust the minimum propagation delay (tpp), by pulling or
pushing a small current out of or into the pin.

Cs - Cs allows the full-scale range to be extended by using an external timing capacitor. The value of
Cexr, connected between Cg and + Vg, may range from OpF to 0.1pF+. See Rs (CinrernaL
= 10pF).

+Vs - Positive supply terminal, nominally +5.0V.

TRIGGER - Noninverted input of the cdge-sensitive differential trigger input stage. The ouiput ai Q will be

delayed by the programmed delay, after the triggering event. The programmed delay is set by the
digital input word. The TRIGGER input must be driven in conjunction with the TRIGGER input.

TRIGGER - Inverted input of the edge-sensitive differential trigger input stage. The output at Q will be delayed
by the programmed delay, after the triggering event. The programmed delay is set by the digital
input word. The TRIGGER input must be driven in conjunction with the TRIGGER input.

~ Inverted input of the level-sensitive differential reset input stage. The output at Q will be reset
after a signal is received at the reset inputs. In the “minimum configuration,” the minimum output
pulse width will be equal to the “reset propagation delay,” tgp. The RESET input must be driven in
conjunction with the RESET input.

RESET — Noninverted input of the level-sensitive differential reset input stage. The output at Q will be reset
after a signal is received at the reset inputs. In the “minimum configuration,” the minimum output
pulse width will be equal to the “reset propagation delay,” tgp. The RESET input must be
driven in conjunction with the RESET input.

— One of two complementary ECL outputs. A “triggering” event at the inputs will produce a logic
HIGH on the Q output. A “resetting” event at the inputs will produce a logic LOW on the
Q output

— One of two complementary ECL outputs. A “triggering” event at the inputs will produce a logic
LOW on the Q output. A “resetting” event at the inputs will produce a logic HIGH on the

Q output.

— Qg output is parallel to the Q output. The Qg output is typically used to drive delaying circuits
for extending output pulse widths. A “triggering” event at the inputs will produce a logic
LOW on the Qg output. A “resetting” event at the inputs will produce a logic HIGH on the
Qg output.

ECL COMMON — The collector common for the ECL output stage. The collector common may be tied to + 5.0V,
but normally it is tied to the circuit ground for standard ECL outputs.

- Vs — Negative supply terminal, nominally —5.2V.

Rs — Rg is the reference current setting terminal. An external setting resistor, Rggr, connected between
Rs and —V; determines the internal reference current. See Cs (25000=Rgpr=50k(2).

GROUND — The ground return for the TTL and analog inputs.

LATCHENABLE — Transparent TTL latch control line. A logic HIGH on the LATCH ENABLE freezes the digital
code at the logic inputs. A logic LOW on the LATCH ENABLE allows the internal current levels to
be continuously updated through the logic inputs Dy thru D5.

Dg(LSB) — One of eight digital inputs used to set the programmed delay. Dy (LSB) is the least significant bit of
the digital input word.

Ds-D, - One of eight digital inputs used to set the programmed delay.

z
w0
m
~

o]

Ql

£l

-
Coxr

ECL
+Va Cs COMMON

TRIGGER

TRIGGER ANALOG G,
INPUT a
RESET STAGE CIRCUIT

I

ECL
ECLage VOLTAGE
P INTERMAL DAC
[
Rs - CcE L T T 1T 1 [ 11 "
CURRENT | TTL LATCHES ]—I
Rser |_

S .

-Vs  GROUND Ds D, D; Dy Dy Dy Dy D, LATCH OFFSET
(LSB) (MSB} ENABLE ADJUST

-Va

ADS500 Functional Block Diagram
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System Timing Diagram
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MECHANICAL INFORMATION
Die Dimensions . . . . . ... ... 104 x 103 % 18 (max) mils
Pad Dimensions . . . . . . v« v v v v v v .. 4> 4 (min)mils
MetaliZaHOD vivw vv oiww suw Wi wie s woEE 6 Aluminum
Backing: o wioe @i @ S8 0% o8 B RS 85 None
Substrate Potential . . . ... ... ......00... -V
PREGIVAHON . .o viv vwiw sue s e st e s Oxynitride
DieAttach  vcv o e vn e ad s Gold Eutectic
Bond Wire . . ... 1.25 mil, Aluminum; Ultrasonic Bonding

or 1mil, Gold; Gold Ball Bonding
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Input/Output Circuits
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INSIDE THE AD9500

The heart of the AD9500 is the linear ramp generator. A triggering
event at the input of the AD9500 initiates the ramp cycle. As
the ramp voltage falls, it will eventualy go below the threshold
set up by the internal DAC (digital-to-analog converter). A
comparator monitors both the linear ramp voltage and the DAC
threshold level. The output of the comparator serves as the
output for the AD9500, and the interval from the trigger until
the output switches is the total delay time of the AD9500.

The total delay through the AD9500 is made up of two components.
The first is the full-scale programmed delay, tp (max), determined
by Rser and Cegxr. The second component of the total delay is
the minimum propagation delay through the AD9500 (tpp). The
full-scale delay is variable from 2.5ns to greater than 1ms. The
internal DAC is capable of generating 256 separate programmed
delays within the full-scale range (this gives 10ps increments for
a 2.5ns full-scale setting).

The actual programmed delay is directly related to both the
digital control data (digital data to the internal DAC) and the

RC time constant established by Rggr and Cgxr. The specific
relationship is as follows:

Total Delay = Minimum Propagation Delay +

Programmed Delay
= tpp + (digital value/256) Rsgr (Cext + 10pF)

. . AAS @
i
T %
Y AV
V. 1
%%
100ns i III/
: /7
s
L v
: A
7 A
10ns f— ':”: I"/
474 4
A7
717
L
,x‘
ns 2
100 ™ 10k 100k

Rser - §1

Typical Programmed Delay Ranges

The internal DAC determines the programmed delay by way of
the threshold level at its output. The LATCH ENABLE control
for the on-board latch is active (latches) logic “HIGH”. In the
logic “LOW" state, the latch is transparent, and the internal
DAC will attempt to follow changes at the digital data inputs.

Both the LATCH ENABLE control and the data inputs are
TTL compatible. The internal DAC may be updated at any
time, but full timing accuracy may not be attained unless triggering
events are held off until after the DAC settling time (tpac).

T (MAX)
FULL-SCALE DELAY

l I UPPER THRESHOLD

LnMIT
DAC THRESHOLD

QOUTPUT

1 [MAX) - PROGRAMDELAY [FULLSCALE}
oo =

MINIMUM PROPAGATION DELAY
o - PROGRAMDELAY

tRs - LINEARRAMPSETTLING TIME
WD - RESETPROPAGATION DELAY

Internal Timing Diagram

On resetting, the ramp voltage held in the timing capacitor
(Cexr + 10pF) is discharged. The AD9500 discharges the bulk
of the ramp voltage very quickly, but to maintain absolute accuracy,
subsequent triggering events should be held off until after the
linear ramp settling time (t; ps). Applications which employ
high frequency triggering at a constant rate will not be affected
by the slight settling errors since they will be constant for fixed
reset-to-trigger cycles.

The RESET and TRIGGER inputs of the AD9500 are differential
and must be driven relative to one another. Accordingly, the
TRIGGER and RESET inputs are ideally suited for analog or
complementary input signals. Single-ended ECL input signals
can be accommodated by using the ECL midpoint reference
(ECLggr) to drive one side of the differential inputs.

The output of the AD9500 consists of both Q and Q driver
stages, as well as the Qg output which is used primarily for
extending the output pulse width. In the most direct reset con-
figuration, either the Q or the Q output is tied to the respective
RESET input. This generates a delayed output pulse with a
duration equal to the reset delay time (tzp) of approximately
6ns. Note that the reset delay time (tgp) becomes extended for
very small programmed delay settings. The duration of the
output pulse can be extended by driving the reset inputs with
the Qg output through an RC network (see “Extended Output
Pulse Width” application). Using the Qg output to drive the
reset circuit avoids loading the Q or Q outputs.
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APPLICATIONS

The AD9500 is a very versatile device, but at the same time, it
is not difficult to use. Essentially there are only a few basic
configurations which can be extended into a number of applica-
tions. The TRIGGER and RESET inputs of the AD9500 can be
treated as single ended, or as differential, which allows the
AD?9500 to operate with a wide range of signal sources. The
output pulse from the AD9500 can be reset in one of two ways,
either immediately by driving the RESET inputs with the output
itself, or in a delayed mode.

MINIMUM CONFIGURATION

The minimum configuration uses only one of the TRIGGER
inputs. The other is connected to the ECL reference midpoint,
ECLggr. This allows the AD9500 to be triggered with standard
10K or 10KH ECL signals, Once a triggering event occurs, the
Q output will go into the logic HIGH state, and the Q output
will go into the logic LOW state after the programmed delay.
The Q output is then used to drive the RESET input, causing
the AD9500 to reset itself. The result is a delayed output pulse
which is only as wide as the reset propagation delay (tpp).

50V
‘f' Coxr
T
[T E
=l +50V
—— -52v
0, TOD, ECL GROUND
TTLGROUND o=
ing DELAYED
= AD3I500 ouTPuT
ECL REFERENCE
TRIGGERING TRIGGER
[} a -2ov
el TRIGGER L~
RESET [ %
RESET _-l—
~zov
Ry
-52v

Single Input— Minimum Timing Configuration

EXTENDED OUTPUT PULSE WIDTHS

The extended pulse configuration is similar to the minimum
configuration. The difference here is that the output pulse width
has been extended, Operation is identical in terms of triggering
the AD9500; the functional difference is in the resetting circuit.
In this case the Qg output is used to drive the RESET input
through a resistor/capacitor charging network. The charging
network will cause the signal at the RESET input to fall more
slowly, which will extend the output pulse width. An added
benefit of the extended pulse width configurations is that both
the Q and the Q outputs are completely free for other uses.
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Extended Output Pulse Width Configuration

MULTICHANNEL DESKEWING

Perhaps the most appropriate use of the AD9500 is in multiple
delay matching applications. Slight differences in impedance
and cable length can create large timing skews within a high-speed
system. Much of this skew can be eliminated by running each
signal through an AD9500. With one line used as a standard,
the programmed delays of the other AD9500s are adjusted to
eliminate the timing skews. With the very fine timing adjustments
possible from the AD9500 (as small as 10ps), nearly any high-speed
system should be able to automatically adjust itself to extremely
tight tolerances.

sErasraann

CONTROL ™ pigiTaLoaTA ]

Multiple Delay Matching

MEASURING UNKNOWN DELAYS

Two AD9500s can be combined to measure delays with a high
degree of precision. One AD9500 is set with little or no pro-
grammed delay, and its output is used to drive the unknown
delay circuit, which in turn drives the input of a “D” type
flipflop. The second AD9500 is triggered along with the first,
and its output provides a clocking signal for the flipflop. The
programmed delay of the second AD9500 is then varied to
detect the output edge from the unknown delay circuit.



Detecting the output edge is relatively straightforward. If the
programmed delay through the second AD9500 is too long, the
flipflop output will be at logic HIGH. If, on the other hand, the
programmed delay through the second AD9500 is too short, the
flipflop output will be at logic LOW. When the programmed
delay is properly adjusted, the flipflop will likely bounce between
logic HIGH and logic LOW. The digital code value used to
create the second programmed delay is a direct indication of the
delay through the unknown circuit. The most accurate results
can only be attained by calibrating the system without the unknown
delay circuit in place.

LOcK T apssoo || unkwown
#1 DELAY
3 r |—~n a
be
;  ADSSG0 g
02

CONTROL DIGITALDATA |
LOGIC

Measuring Unknown Delays

MEASURING HIGH-SPEED AC WAVEFORMS

The same circuitry used to measure unknown delays can be
extended to measure the time response of high-speed ac waveforms.
With the addition of a digital-to-analog converter and an analog
comparator, the circuit functions very much like the previous
application. The DAC sets a threshold level which drives one of
the differential comparator inputs. The other comparator input
is driven by the device under test (DUT). The output of the
first AD9500 causes the DUT to produce an output. The second
AD9500, which is also triggered along with the first AD9500,
strobes the comparator latch enable.

If the DUT output is greater than the DAC threshold when the
comparator is latched, the comparator output will be at logic
HIGH. If the output is below the DAC threshold, the comparator
will be at logic LOW. The programmed delay setting of the
second AD9500 is adjusted to the point where the DUT output
equals the DAC threshold. By varying the DAC threshold level
and adjusting the second AD9500 programmed delay, a point
by point reconstruction of the ac waveform can be created.

CLOCK
T AD9500 a ouT AD9668S
#1
SRR, i
' _—r THRESHOLD
DAC
ADI500
b7 iy a
-
CONTROL DIGITALDATA

LOGIC

Measuring ac Waveforms

PROGRAMMABLE OSCILLATOR

Another interesting use of the AD9500 is in a digitally pro-
grammable oscillator. The highly accurate delays generated by
the AD9500 can be exploited to create a ring oscillator with
variable duty cycle. The delayed output of the first AD9500 is
used to drive the TRIGGER input of the second AD9500. The
output of the second AD9500, in turn, is used to drive the
TRIGGER input of the first AD9500. Together the two devices
will alternately trigger each other creating two pulse chains on
the outputs.

The total delay through both AD9500s combined, determines
the period of the oscillation frequency. The duty cycle can be
controlled by using the outputs to drive the SET and RESET
inputs of a flipflop. The total delay through the first AD9500
will control the flipflop logic LOW output pulse width, and the
second AD9500 will control the flipflop logic HIGH output
pulse width.

TP
ADSSO0 o Jem

|-. ; ik TORESET
z 5 e

===\

L ouTPUT'
ADS500
T prie a <
‘| TOSET
LOGIC DIGITAL DATA
Ring Oscillator

LAYOUT CONSIDERATIONS

The AD9500 is a precision timing device, and as such high-
frequency design techniques must be employed to achieve the
best performance. The use of a low impedance ground plane is
particularly important. Ideally the ground plane should be on
the component side of the layout and extend under the AD9500,
to shield it from system timing signals. Sockets pose a special
problem for a circuit like the AD9500 because of the additional
inter-lead capacitance they create. If sockets must be used, pin
sockets are generally preferred. Power supply decoupling is also
critical to a high-speed design; a 0.1pF ceramic capacitor and a
0.01p.F mica capacitor for both power supplies should be very
effective. DAC threshold stability can be improved by decoupling
the OFFSET ADJUST pin to + 5.0V (note that this will lengthen
the DAC settling time, tpac).
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100MHz TRIGGERING

The AD9500 can be triggered at rates above 100MHz. This is
accomplished by resetting the AD9500 shortly after it is triggered,
which also tends to generate an extremely narrow output pulse.
The delay circuit between the trigger input and the reset input
provides the variable delay required for various configurations
from 2.5ns full-scale to over 10ns full-scale (greater than 10ns
total delay precludes 100MHz triggering).

REQUIRED DELAY = 1 4ns + FULL-SCALE DELAY
1, 14ns + 2 5ns = 3 9ns FROM TRIGGER TO RESET

RESET

F.
> 2
2

ADS500

=20V
DELAY = 3Bns + 0 0ns to 60ns

-20V -20V

Reset Holdoff for High-Speed Triggering

DELAY OFFSET ADJUSTMENTS

As the full-scale delay is increased, a component of the minimum
propagation delay also increases. This is caused by the additional
time required by the ramp (now with a much “flatter” slope) to
fall below the DAC threshold corresponding to the minimum
propagation delay (tpp). One means of decreasing the minimum
propagation delay (when the full-scale delay, set by Rggr and
Cgxr is large) is to offset the internal DAC threshold toward the
initial ramp levels, thus reducing the time for the internal ramp
to cross the threshold once the AD9500 is triggered.

10V

CURRENT INTO THE OFFSET ADJUST
PIN DECREASES THE MINIMUM
PROPAGATION DELAY (ten)

ADS500

CURRENT OUT OF THE OFFSET ADJUST
PIN INCREASES THE MINIMUM
PROPAGATION DELAY [tpa]

The Offset Adjust Pin Can Be Used to Match Several
AD9500s
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The DAC levels are offset toward the initial ramp level by injecting
a small current into the offset adjust pin. Note, however, that
the ramp start-up region is less linear than the later portions of
the ramp, which is the primary reason for the built-in offset. If
the minimum propagation delay is kept above 5ns (the linear
portion of the ramp), no significant degradation in linearity
should result. This concept can be extended to match the actual
propagation delays of several AD9500s, by injecting or sinking a
small current (<2mA) into or out of each of the OFFSET ADJUST
pins.

GENERAL PERFORMANCE ENCHANCEMENTS
High-speed operation is generally more consistent if Cgx is
kept small (i.e., no external capacitor) to maintain small discharge
time constants. Integral linearity, however, benefits from larger
values of Cgxr by buffering small system spikes and surges.
Another means of improving integral linearity is to draw a small
current (=200pA) out of the OFFSET ADJUST pin with a
47k} pull-down resistor. This has the effect of moving the
internal DAC reference levels into a relatively more linear region
of the ramp. This technique is generally only useful for small
full-scale delay configurations. Its use with larger full-scale
delays will extend the minimum propagation delay (tpp). A pull-
up resistor to + 5.0V creates the opposite effect by reducing the
minimum propagation delay (tpp) at the expense of increased
reset propagation delay (tgp) and degraded linearity (see OFFSET
matching circuit).

An external DAC can be used with the AD9500 for increased
resolution and higher update rates. For the most part, a standard
ECL DAC, operating between + 5.0V and ground, should work
with the AD9500. The output of the external DAC must be
connected to the OFFSET ADJUST pin of the AD9500 with
the internal DAC turned off (D, thru D; at logic LOW). For
normal operation, the external DAC output should range from
OmA to —2mA (sinking).

+5V 40V +50V
Rggr = 2 52k
+Vy Your AD3500
GND OFFSET ADJUST
=-Ve ADS768 LATCH ENABLE
DIGITALDATA
Operation with External DAC
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Selection Guide
Temperature Transducers

Qutput Calibration
Current Error Nonlinearity
Model RAK °C °C Package Page
AC2626 1 0.5 0.3 Stainless steel probe 10-5
ADS5%0 1 1.7 0.3 Hermetic can or probe- 10-7
compatible ceramic
AD592 1 0.8 0.15 Plasuc package =17
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Orientation
Temperature Transducers

The devices in this section are two-terminal monolithic integrated
circuits designed to measure temperatures within the range
—55°C to +150°C, When +4V to + 30V of excitation voltage
is applied, they act as current sources that provide an output
proportional to absolute temperature, 1nA/K. Expressed in
degrees Celsius (T¢),

I = 1WAPC - Te + 273.2pA

Current sources have a number of advantages: they are based on
a linear relationship and are highly repeatable; the current is
independent of voltage drops, voltage noise and common-mode
voltage — and practically independent of excitation voltage; the
current can be translated to a voltage at a remote destination via
an appropriate value of resistance (V = I R)-and simple offsetting
circuitry (if necessary).

They are easy to use; they don’t require linearization circuitry,
high-precision voltage amplifiers, resistance-measuring circuitry
or cold-junction compensation. Indeed, they are themselves
widely used for cold-junction compensation of thermocouple
circuitry.

There are many other applications, including appliance tempera-
ture sensing, automotive temperature measurement and control,
HVAC (heating, ventilating and air conditioning) system moni-
toring, industrial temperature control, board-level electronics
temperature diagnostics, temperature readout options in in-
strumentation and temperature-correction circuitry for precision
electronics.

ADS592 Low-Cost Precision IC Temperature Transducer

The AD592 is a low-cost, plastic packaged device with an operating
temperature range of —25°Cto + 105°C and precalibrated accuracy
(using laser wafer-trimming) to within 0.5°C (ADS592CN) at
+25°C. Its specified nonlinearity (maximum deviation from a
best straight line) is 0.35°C maximum over temperature and less
than 0.15°C from 0 to +70°C.
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ADS590 IC Temperature Transducer

The ADS590 is similar in principle to the AD592 but is encased
in a choice of a hermetically sealed metal can and a probe-
compatible ceramic sensor package. Its maximum temperature
range for rated performance is —55°C to +150°C, with maximum
nonlinearity of 0.3°C over the temperature range (AD5%0M).

AC2626 G I-Purg Temperature Probe
The AC2626 is a stainless steel tubular probe containing an
AD590 chip, with specifications generally similar to those of the
ADS590. The probe has an outside diameter of 3/16" (4.76mm);
it is available in 6" (152.4mm) and 4" (101.6mm) lengths and
has 3-foot Teflon-coated lead wires.

The probe is designed for immersion in both liquids and gases
and can also be used for temperature measurements in refrigera-
tion and general temperature monitoring. Its applications in-
clude flow-rate measurement, level detection of fluids and
anemometry.

For measurements in pipes or other closed vessels, a compression
fitting (AC2629) is available. It may be applied anywhere along
the probe and is available in a choice of brass and stainless steel.

RELATED PRODUCTS

A variety of digital panel instruments are available for use in
temperature monitoring. They can be found in the section on
Digital Panel Instruments. The AD2040* low-cost, 3-digit
temperature indicator and the AD2038* 6-channel digital scanning
thermomerter may be of especial interest.

For interfacing temperature measurements to systems, signal-
conditioning products in wide variety of architectures and physical
forms can be found in the section on signal conditioning; for the
circuit designer, suitable operational, instrumentation and isolation
amplifiers can be found in the respective sections.

For background information, a valuable aid to understanding,
design, and applications is the Transducer Interfacing Handbook,
published by Analog Devices (1980). It is available for $14.50
(hard cover) from P. O. Box 796, Norwood, MA 02062.

*Data sheets available upon request.
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General Purpose Temperature Probe

AC2626

FEATURES

Linear Current Output: TuA/K

Wide Range: -55°C to +150°C

Laser Trimmed Sensor (AD580) to £1.0°C Calibration
Accuracy (AC2626L)

Excellent Linearity: +0.4°C Over Full Range (AC2626L)

6 Inch or 4 Inch Standard, Stainless Steel Sheath

3/16 Inch in Outside Diameter

3 Feet Teflon Coated Lead Wire

Wide Power Supply Range +4V to +30V

Low Cost

Fast Response: 2 Seconds (In Stirred Water)

Sensor Isolated From Sheath

PRODUCT DESCRIPTION

The AC2626 is a stainless steel tubular probe measuring 3/16
inch (4.76mm) in outside diameter and is available in 6 inch
(152.4mm) or 4-inch (101.6mm) lengths. The probe is avail-
able in linearity grades of 0.3°c,04°C,0.8°Cor1.5°C.

The probe is designed for both liquid and gaseous immersion
applications as well as temperature measurements in refrigera-
tion or any general temperature monitoring application.

For taking measurements in pipes or other closed vessels, the
AC2629 compression fitting is available. The AC2629 may be
applied anywhere along the probe and is supplied in two ma-
terials. The low cost AC2629B is constructed of brass and the
higher priced AC2629SS is made of stainless steel.

PRODUCT HIGHLIGHTS

The AC2626 is based on the AD590 temperature transducer,
a two terminal integrated circuit which produces an output
current linearly proportional to absolute temperature.

Costly linearization circuitry, precision voltage amplifiers,
resistance measuring circuitry and cold junction compensation
are not needed in applying the AC2626.

Due to the high impedance current outpur of the AD590, the
AC2626 is particularly useful in remote sensing applications,
because of its insensitivity to voltage drops over lines. The out-
put characteristics also make the AC2626 easy to multiplex.
In addition to temperature measurement, applications include
temperature compensation, biasing proportional to absolute
temperature, flow rate measurement, level detection of fluids
and anemometry.

DIRECT INTERFACE PRODUCTS
For display and/or control applications, two companion prod-
ucts are available. The AD2038, 6 channel digital thermometer,

and the AD2040, low cost temperature indicator, were designed
to be used in conjunction with the AC2626.

1. The AD2038 is a low cost, ac line powered 6 channel digital
scanning thermometer designed to interface to printers,
computers, serial data transmitters, etc., for display, con-
trol, logging or transmission of multi-point temperature
data. Channel selection is made via three methods: manual,
using the switch provided on the front; auto/scan, where
the AD2038 cycling on an internal clock can continually
scan the six input channels or external selection, where con-
trol inputs provided on the rear connector enable channel
selection via external BCD coding.

2. The AD2040 is a low cost, 3 digit temperature indicator.
An internal precision voltage reference, resistor network
and span and zero adjusts allow the AD2040 to read out
directly in °C, °F, K or R. User selectable readout as well
as all other connections, i.e., +5V dc power and AC2626
interface are all made via the terminal block on the rear.

APPLICATION HINTS
1. Under all operating conditions, a minimum 4V dc¢ must be
present across the AC2626.

2. Use of twisted pair wiring is recommended, particularly
for remote applications or in high noise environments.
Shielded wire is desirable in severe noise environments.

3. For the lowest cost, the J and K grades are recommended.
Where probe interchangeability is desired, grade L is
recommended.
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SPECIFICATIONS s @ + 25t 0 +5 st soien

MODEL AC2626] AC2626K  AC2626L AC2626M MECHANICAL OUTLINE
ABSOLUTE MAXIMUM RATINGS' Dimensions shown in inches and (mm).
Forward Voltage (Vs) 44V * . .
Reverse Voltage (Vg) =20V . » . AC2626
. . . TUBING
bt o il < R : : et .
Storage Temperature Range -60°C to +160°C  * - » 13";3, IFT [9144):1 {254) TINNED

#24 STRANDED WIRE +

POWER SUPPLY j_ TEFLON INSULATED  See Mot 2
Operanng Voltage Range +4V 1o 430V . . . T_C mﬂm‘ ~
QUTPUT L e Nt 1 _.I

Nominal Current Qutput @ +25°C =0.0611 58)

(298 2°K) 298 2uA . . - 262
Nominal Temperature Coefficient IJ.I.M»C ., L . AC 9
Calihranion Frror @ +25°C +5 0°C max £2.5°Cmax  £#1,0°Cmax  20.5"C max 31AINLESS STEEL TYPE 316

COMPRESSION FITTING (See ot 3
Absolute Error {over rated performance ros s i

temperature range)
Without External Calibration

PIPE THREAD 18 i

Adjustment +10 0°C max 5 5°Cmax +3 0°Cmax *1 7°C max w2 | ane 4 l'; ane 3
With +25°C Calibration Error n27 e mT_ ¥ _‘M 78] mm
Set to Zero +3 0°C max $£20°Cmax  $1.6°Cmax  $1.0°C max Sr—t =
Nonlmeanty +1 5°C max £0.8°Cmax *04°Cmax 0 3°C max I-— 122 nsF::]
Repeatability® 01°C . . * Lo
Long Term Drnife® 0.1°C max/month * ! * -
Time Constant® (in stirred water) 2 sec. rul . ” NOTE 1 Protes are svailabis i & mch or G-nch lengths
Current Noise 40pAvHZ . . * NOTE 2+ load wire 1t color coded J, yellow, K, arange, L. blus,
o oy e o suAY . . T i et s o o
+SVEVgR+15V 0 2uA/V Ll . .
+1SVEVeS+ 30V 0. 1AV i . .
Electrical Turn-On Time 20us . * *
+ Lead Color yellow orange blue green

ORDERING GUIDE

AC2626
GRADE J
K} — ENTER
L
LENGTH :} — ENTER

AC2629
BRASS B
TYPE 316 gg] —FNTER
STAINLESS
NOTES

! Maximum safe recommended pressure 7500ps: (5,17 % 10° Kpa),
. M.lxtmur:ll deviation between +25°C readings after temperature cycling between -55°C and +150°C, guaranteed,
not tested.
Condinons constant + 3V, constant +125°C, guaranteed, not tested,
“The ume constant is defined as the nme required to reach 63,2% of an instantaneous temperature change.
*Specifications same as AC2626).
Speaficatiuns subject to change without notice,

CALIBRATION ? +Vg

AC2626
(C
BLack // eo
RT = 10002 FOR °C /i?
RT = 2000 FOR °F Eas °C = 273 2mV

L F = 459.8mV
R=983Q FOR'C 2

R = 174002 FOR°F ¢ |

For most applications, a single point calibration is
sufficient. With the probe at a known temperature,
adjust R1 so that Vg corresponds to the known
temperature.

If more detailed information 15 desired, see the
ADSI0 data sheet and application note.
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Two-Terminal IC
Temperature Transducer

AD590"

FEATURES

Linear Current Output: 1uA/K

Wide Range: -55°C to +150°C

Probe Compatible Ceramic Sensor Package

Two-Terminal Device: Voltage In/Current Out

Laser Trimmed to +0.5°C Calibration Accuracy (AD590M)
Excellent Linearity: +0.3°C Over Full Range (AD590M)
Wide Power Supply Range: +4V to +30V

Sensor Isolation from Case

Low Cost

PRODUCT DESCRIPTION

The AD590 is a two-terminal integrated circuit temperature
transducer which produces an output current proportional to
absolute temperature. For supply voltages between +4V and
+30V the device acts as a high impedance, constant current
regulator passing 14A/K. Laser trimming of the chip’s thin film
resistors is used to calibrate the device to 298.2uA outpurt at
298.2K (+25°C).

The AD590 should be used in any temperature sensing applica-
tion below +150°C in which conventional electrical tempera-
ture sensors are currently employed. The inherent low cost of
a monolithic integrated circuit combined with the elimination
of support circuitry makes the AD590 an attractive alternative
for many temperature measurement situations, Linearization
circuitry, precision voltage amplifiers, resistance measuring
circuitry and cold junction compensation are not needed in
applying the AD590.

In addition to temperature measurement, applications include
temperature compensation or correction of discrete compo-
nents, biasing proportional to absolute temperature, flow rate
measurement, level detection of fluids and anemometry. The
AD590 is available in chip form making it suitable for hybrid
circuits and fast temperature measurements in protected en-
vironments.

The AD590 is particularly useful in remote sensing applica-
tions, The device is insensitive to voltage drops over long lines
due to its high impedance current output, Any well-insulated
twisted pair is sufficient for operation hundreds of feet from
the receiving circuitry. The output characteristics also make
the AD590 easy to multiplex: the current can be switched by
a CMOS multiplexer or the supply voltage can be switched by
a logic gate output.

*Covered by Patent No. 4,123,698

AD590 PIN DESIGNATIONS

+ CAN

BOTTOM VIEW

PRODUCT HIGHLIGHTS

1. The AD590 is a calibrated two terminal temperature sensor
requiring only a dc voltage supply (+4V to +30V), Costly
transmitters, filters, lead wire compensation and lineariza-
tion circuits are all unnecessary in applying the device.

2. State-of-the-art laser trimming at the wafer level in conjunc-
tion with extensive final testing insures that AD590 units
are easily interchangeable.

3. Superior interference rejection results from the output
being a current rather than a voltage. In addition, power
requirements are low (1.5mW’s @ 5V @ +25°C). These
features make the AD590 easy to apply as a remote sensor.

4. The high output impedance (>>10M§2) provides excellent
rejection of supply voltage drift and ripple. For instance,
changing the power supply from 5V to 10V results in only
a IpA maximum current change, or 1 C equivalent error.

5. The AD590 is electrically durable: it will withstand a
forward voltage up to 44V and a reverse voltage of 20V.
Hence, supply irregularities or pin reversal will not damage
the device.
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SPECIFI cATIONs (@ +25°C and V=5V unless otherwise noted)
Model AD590] ADSYK
Min Typ  Max Min Typ Max Units
ABSOLUTE MAXIMUM RATINGS
Forward Voltage(E+ woE-) +44 + 44 Volts
Reverse Voltage (E+ t0E-) -20 -20 Volts
Breakdown Voltage (Casc toE+ orE~) =200 +200 Volts
Rated Performance Temperature Range' —-55 +150 -55 +150 C
Storage Temperature Range' —65 +155 —65 +155 by
Lead Temperature (Soldering, 10 sec) +300 +300 C
POWER SUPPLY
Operating Voltage Range +4 +30 +4 +30 Volts
OUTPUT
Nominal Current Output @ + 25°C(298.2K) 298.2 298.2 nA
Nominal Temperature Coefficient 1 1 pAK
Calibration Error @ + 25°C +5.0 *2.5 °C
Absolute Error (over rated performance
temperature range)
Without External Calibration Adjustment +10 +5.5 €
With + 25°C Calibration Error Set to Zero +3.0 +2.0 °c
Nonlinearity *1.5 *0.8 °C
Repeatability” =0.1 =0.1 %
Long Term Drift? =0.1 +0.1 °c
Current Noise 40 40 pA/NVHz
Power Supply Rejection
+4V=Ve=+5V 0.5 0.5 pANV
+5V=Vs=+ 15V 0.2 0.2 HAV
+15V=Vs=+30V 0.1 0.1 wANV
Case Isolation to Either Lead 10" 10" [y}
Effective Shunt Capacitance 100 100 pF
Electrical Turn-On Time 20 20 Tes
Reverse Bias Leakage Current*
(Reverse Voltage = 10V) 10 10 PA
PACKAGE OPTION®
TO-52(H-03A) AD590JH ADS9OKH
Flat Pack (F-2A) AD590JF ADS9KF
NOTES

The ADS90 has been used at —100°C and + 200°C for short periods

of with no physical d to the device. However, *See Section 16 for package outline information.
the absolute errors specified apply to only the rated performance Specifications subject to change without notice.
temperature range
M deviation b +25°C readings after T
ture cycling between —55°C and + 150°C; guaranteed not tested.
*Conditi +5V, +125°C; g d levels. All min and max specifi H
not tested. shown in boldface are tested on all production units.
K +223° +273°  +208° +323° +373° +423°
‘c -50° 0" +25"  +50° +100° +150°
P :
1
*F -100° 0* | 1+100" +200° +300°
3 Fild

Specifications shown in boldface are tested on all production units at final
electrical test. Results from those tests are used to calculate outgoing quality
i Ithough only those

*Leakage current doubles every 10°C.

TEMPERATURE SCALE CONVERSION EQUATIONS

°c=3 (.-
C-g(F 32)

9o

5
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F=-+"C4+32

K =°C+273.15

°R =°F +459.7
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Model AD590L AD3S%M
Min Typ Max Min Typ Max Units
ABSOLUTE MAXIMUM RATINGS
Forward Voltage (E+ o E—) 44 +44 Volts
Reverse Voltage (E+ o E—) -20 -20 Volis
Breakdown Voltage (CasetoE+ orE—) =200 +200 Volts
Rated Performance Temperature Range’ ~55 +150 -55 +150 °C
Storage Temperature Range' —65 +155 —65 +155 T
Lead Temperature (Soldering, 10 sec) +300 +300 b ]
POWER SUPPLY
Operating Voltage Range +4 +30 +4 +30 Vaolts
OUTPUT )
Nominal Current Quiput @ + 25°C(298.2K) 298.2 298.2 pA
Nominal Temperature Coefficient 1 1 RAK
Calibration Error @ + 25°C +1.0 =0.5 C
Absolute Error (over rated performance
temperature range)
Without External Calibration Adjustment *3.0 *1.7 °C
With + 25°C Calibration Error Set to Zero +1.6 =10 °C
Nonlinearity =0.4 =0.3 °C
Repeatability? 0.1 +0.1 °C
Long Term Drift? =0.1 +0.1 G
Current Noise 40 40 pAVHz
Power Supply Rejection
+4V=Vg= +5V 0.5 0.5 pAN
+5V=Vg=+15V 0.2 0.2 pAN
+15V=Vs= +30V 0.1 0.1 pANV
Case Isolation to Either Lead 10" 10" 0
Effective Shunt Capacitance 100 100 pF
Electrical Turn-On Time 20 20 Ws
Reverse Bias Leakage Current*
(Reverse Voltage = 10V) 10 10 pA
PACKAGE OPTION®
TO-52(H-03A) ADS90LH AD359OMH
Flat Pack (F-2A) AD5S90LF ADS9OMF

TEMPERATURE TRANSDUCERS 10-9
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The 590H has 60y inches of gold plating on its Kovar leads and
Kovar header. A resistance welder is used to seal the nickel cap
to the header, The AD590 chip is eutectically mounted to the
header and ultrasonically bonded to with 1 MIL aluminum
wire. Kovar composition: 53% iron nominal; 29% +1% nickel;
17% %1% cobalt; 0.65% manganese max; 0.20% silicon max;
0.10% aluminum max; 0.10% magnesium max; 0.10% zirco-
nium max; 0.10% titanium max; 0,06% carbon max.

POSITIVE
oorsnon  LARven

e ——TT

0000
005 20 008 == 0% Joiz

(127 20 13 - (206 238)

e

0005 3”‘0}!‘

feniadt)
woeo ' 000
[ e | g7 0000
R T TTTEITETTIE E e
FLAT-PACK PACKAGE: DESIGNATION “F”

The 590F is a ceramic package with gold plating on its Kovar
leads, Kovar lid, and chip cavity, Solder of 80/20 Au/Sn com-
position is used for the 1.5 mil thick solder ring under the lid.
The chip cavity has a nickel underlay between the metalization
and the gold plating. The AD590 chip is eutectically mounted
in the chip cavity at 410°C and ultrasonically bonded to with
1 mil aluminum wire. Note that the chip is in direct contact
with the ceramic base, not the metal lid.

THE ADSH0 IS AVAILABLE IN LASER-TRIMMED CHIP
FORM, CONEULT THE CHIP CATALOG FOR DETAILS

Metalization Diagram

CIRCUIT DESCRIPTION'

The AD590 uses a fundamental property of the silicon tran-
sistors from which it is made to realize its temperature propor-
tional characteristic: if two identical transistors are operated
at a constant ratio of collector current densities, r, then the
difference in their base-emitter voltages will be (kT/q)(In r).
Since both k, Boltzman's constant and g, the charge of an
electron, are constant, the resulting voltage is directly propor-
tional to absolute temperature (PTAT).

10-10 TEMPERATURE TRANSDUCERS
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In the AD590, this PTAT voltage is converted to a PTAT cur-
rent by low temperature coefficient thin film resistors. The
total current of the device is then forced to be a multiple of
this PTAT current. Referring to Figure 1, the schematic dia-
gram of the AD590, Q8 and Q11 are the transistors that pro-
duce the PTAT voltage. R5 and R6 convert the voltage to
current. Q10, whose collector current tracks the collector
currents in Q9 and Q11, supplies all the bias and substrate
leakage current for the rest of the circuit, forcing the total
current to be PTAT. R5 and R6 are laser trimmed on the
wafer to calibrate the device at +25°C.

Figure 2 shows the typical V—I characteristic of the circuit
at +25°C and the temperature extremes,

Ry SRy
26001 210401

423
lout
(uA) 298 —
218 —
L i L L L L l’ 1
1 2 3 4 5 6 °a30v
SUPPLY VOLTAGE
Figure 2. V\—[ Plot
! For a more detailed circuit description see M.P, Timko, “'A Two-

Terminal IC Temperature Transducer,” IEEE J. Solid State Circuits,
Vol, SC-11, p. 784-788, Dec. 1976.



Understanding the AD590 Specifications

EXPLANATION OF TEMPERATURE SENSOR
SPECIFICATIONS

The way in which the AD590 is specified makes it easy to
apply in a wide variety of different applications. It is important
to understand the meaning of the various specifieations and

the effects of supply voltage and thermal environment on ac-
curacy.

The AD590 is basically a PTAT (proportional to absolute tem-
perature)’ current regulator. That is, the output current is
equal to a scale factor times the temperature of the sensor in
degrees Kelvin. This scale factor is trimmed to 14A/K at the
factory, by adjusting the indicated temperature (i.e. the output
current) to agree with the actual temperature. This is done with
SV across the device at a temperature within a few degrees of
25°C (298.2K). The device is then packaged and tested for
accuracy over temperature.

CALIBRATION ERROR

At final factory test the difference between the indicated tem-
perature and the actual temperarture is called the calibration
error. Since this is a scale factor error, its contribution to the
total error of the device is PTAT. For example, the effect of
the 1 (%) specnﬁed maxunum error 0f the AD590L varies from
0.73°C at -55°C to 1.42°C at 150°C. Figure 3 shows how

an exaggerated calibration error would vary from the ideal

over temperature.
oy W)

factuaL

2983

TEM® (X}
Figure 3. Calibration Error vs. Temperature

The calibration error is a primary contributor to maximum
total error in all AD590 grades. However, since it is a scale
factor error, it is particularly easy to trim. Figure 4 shows the
most elementary way of accomplishing this. To trim this cir-
cuit the temperature of the AD590 is measured by areference
temperature sensor and R is trimmed so that Vo = 1mV/K at
that temperature. Note that when this error is trimmed out at
one temperature, its effect is zero over the entire temperature
range. In most applications there is a current to voltage con-
version resistor (or, as with a current input ADC, a reference)
that can be trimmed for scale factor adjustment.

5V
*

ADEBO
h—-—o.’
R I?"
! Vr = ImV/K

25002 3
U W
Figure 4. One Temperature Trim

'T(°C) =T(K) -273.2; Zero on the Kelvin scale is “absolute zero™;
there is no lower temperature,

ERROR VERSUS TEMPERATURE: WITH CALIBRATION
ERROR TRIMMED OUT

Each AD590 is also tested for error over the temperature range
with the calibration error rimmed out. This specification could
also be called the “variance from PTAT" since it is the maxi-
mum difference between the actual current over temperature
and a PTAT multiplication of the actual current at 25°C. This
error consists of a slope error and some curvature, mostly at
the temperature extremes. Figure 5 shows a typical AD590K
temperature curve before and after calibration error trimming.

BEFORE
CJ\L]BFMTIDN

+I'c

CALIBRATION ERROA

ABSOLUTE g

ERROR //\7_ ~

AFTER
CALIBRATION
TRIM

-55'C +1E0°C
TEMPERATURE

Figure 5. Effect of Scale Factor Trim on Accuracy

ERROR VERSUS TEMPERATURE: NO USER TRIMS
Using the AD590 by simply measuring the current, the total
error is the “‘variance from PTAT" described above plus the
effect of the calibration error over temperature. For example
the AD590L maximum total error varies from 2.33°C at
-55°C to 3.02°C at 150°C. For simplicity, only the larger fig-
ure is shown on the specification page.

NONLINEARITY

Nonlinearity as it applies to the AD590 is the maximum devia-
tion of current over temperatre from a best-fit straight line.
The nonlinearity of the AD590 over the -55°C to +150°C
range is superior to all conventional electrical temperature
sensors such as thermocouples, RTD’s and thermistors. Fig-
ure 6 shows the nonlinearity of the typical AD590K from
Figure 5.

“0Ec
m
ABSOLUTE i
nl'eV Vrc max
arc

“S4"C I0°C
TEMPERATURE

Figure 6. Nonlinearity

Figure 7A shows a circuit in which the nonlinearity is the ma-
jor contributor to error over temperature. The circuit is
trimmed by adjusting R, for a OV output with the AD590

at 0°C. R, is then adjusted for 10V out with the sensor at
100°C. Other pairs of temperatures may be used with this pro-
cedure as long as they are measured accurately by a reference
sensor. Note that for +15V output (150°C) the V+ of the op
amp must be greater than 17V. Also note that V- should be

at least -4V if V- is ground there is no voltage applied across
the device.

TEMPERATURE TRANSDUCERS 10-11
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Figure 7A. Two Temperature Trim
wrel
1]
—_ \
- [ . : i
-66"C o £100°C +160°C

Figure 7B. Typical Two-Trim Accuracy

VOLTAGE AND THERMAL ENVIRONMENT EFFECTS

The power supply rejection specifications show the maximum

expected change in output current versus input voltage changes.

The insensitivity of the output to input voltage allows the use
of unregulated supplies. It also means that hundreds of ohms
of resistance (such as a CMOS multiplexer) can be tolerated
in series with the device.

It is important to note that using a supply voltage other than
5V does not change the PTAT nature of the AD590. In other
words, this change is equivalent to a calibration error and can
be removed by the scale factor trim (see previous page).

The AD590 specifications are guaranteed for use in a low
thermal resistance environment with 5V across the sensor.
Large changes in the thermal resistance of the sensor’s envi-
ronment will change the amount of self-heating and result

in changes in the output which are predictable but not neces-
sarily desirable.

The thermal environment in which the AD590 is used deter-
mines two important characteristics: the effect of self heating
and the response of the sensor with time.

Ty b Tc fea

Figure 8. Thermal Circuit Model

Figure 8 is a model of the AD590 which demonstrates these
characteristics. As an example, for the TO-52 package, 0;¢ is
the thermal resistance between the chip and the case, about

10-12 TEMPERATURE TRANSDUCERS
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26°Clwatt. Oy is the thermal resistance between the case and
its surroundings and is determined by the characteristics of
the thermal connection. Power source P represents the power
dissipated on the chip. The rise of the junction temperature,
Ty, above the ambient temperature Ty is:

Ty =Ty =P (O +Ocp). Eq. 1

Table I gives the sum of 8¢ and 6ca for several common
thermal media for both the “H" and “F" packages. The heat-
sink used was a common clip-on, Using Equation 1, the temper-
ature rise of an AD590 “H" package ina stirred bath at +25°C,
when driven with a 5V supply, will he 0.06°C. However, for
the same conditions in still air the temperature rise is 0.72°C.
For a given supply voltage, the temperature rise varies with
the current and is PTAT. Therefore, if an application circuit
is trimmed with the sensor in the same thermal environment
in which it will be used, the scale factor trim compensates for
this effect over the entire temperature range.

MEDIUM f1c +8caCClwatt) 1 (sec)(Note 3)
H E H E
Aluminum Block 30 10 0.6 0.1
Stirred Oil' 42 60 1.4 0.6
Moving Air?
With Heat Sink 45 - 5.0 -

Without Heat Sink 115 190 135 10.0
Still Air
With Heat Sink 191 - 108 -
Without Heat Sink 480 650 60 30
! Note: 7 is dependent upon velocity of oil; average of several velocities
listed above.
2 Air velocity = 9ft/sec.
*The time constant is defined as the time required to reach 63.2% of
an instantaneous temperature change.

Table I. Thermal Resistances

The time response of the AD590 to a step change in tempera-
ture is determined by the thermal resistances and the thermal
capacities of the chip, Gy, and the case, C.. Cen is about
0.04 watt-sec/°C for the AD590. G, varies with the measured
medium since it includes anything that is in direct thermal con-
tact with the case. In most cases, the single time constant ex-
ponential curve of Figure 9 is sufficient to describe the time
response, T (t). Table I shows the effective time constant, 7,
for several media.

TrMALF = = — = = —

SENSED
TEMPERATURE

Ti) = Tirman +HTemar - Tinma 100 - €47

Tinimial e A
r ar TIME

Figure 9. Time Response Curve



Applying the AD590

GENERAL APPLICATIONS
T\f
8 OFFSET
6 9|——o CALIBRATION

AD2040 4|——o GAIN SCALING

+
AD580
5

Figure 10. Variable Scale Display

20— W

GND

Figure 10 demonstrates the use of a low-cost Digital Panel
Meter for the display of temperature on either the Kelvin,
Celsius or Fahrenheit scales. For Kelvin temperature Pins 9,
4 and 2 are grounded; and for Fahrenheit temperature Pins 4
and 2 are left open.

Thc above configuration yields a 3 digit display with 1°¢ or
1°F resollmon, in addluon to an absolute accuracy of +2.0°C
over the -55°C to +125°C temperature range if 2 one-temper-
ature calibration is performed on an AD590K, L, or M.

+15V
AD580

+
AD590

100 S
(0.1%) &

b

Figure 11. Series & Parallel Connection

Connecting several AD590 units in series as shown in Figure
11 allows the minimum of all the sensed temperatures to be
indicated. In contrast, using the sensors in parallel yields the
average of the sensed temperatures.

The circuit of Figure 12 demonstrates one method by which
differential temperature measurements can be made, Ry and
R, can be used to trim the output of the op amp to indicate

——2OFFSET SCALING

W+
+
ADS90L 10k
#2 R
v Ry S5MQ Am>_"_°
j— 13 + (T1 = T2)(10mV/rC)
#1 >
~ 5ka3SR, Ry < 10k02
V-

Figure 12. Differential Measurements

a desired temperature difference. For example, the inherent
offset between the two devices can be trimmed in. If V+ and

V- are radically different, then the difference in internal dissi-

pation will cause a differential internal temperature rise. This
effect can be used to measure the ambient thermal resistance
seen by the sensors in applications such as fluid level detec-
tors or anemometry,

75V
I REFERENCE
+1_ JuncTion
ADS90 CONSTANTAN
+
+| apsso :
AL Msmunms
/vm” [ l . - JUNCTION
= 8.66k23
METER
.b
1kﬂl¢[=‘r

RESISTORS ARE 1%, 50ppm/“C

1 ]

Figure 13. Cold Junction Compensation Circuit for
Type J Thermocouple

Figure 13 is an example of a cold junction compensation circuit

for a Type ] Thermocouple using the AD590 to monitor the

reference junction temperature. This circuit replaces an ice-bath

as the thermocouple reference for ambient temperatures

between +15°C and +35°C. The circuit is calibrated by adjust-
ing Ry for a proper meter reading with the measuring ]uncmm

at a known reference temperature and the circuit near +25°C.
Using components with the T.C.’s as speclfled in Figure 13,
compensation accuracy wﬂl be within tO 5°C for circuit

temperatures between +15°C and +35°C. Other thermocouple

types can be accommodated with different resistor values.
Note that the T.C.'s of the voltage reference and the resistors
are the primary contributors to error.

TEMPERATURE TRANSDUCERS 10-13
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4mA =17°C
12mA =§g:c "('l(“’“‘
20mA =33°C
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Figure 14. 4 to 20mA Current Transmitter

Figure 14 is an example of a current transmitter designed to be
used with 40V, 1k systems; it uses its full current range of
4mA to 20mA for a narrow span of measured temperatures.

In this example the 14A/K outpur of the AD590 is a.moplified
to 1mA/°C and offset so that 4mA is equivalent to 17°C and
20mA is equivalent to 33°C. Ry is trimmed for proper reading
at an intermediate reference temperature. With a suitable
choice of resistors, any temperature range within the operating
limits of the AD590 may be chosen.

HEATING
ELEMENTS

rr/=—"==1

[

CBND L _ _ __

Figure 15. Simple Temperature Control Circuit

Figure 15 is an example of a variable temperature control cir-
cuit (thermostat) using the AD590. Ryy and Ry are selected to
set the high and low limits for Rgpr. Rggy could be a simple
pot, a calibrated multi-turn pot or a switched resistive divider.
Powering the AD590 from the 10V reference isolates the
AD590 from supply variations while maintaining a reasonable
voltage (~7V) across it. Capacitor C, is often needed to filter
extraneous noise from remote sensors. Ry is determined by
the f of the power transistor and the current requirements of
the load.

Figure 16 shows how the AD590 can be configured with an 8-
bit DAC to produce a digitally controlled set point. This
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Figure 16. DAC Set Point

particular circuit operates from 0 (all inputs high) to +51°C
(all inputs low) in 0. 2°c steps, The comparator is shown with
1°C hysteresis which is usually necessary to guard-band for
extraneous noise; omitting the 5.1M£ resistor results in
no hysteresis.

11-5\1'

+
ADS30

CMOS
GATES

YYYY

T2 (0.%)

Figure 17. AD590 Driven from CMOS Logic

The voltage compliance and the reverse blocking characteristic
of the AD590 allows it to be powered directly from +5V CMOS
logic. This permits easy multiplexing, switching or pulsing for
minimum internal heat dissipation. In Figure 17 any AD590
connected to a logic high will pass a signal current through the
current measuring circuitry while those connected to a logic
zero will pass insignificant current. The outputs used to drive
the AD590’s may be employed for other purposes, but the
additional capacitance due to the AD590 should be taken
into account.
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Figure 18. Matrix Multiplexer
CMOS Analog Multiplexers can also be used to switch AD590
current. Due to the AD590's current mode, the resistance of
such switches is unimportant as long as 4V is maintained
across the transducer. Figure 18 shows a circuit which combines
the principal demonstrated in Figure 17 with an 8 channel
CMOS Multiplexer. The resulting circuit can select one of
cighty sensors over only 18 wires with a 7 bit binary word. The
inhibit input on the multiplexer turns all sensors off for mini-
mum dissipation while idling.
x5 Bkit
BV 36 kil 97 Bkit
+ | 2] 5k [
ADEEY Aol o, e
O ot e
51
52
— 2
[+
o
D
+ + s
nDMLe 8 ADSSOL 58 L !
“‘1 ADT501
L T 1T
=5V to -15V BINARY
CHANNEL
SELECT

Figure 19. 8-Channel Multiplexer

Figure 19 demonstrates a method of multiplexing the AD590
in the two-trim mode (Figure 7). Additional AD590’s and their
associated resistors can be added to multiplex up to 8 channels
of £0.5°C absolute accuracy over the temperature range of
-55°C to +125°C. The high temperature restriction of +125°C
is due to the output range of the op amps; output to +150°C
can be achieved by using a +20V supply for the op amp.
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ANALOG
DEVICES

Low Cost, Precision IC
Temperature Transducer

AD592*

FEATURES
High Precalibrated Accuracy: 0.5°C max @ 25°C
Excellent Linearity: 0.15°C max (0 to +70°C)
Wide Operating Temperature Range: —25°C to +105°C
Single Supply Operation: +4V to +30V
Excellent Repeatability and Stability
High Level Output: 1pA/K
Two Terminal Monolithic IC: Temperature In/
Current Out
Minimal Self-Heating Errors

PRODUCT DESCRIPTION

The AD592 is a two terminal monolithic integrated circuit tem-
perature transducer that provides an output current proportional
to absolute temperature. For a wide range of supply voltages the
transducer acts as a high impedance temperature dependent
current source of 1nA/K. Improved design and laser wafer
trimming of the IC’s thin film resistors allows the AD592 to
achieve absolute accuracy levels and nonlinearity errors previously
unattainable at a comparable price.

The AD592 can be employed in applications between —25°C
and + 105°C where conventional temperature sensors (i.e., ther-
mistor, RTD, thermocouple, diode) are currently being used.
The inherent low cost of a monolithic integrated circuit in a
plastic package, combined with a low total parts count in any
given application, make the AD592 the most cost effective tem-
perature transducer currently available. Expensive linearization
circuitry, precision voltage references, bridge components, resis-
tance measuring circuitry and cold junction compensation are
not required with the AD592.

Typical application areas include; appliance temperature sensing,
automotive temperature measurement and control, HVAC (heat-
ing/ventilating/air conditioning) system monitoring, industrial
temperature control, thermocouple cold junction compensation,
board-level electronics temperature diagnostics, temperature
readout options in instrumentation, and temperature correction
circuitry for precision electronics. Particularily useful in remote
sensing applications, the AD592 is immune to voltage drops and
voltage noise over long lines due to its high impedance current
output. AD592s can easily be multiplexed; the signal current
can be switched by a CMOS multiplexer or the supply voltage
can be enabled with a tri-state logic gate.

*Covered by Patent No. 4,123,698,

AD592 CONNECTING DIAGRAM

PIN3 PIN2 PIN1

o 0 0O

(=) (NC) (+)

*PIN 2 CAN BE EITHER ATTACHED OR UNCONNECTED

BOTTOM VIEW

The AD592 is available in three performance grades; the
ADS592AN, AD592BNand AD592CN. All devices are packaged
in a plastic TO-92 case rated from —45°C to + 125°C. Performance
is specified from —25°C to + 105°C. AD592 chips are also
available, contact the factory for details.

PRODUCT HIGHLIGHTS
. With a single supply (4V to 30V) the AD3592 offers 0.5°C
temperature measurement accuracy.

2. A wide operating temperature range (—25°C to + 105°C) and
highly linear output make the AD592 an ideal substitute for
older, more limited sensor technologies (i.e., thermistors,
RTDs, diodes, thermocouples).

3. The AD592 is electrically rugged; supply irregularities and
variations or reverse voltages up to 20V will not damage the
device.

4. Because the ADS592 is a temperature dependent current source,
it is immune to voltage noise pickup and IR drops in the
signal leads when used remotely.

5. The high output impedance of the AD592 provides greater
than 0.5°C/V rejection of supply voltage drift and ripple.

6. Laser wafer trimming and temperature testing insures that
ADS592 units are easily interchangeable.

7. Initial system accuracy will not degrade significantly over
time. The AD592 has proven long term performance and
repeatability advantages inherent in integrated circuit design
and construction.

TEMPERATURE TRANSDUCERS 10-17
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SPECIFICATIONS wsea @ . LAST T T

AD59IBN AD592CN
Model Min 'lj'p Max Min Typ Max Min Typ Max Units
ACCURACY
Calibration Error @25°C" 1.5 25 0.7 L0 0.3 0.5 o o
Ta=0tw +70°C
Error over Temperature 1.8 3.0 0.8 1.5 0.4 0.8 ‘c
Nonlinearity? 0.15 0.35 0.1 0.25 0.05 0.15 G
Ta = —2510 +105°C
Errorover Temperature® 2.0 15 0.9 2.0 0.5 L0 “C
Nonlinearity” 0.25 0.5 0.2 0.4 0.1 0.35 C
QUTPUT CHARACTERISTICS
Nominal Current Output
@25°C(298.2K) 298.2 2982 208.2 A "
Temperature Coefficient 1 1 1 pAFC
Repeatability* 0.1 0.1 - 0.1 °C
Long Term Stability® 0.1 0.1 0.1 “C/month
ABSOLUTE MAXIMUM RATINGS
Operating Temperature -25 +105 -~25 +105 =25 +105 c
Package Temperature® —45 +125 —45 +125 —45 + 125 “C
Forward Voltage (+ to —) 4 44 h v
Reverse Voltage (- to +) 20 20 20 v
Lead Temperature
(Soldering 10 sec) 300 300 300 °C
POWER SUPPLY
Operating Voltage Range 4 30 4 30 4 30 v
Power Supply Rejection
+4V<Vg< + 5V 0.5 0.5 0.5 oV
+5V<Vg< + 15V 0.2 0.2 0.2 “cv
+15V<Vg< + 30V 0.1 0.1 0.1 b 47
NOTES
'An external calibration mman bcusedmzuorbem @5°C. “Mrhoughp:rfmmnnmspm.ﬁrﬁ beyond th i range, temp

lDel'l.necll.iliw froma ically best fit line.

units at + 105°C only. C grade at

1l prod

K 3 "

—zs‘calso
‘M a

+25°C reading;
between - 45°Cand + 125°C. Errors of this type

3Operation @125°C, error over time is noncummulative,

K 23"
c -850°
“F  -100°

ange will mtdmlue the device.
Specifications wblectmthnuemthoumuuw,

Specifications shown in boldface are tested on all production units at final electri-
cnl test. Results from those tests are used to r:ltulm outgoing quality levels, All
hough only those shown in

min and max
boldfm m:me\imaﬂ pmdunmn units.

273° +208° +323° +371F +423°
[ #2567  +50° +100° +160°
1 i
o ! +100° 42007 +300°
- nz

TEMPERATURE SCALE CONVERSION EQUATIONS

o

-1

F=
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C=5-CF-32)

=°C+32 °R=

K =°C+273.15

°F +459.7
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Typical Performance Curves

Typical @ Vs = +5V

420 +20
+15 +18
+10 +10
® sos 5 +os
L - «
g o --"‘...-====--§ E °
5 a5 — § -5
-10 -10 = —
-15 =18
=2 —-25 [] +25 +70 +105 20 -25 [ +25 +70 4105
TEMPERATURE - °C TEMPERATURE - "C
AD592CN Accuracy Over Temperature AD592BN Accuracy Over Temperature
+20 oS
+16
050 T
+10. o — / ‘\‘-—-—___
an \\ o
§ ¥ E 0
2 5
o |5 'E‘ 025 —
10 </ —] B,
=15
! \ "N-.-_-.____-.-
20— 0 +25 0 05 B~ 500 1000 1500 2000
TEMPERATURE - *C TIME - Hours
AD592AN Accuracy Over Temperature Long-Term Stability @ 85°C and 85% Relative Humidity m
075
oS0
L — _“\-.._.‘ "1
e /
o 02 \ — T
E 0 N""'—-—-—
o F—
g / i
F-n2s
-0.50
/"'—'———/
-075
o 500 1000 1500 2000
TIME - Hours
Long-Term Stability @ 125°C
ADS592 ORDERING GUIDE
Package Max Cal Max Error Max Nonlinearity
Model Option ! Error @ 25°C —25°Cto +105°C —25°Cto +105°C
ADS5S92CN  TO-92 0.5°C 1.0°C 0.35°C
AD592BN TO-92 1.0°C 2.0°C 0.4°C
ADS92AN  TO-92 2.5°C 3.5°C 0.5°C
NOTE

'See Section 16 for package outline information.
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THEORY OF OPERATION

The AD592 uses a fundamental property of silicon transistors to
realize its temperature proportional output. If two identical
transistors are operated at a constant ratio of collector current
densities, r, then the difference in base-emitter voltages will be
(kT/q)(In r). Since both k, Boltzman's constant and q, the charge
of an electron are constant, the resulting voltage is directly
Proportional To Absolute Temperature (PTAT). In the AD592
this difference voltage is converted to a PTAT current by low
temperature coefficient thin film resistors. This PTAT current
is then used to force the total output current to be proportional
to degrees Kelvin., The result is a current source with an output
equal to a scale factor times the temperature (K) of the sensor.
A rtypical V-I plor of the circnit at 4+ 25°C and the temperature
extremes is shown in Figure 1.

+105°C
37
i
i +25°C
j 298
// -25°C
248
i
UP TO

A/

1 2 3 4 5 L]
SUPPLY VOLTAGE - Vohts

Figure 1. V-I Characteristics

Factory trimming of the scale factor to 1pA/K is accomplished
at the wafer level by adjusting the AD592’s temperature reading
50 it corresponds to the actual temperature, During laser trimming
the IC is at a temperature within a few degrees of 25°C and is
powered by a 5V supply. The device is then packaged and
automatically temperature tested to specification.

FACTORS AFFECTING AD592 SYSTEM PRECISION

The accuracy limits given on the Specifications page for the
ADS592 makes it easy to apply in a variety of diverse applications.
To calculate a total error budget in a given system it is important
to correctly interpret the accuracy specifications, nonlinearity
errors, the response of the circuit to supply voltage variations
and the effect of the surrounding thermal environment. As with
other electronic designs external component selection will have a
major effect on accuracy.

CALIBRATION ERROR, ABSOLUTE ACCURACY AND
NONLINEARITY SPECIFICATIONS

Three primary limits of error are given for the AD592 such that
the correct grade for any given application can easily be chosen
for the overall level of accuracy required. They are the calibration
accuracy at 25°C, and the error over temperature from 0 to 70°C
and —25°C to +105°C. These specifications correspond to the
actual error the user would see if the current output of a AD592
were converted to a voltage with a precision resistor. Note that
the maximum error at room temperature, over the commercial
IC temperature range, or an extended range including the boiling
point of water, can be directly read from the Specifications
Table. All three error limits are a combination of initial error,

10-20 TEMPERATURE TRANSDUCERS

scale factor variation and nonlinearity deviation from the ideal
1nA/K output. Figure 2 graphically depicts the guaranteed

limits of accuracy for an AD592CN.

+10

S~

MAXIMUM ERROR
+05 VER
4
: TYPICAL ERROR _
f ——
£ . e
2 - CALIBRATION
£ — ERROR LIMIT

-5 L] +25 +70 +108
TEMPERATURE - 'C

Figure 2. Error Specifications (AD532CN)

The AD592 has a highly linear output in comparison to older
technology sensors (i.e., thermistors, RTDs and thermocouples),
thus a nonlinearity error specification is separated from the
absolute accuracy given over temperature, As a maximum deviation
from a best-fit straight line this specification represents the only
error which cannot be trimmed out. Figure 3 is a plot of typical
ADS592CN nonlinearity over the full rated temperature range.

+02

+01

TYPICAL NONLINEARITY

-5 L] +25 +70 +105
TEMPERATURE - °C

Figure 3. Nonlinearity Error {AD592CN)

TRIMMING FOR HIGHER ACCURACY

Calibration error at 25°C can be removed with a single temperature
trim. Figure 4 shows how to adjust the AD592’s scale factor in
the basic voltage output circuit.

Figure 4. Basic Voltage Output (Single Temperature Trim)
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To trim the circuit the temperature must be measured by a
reference sensor and the value of R should be adjusted so the
output (Vour) corresponds to ImV/K, Note that the trim proce-
dure should be implemented as close as possible to the temperature
highest accuracy is desired for. In most applications if a single
temperature trim is desired it can be implemented where the
ADS592 current-to-output voltage conversion takes place (e.g.,
output resistor, offset to an op amp). Figure 5 illustrates the
effect on total error when using this technique.

+1.0

ACCURACY
WITHOUT TRIM

+05

/
/ |
| et
L]
/ AFTER SINGLE

TEMPERATURE

CALIBRATION

TOTAL ERROR - *C

-5 +25 +105
TEMPERATURE - *C

Figure 5. Effect of Scale Factor Trim on Accuracy

If greater accuracy is desired, initial calibration and scale factor
errors can be removed by using the AD592 in the circuit of
Figure 6.

R2
+5V s76k0  Skil,
i MA—A

AD741 —o0+

Vour = 104mVre

{7 ADEQ!i-? €7_

Figure 6. Two Temperature Trim Circuit

With the transducer at 0°C adjustment of R1 for a 0V output
nulls the initial calibration error and shifts the output from K to
°C. Tweaking the gain of the circuit at an elevated temperature
by adjusting R2 trims out scale factor error. The only error
remaining over the temperature range being trimmed for is
nonlinearity. A typical plot of two trim accuracy is given in
Figure 7.

SUPPLY VOLTAGE AND THERMAL ENVIRONMENT
EFFECTS

The power supply rejection characteristics of the AD592 minimizes
errors due to voltage irregularity, ripple and noise. If a supply is
used other than 5V (used in factory trimming), the power supply
error can be removed with a single temperature trim. The PTAT
nature of the AD592 will remain unchanged. The general insen-

+20

TOTAL ERROR - °C
=

—25 0 +28 +75 +108
TEMPERATURE - *C

Figure 7. Typical Two Trim Accuracy

sitivity of the output allows the use of lower cost unregulated
supplies and means that a series resistance of several hundred
ohms (e.g., CMOS multiplexer, meter coil resistance) will not
degrade the overall performance.

The thermal environment in which the AD592 is used determines
two performance traits: the effect of self-heating on accuracy
and the response time of the sensor to rapid changes in temperature.
In the first case, a rise in the IC junction temperature above the
ambient temperature is a function of two variables; the power
consumption level of the circuit and the thermal resistance
between the chip and the ambient environment (854). Self-heating
error in °C can be derived by multiplying the power dissipation
by 0. Because errors of this type can vary widely for surroundings
with different heat sinking capacities it is necessary to specify
;4 under several conditions. Table I shows how the magnitude
of self-heating error varies relative to the environment. In typical
free air applications at 25°C with a 5V supply the magnitude of
the error is 0.2°C or less. A common clip-on heat sink will
reduce the error by 25% or more in critical high temperature,
large supply voltage situations.

Medium By (°Clwatt) 7(sec)*
Still Air
Without Heat Sink 175 60
With Heat Sink 130 55
Moving Air
Without Heat Sink 60 12
With Heat Sink 40 10
Fluorinert Liquid 35 5
Aluminum Block** 30 2.4

*7 is an average of five time constants (99.3% of final value). In cases where
the thermal response is not a simple exponential function, the actual thermal
response may be better than indicated.

**With thermal grease,

Table I. Thermal Characteristics

TEMPERATURE TRANSDUCERS 10-21
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Response of the AD592 output to abrupt changes in ambient
temperature can be modeled by a single time constant r exponential
function. Figure 8 shows typical response time plots for several
media of interest.

100

o /7 B =
I PE A A

S E/’//

so b4

ALUMINUM BLOCK

FLUORINERT LIQUID

MOVING AIR {WITH HEAT SINK)
MOVING AIR (WITHOUT HEAT SINK)
STILL AIR [WITH HEAT SINK]

STILL AIR [WITHOUT HEAT SINK)

PERCENT OF FINAL TEMPERATURE
£ B
e
~
TmMoOO®E >

O 20 40 60 B0 100 120 140 160 180 200 220 240 260 280 300
TIME - sac

Figure 8. Thermal Response Curves

The time constant, 7, is dependent on 8, and the thermal
capacities of the chip and the package.Table I lists the effective
7 (time to reach 63.2% of the final value) for several different
media. Copper printed circuit board connections where neglected
in the analysis, however, they will sink or conduct heat directly
through the AD592’s solder dipped Kovar leads. When faster
response is required a thermally conductive grease or glue between
the AD592 and the surface temperature being measured should
be used. In free air applications a clip-on heat sink will decrease
output stabilization time by 10-20%.

MOUNTING CONSIDERATIONS

If the AD592 is thermally attached and properly protected, it
can be used in any temperature measuring situation where the
maximum range of temperatures encountered is between —25°C
and + 105°C. Because plastic IC packaging technology is employed,
excessive mechanical stress must be safeguarded against when
fastening the device with a clamp or screw-on heat tab. Thermally
conductive epoxy or glue is recommended under typical mounting
conditions. In wet or corrosive environments any electrically
isolated metal or ceramic well can be used to shield the AD592.
Condensation at cold temperatures can cause leakage current
related errors and should be avoided by sealing the device in
nonconductive epoxy paint or dips.

APPLICATIONS

Connecting several AD592 devices in parallel adds the currents

through them and produces a reading proportional to the average
temperature. Series AD592s will indicate the lowest temperature

AD592
Ml %
T 1%) Vi, 1Mk b——o0
[ 10kil %
vh-—-—-o 101% 3 Vi, J10mViK)
Figure 9. Average and Minimum Temperature

Connections
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because the coldest device limits the series current flowing through
the sensors, Both of these circuits are depicted in Figure 9.

The circuit of Figure 10 demonstrates a method in which

a voltage output can be derived in a differential temperature
measurement.

+

AD592 l_m_

Hill

+ w L o I AD741 >—4—0+
ADSSZ goun s + T
- (71
T HamiHe)

Figure 10. Differential Measurements

R1 can be used to trim out the inherent offset between the two
devices. By increasing the gain resistor (10k{}) temperature
measurements can be made with higher resolution. If the mag-
nitude of V+ and V — is not the same, the difference in power
consumption between the two devices can cause a differential
self-heating error.

Cold junction compensation (CJC) used in thermocouple signal
conditioning can be implemented using an AD592 in the circuit
configuration of Figure 11. Expensive simulated ice baths or
hard to trim, inaccurate bridge circuits are no longer required.

78V THERMOCOUPLE X
J4 s201
K 410
vk n
AD1403 : s
| a 0
—— e —— — 10T
- 0
MEASURING
JUNCTION cu | it AD OP-07E
: il + Vour
|
sz 100k S*—AA—p— —
REFERENCE | o
JoncTioh | fwa
1 Ray

Figure 11. Thermocouple Cold Junction Compensation

The circuit shown can be optimized for any ambient temperature
range or thermocouple type by simply selecting the correct

value for the scaling resistor — R. The AD592 output (1pA/K)
times R should approximate the line best fit to the thermocouple
curve (slope in V/°C) over the most likely ambient temperature
range. Additionally, the output sensitivity can be chosen by
selecting the resistors Rg; and Rg; for the desired noninverting
gain. The offset adjustment shown simply references the AD592
to °C. Note that the TC's of the reference and the resistors are
the primary contributors to error. Temperature rejection of 40
to 1 can be easily achieved using the above technique.

Although the AD592 offers a noise immune current output, it is
not compatible with process control/industrial automation current
loop standards. Figure 12 is an example of a temperature to 4-
20mA transmitter for use with 40V, 1k(} systems.

In this circuit the 1.A/K output of the AD592 is amplified to

ImA/°C and offset so that 4mA is equivalent to 17°C and 20mA
is equivalent to 33°C. Rt is trimmed for proper reading at an
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Figure 12. Temperature to 4-20mA Current Transmitter

intermediate reference temperature. With a suitable choice of
resistors, any temperature range within the operating limits of
the AD592 may be chosen.

Reading temperature with an AD592 in a microprocessor based
system can be implemented with the circuit shown in Figure 13.

+5V

5

1

r-om'r] |7 Vee

Vi HI

:

AD1403 Vi LO
ADGTD
ADCPORT

( B-BITS
skl ouT
2
SPAN f‘ i CENTER

TRIM & POINT \iﬂ

{

GND
20001 £ Vi LO]
2 sson ] "
>
1 wne rRW| TS cE
v WP CONTROL

Figure 13. Temperature to Digital Output

By using a differential input A/D converter and choosing the
current to voltage conversion resistor correctly any range of
temperatures (up to the 130°C span the ADS592 is rated for)
centered at any point can be measured using a minimal number
of components. In this configuration the system will resolve up
to 1°C.

A variable temperature controlling thermostat can easily be built
using the AD592 in the circuit of Figure 14.

Ringu and Ry ow determine the limits of temperature controlled
by the potentiometer Rger. The circuit shown operates over the
full temperature range (—25°C to +105°C) the ADS92 is rated
for. The reference maintains a constant set point voltage and
insures that approximately 7V appears across the sensor. If it is
necessary to guardband for extraneous noise hysteresis can be
added by tying a resistor from the output to the ungrounded
end of Ry ow.
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ow
27 301 3 &
A\

10kf1 2
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Figure 14. Variable Temperature Thermostat

Multiple remote temperatures can be measured using several
AD592s with a CMOS multiplexer or a series of 5V logic gates
because of the device’s current-mode output and supply-voltage
compliance range. The on-resistance of a FET switch or output
impedance of a gate will not effect the accuracy, as long as 4V is
maintained across the transducer. MUXs and logic driving circuits
should be chosen to minimize leakage current related errors.
Figure 15 illustrates a locally controlled MUX switching the
signal current from several remote AD592s. CMOS or TTL
gates can also be used to switch the AD592 supply voltages,
with the multiplexed signal being transmitted over a single
twisted pair to the load.

+15V =15V

REMOTE
ADSS2°S

~amooomo

Figure 15. Remote Temperature Multiplexing

To minimize the number of MUXs required when a large number
of AD592s are being used, the circuit can be configured in a
matrix. That is, a decoder can be used to switch the supply
voltage to a column of AD592s while a MUX is used to control
which row of sensors are being measured. The maximum number
of AD592s which can be used is the product of the number of
channels of the decoder and MUX.
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An example circuit controlling 80 AD592s is shown in Figure
16. A 7-bit digital word is all that is required to select one of
the sensors. The enable input of the multiplexer turns all the
sensors off for minimum dissipation while idling.
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Figure 16. Matrix Multiplexer
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To convert the AD592 output to °C or °F a single inexpensive
reference and op amp can be used as shown in Figure 17. Although
this circuit is similar to the two temperature trim circuit shown
in Figure 6, two important differences exist. First, the gain
resistor is fixed alleviating the need for an elevated temperature
trim. Acceptable accuracy can be achieved by choosing an inex-
pensive resistor with the correct tolerance. Second, the AD592
calibration error can be trimmed out at a known convenient
temperature (i.e., room temperature) with a single pot adjustment.
This step is independent of the gain selection.

Roreser | Raam
-1
+5V F
Rossser Pasm L
L] Hea -
285V A AD741
AD1403 Vi P -
—0 +

+

Vour=100mVA"C OR F)
+ &
AD592 ? %

Figure 17. Celsius or Fahrenheit Thermometer
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Selection Guide
Signal Conditioning Components & Subsystems

V/ Transmitters Sensor - Hybrid

Model LoopPower LocalPower [Isolated Excitation Sensor Type(s) | (o] Package Module Page
ADS94/ADS595 TC X 11-5
ADS96/ADS597 TC X 11-13
AD693 X mV: All X 11-19
1B21 X X 11-31
1B22 X X X 11-35
1B31 X Strain Gage X 11 - 37
1B32 X Strain Gage, RTD X 11-45
1B41 X X RTD X 11-53
1B51 X TC,mV X 11 =55
2B20 X X 11-59
2B22 X X X 11 -63
2B23 X X X 11 - 67
2B24 X X 11 -87
2B30 Strain Gage, RTD X 11-71
2B31 X Strain Gage, RTD X -7
2B50 X TC,mV X 11-77
2B52 X TC,mV X 11 -87
2B53 TC,mV X 11-87
2B54/2B55 X mV, 4-channel X 11-81
2B57 X Solid State (ADS90) X 11-87
2B58 X 3-wire RTD X 11-87
2B59 X 2-wire RTD X 11 -87
3B Series — See Orientation — 11 -89
4B Series — See Orientation — 11-93
5B Series — See Orientation — 11-95
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Orientation

Signal Conditioning Components & Subsystems

Signal conditioners provide an analog interface between sensors
and the systems they serve. They amplify signals, provide zero
suppression where necessary, introduce electrical isolation, furnish
excitation for passive transducers and provide analog outputs in
the form required by the system — either voltage or current — at
appropriate levels.

The most popular sensors are thermocouples, RTDs (resistance
temperature detectors) and strain gages; they are low-level devices
requiring precision amplification with low drift and noise. A
useful discussion of their properties and signal-conditioning
requirements can be found in the Analog Devices Transducer
Interfacing Handbook (1980, $14.50 postpaid), available from
P.0.Box 796, Norwood MA 02062.

Signal-conditioning circuits can be assembled using many of the
precision products to be found in this databook, such as operational
amplifiers, instrumentation amplifiers, and isolation amplifiers,
along with other electronic circuit elements and appropriate
hardware. However, many system designers have found that
with less expenditure of valuable engineering talent, excellent,
reliable results can be achieved at lower cost by purchasing
complete dedicated signal conditioners with fully specified per-
formance in standard packages.

The general requirements for signal conditioners include the
usual precision electrical characteristics, such as high gain, low
drift and noise, accurate scale factors and fast - or filtered —
response. Quite often, electrical isolation must be provided
between the point of and the system; besid
maximizing common-mode rejection, this can provide protection
of people and equipment. Where ruggedness and safety are
involved, it may be useful to choose products, when available,
that meet appropriate standards developed by such entities as
IEEE and Factory Mutual Insurance Company.

Many sensors require auxiliary circuitry; for example, ther-
mocouples require a constant-temperature reference junction or
an equivalent “ice-point™ reference circuit, and strain gages and
RTDs are passive devices that need excitation. Although the
results of a measurement may be produced — and are ultimately
needed — in the form of voltage, they may have to be transmitted
as a varying current with a standard span, such as 4 to 20mA;
often the power for such current loops is furnished to the sensor
and its conditioner from the remote destination.

Another requirement arises from the fact that systems often
involve many diverse channels of measurement. Such systems
need a family of signal conditioners to meet the multiplicity of
functional needs, yet it is desirable that they be compactly and
ruggedly housed, modular, provided with a power supply and
capable of being interchanged as system needs change. It is for
such applications that the 3B, 4B and 5B families and their
housings were designed.

The selection guide lists the available devices that are recommended
for new system designs, along with their salient features; detailed
information will be found in the data sheets. Examples of such
devices include conditioners for thermocouples, RTDs, strain
gages, and low (mV)-level signal sources and current transmitters
that convert the signal information to 4-20mA or 0-20mA currents

for loops requiring analog information in that form. If a modular
subsystem is desired, selection information for choosing specific
modules within the 3B, 4B and 5B families will be found in the
family data sheets.

The individually listed devices are manufactured in various
forms, ranging from monolithic integrated circuits (ADS594/595/
596/597 and AD693) to devices in dual in-line packages — using
hybrid and surfoce-mount technologies — to modules with sither
pins for chassis wiring or screw terminals for field wiring.

The 3B Series is an integrated modular signal-conditioning sub-
system consisting of a series of color-coded functionally complete
plug-in mix-and-match input and output modules on a universal
backplane available for mounting in either rugged industrial
chassis or a standard rack. The backplane connects directly to
field wiring via screw terminals and to the system destination
via connectors. A standard 19" relay rack mount will hold 16
modules; 8- and 4-module units are also available. Among the
characteristics of the modules are input protection, low-pass
filtering, = 1uV/°C zero drift, and galvanic isolation to +1,500
volts peak. The output modules translate high-level voltage
inputs to standard process-current levels (0-20mA or 4-20mA)
with accuracy to within 0.1%.

The 4B Series Alarm Limit Subsystem is compatible in physical
appearance with the 3B Series. Alarm units accept signals from
3B Series voltage or process outputs — or high-level outputs
from other sensor circuitry; they make decisions and produce
output indications for alarm or on-off control when monitored
conditions fall outside specified limits. Typical applications
include process control, factory automation, energy management,
and data acquisition and control. The 4B Series subsystem com-
prises a backplane and a family of plug-in mix-and-match alarm
limit modules (up to 12 per rack or four per 4-channel
backplane).

The 5B Series of modules comprises a family of plug-in single-
channel signal conditioners for sensors that perform complete
signal-conditioning functions optimized for the nature of each
device’s specified input. Characterized by high performance,
small size and low price, they are ideal for monitoring such
analog quantities as temperature, pressure and flow in industrial
data-acquisition applications.

They are isolated (1,500 volts rms), operate from single 5-volt
supplies and have = 0.05% calibration accuracy; they are identical
in size (2.25" % 2.25" % 0.60") and pinout. Physically compatible
backplanes will hold as many as 16 units in a 19" rack-mount
space 3 1/2" high. Signal-conditioning functions include input
protection, filtering, chopper-stabilized low-drift amplification,
isolation, linearization for RTD and thermocouple inputs and
excitation for passive sensors.

5B Series modules have 240-volt protection for all field termina-
tions. All feature excellent common-mode rejection, meet IEEE
472-1974 surge-withstand specs and operate over the —40°C to
+ 85°C ambient temperature range. They are physically rugged,
with sturdy 0.04' pin connections and no adjustment poten-
tiometers to compromise accuracy and system integrity; they are
secured with a single self-contained mounting screw.
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ANALOG
DEVICES

Monolithic Thermocouple Amplifiers
with Cold Junction Compensation

AD594*/AD395*

FEATURES
Pretrimmed for Type J (AD594) or

Type K (AD595) Thermocouples
Can Be Used with Type T Thermocouple Inputs
Low Impedance Voltage Output: 10mV/°C
Built-In lce Point Compensation
Wide Power Supply Range: +5V to =15V
Low Power: <1mW typical
Thermocouple Failure Alarm
Laser Wafer Trimmed to 1°C Calibration Accuracy
Set-Point Mode Operation
Self-Contained Celsius Thermometer Operation
High Impedance Differential Input
Side-Brazed DIP or Low Cost Cerdip

PRODUCT DESCRIPTION

The AD594/AD595 is a complete instrumentation amplifier and
thermocouple cold junction compensator on a monolithic chip.
It combines an ice point reference with a precalibrated amplifier
to produce a high level (10mV/°C) output directly from a ther-
mocouple signal. Pin-strapping options allow it to be used as a
linear amplifier-compensator or as a switched output set-point
controller using either fixed or remote set-point control. It can
be used to amplify its compensation voltage directly, thereby
converting it to a stand-alone Celsius transducer with a low-im-
pedance voltage output.

The AD594/AD595 includes a thermocouple failure alarm that
indicates if one or both thermocouple leads become open. The
alarm output has a flexible format which includes TTL drive
capability.

The AD594/AD595 can be powered from a single ended supply
(including +5V) and by including a negative supply, temperatures
below 0°C can be measured. To minimize self-heating, an unloaded
AD594/AD595 will typically operate with a total supply current
of 160p.A, but is also capable of delivering in excess of +5mA
to a load.

The AD594 is precalibrated by laser wafer trimming to match
the characteristic of type ] (iron-constantan) thermocouples and
the ADS595 is laser trimmed for type K (chromel-alumel) inputs.
The temperature transducer voltages and gain control resistors
are available at the package pins so that the circuit can be re-
calibrated for other thermocouple types by the addition of two
or three resistors. These terminals also allow more precise cali-
bration for both thermocouple and thermometer applications.

*Protected by U.S. Patent No. 4,029,974,
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AD594/AD595 FUNCTIONAL BLOCK DIAGRAM
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The AD594/ADS595 is available in two performance grades. The
C and the A versions have calibration accuracies of +1°C and
+3°C, respectively. Both are designed to be used from 0 to
+50°C, and are available in 14-pin, hermetically sealed, side-
brazed ceramic DIPs as well as low cost cerdip packages.

PRODUCT HIGHLIGHTS
1. The AD594/AD595 provides cold junction compensation,
amplification, and an output buffer in a single IC package.

2. Compensation, zero, and scale factor are all precalibrated by
laser wafer trimming (LWT) of each IC chip.

3. Flexible pin-out provides for operation as a set-point controller

or a stand-alone temperature transducer calibrated in degrees
Celsius.

4. Operation at remote application sites is facilitated by low

quiescent current and a wide supply voltage range of +5V to

dual supplies spanning 30V.

5. Differential input rejects common-mode noise voltage on the
thermocouple leads.
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SPECIFICATIONS (@ 251 an v = 5. e 1 1059, e (1585 o, iess terwise oo

Model AD3S3A ADS%MC ADSSSA ADSSSC
Min Typ  Max Min Typ  Max Min Typ  Max Min Typ  Max Units
ABSOLUTE MAXIMUM RATINGS
+ Vo = Vg 36 36 36 36 Volts
Common-Mode Input Voltage -Vg ~0.15 +Vs -Vg ~0.15 +Vs Vg ~0.15 +Vg -V =0.15 +Vg Vaolis
Differennal Input Voltage -V +Vs Vs +Vg -Vs +Vs -V +Vy Volis
Alarm Voltages
+ALM -Ve -Vg+36 | -Vs -Ve+36] -Vs -Vg+36 | =Vs =Vs+36 | Volis
~ALM =-Vs +Vs -Vg +Vs -Vs +Vs -V +Vs Volis
Operaung Temperature Range 55 +123 - 353 + 125 ~35 +125 -3 +125 C
Output Short Circwt to Common Indefinie Indefinite Indefinie Indefinite
TEMPERATURE MEASUREMENT
(Speaificd Temperature Range
Oto +50°C)
Cakbration Emocat 1 25°C! i3 =i =3 =i L
Stabulity vs Temperature” +0.05 £0.025 =0.05 +0.025 v of
Gain Error =15 =075 =15 =0.75 %
Nominal Transfer Function 10 10 10 10 mVFC
AMPLIFIER CHARACTERISTICS
Closed Loop Gam® 193.4 193.4 2473 473
Input Offset Voliage (Temperature mn *C) = 51.70uVAC | (Temperaturen °C) » 51700V C (Temperature in °C) % 40.44pVPC | (Temperaturein "C) < 40.4uVPC | uV
Input Beas Current 0.1 0.1 0.1 0.1 A
Differental Input Range -10 +50 - 10 +5 -0 +50 mV
Common-Mode Range =Vs —0.15 +Vs—4 =V¥s =015 +Vs -4 =Vs—-0.15 +Vs -4 =Vs =015 +Vg -4 Vaolts
Common-Mode Sensitviy-RTO 10 10 10 10 mViv
Power Supply Sensitivity-RTO mn 1w 10 10 mV/V
Ourput Voltage Range
Dual Supplies —V5 425 +¥s=1 | —va+25 +Vg=2 | -¥s+25 #Vs=2 | -Vs+25 +Vg-2 | Vols
Single Supply 0 +vs-2 |0 +vs-2 ]| 0 Vg2 |0 +Vs-2 | volis
Usable Outpur Current® =5 5 =5 =5 mA
3dB Bandwidih 15 15 15 15 kHz
ALARM CHARACTERISTICS
Vegsaryit2mA 0.3 0.3 03 0.3 Volts
Leakage Current =1 =1 ES | =1 el max
Operating Voltageat — ALM +Vs—4 +Vs -4 +Vs -4 +Vs=4 | Vols
Short Curcunt Current 20 20 20 20 mA
POWER REQUIREMENTS
Specified Performance 4+V5=5,-Vg=0 +Vg=S, -Vs=0 +V5=5,-Vs=0 +Vy=5,-Vg=0 Volts
Operatng’ +Vsto - Vs=30 +Vgto = Vg =30 +Vgto - Vs=30 +Vsto - Vg =30 Valts
Quiescent Current (No Load)
+Vs 160 300 160 300 160 300 160 300 T2
= 100 100 100 100 wA
PACKAGE OPTIONS®
TO-116(D-14) ADSMAD ADSS4CD ADSSSAD AD39CD
Cerdip(Q-14) ADSM4AQ ADS9CQ ADS9SAQ ADS95C0Q

NOTES

'Calsbrated for numimum error at + 25°C using a thermocouple sensitvity of $1.7uV/°C
Since s ] type thermocouple deviates from this straight hine spproxmanon, the ADS9%4
will normally read 3.1mV when the messunng junction 15 at 0°C. The ADS9% will

samularly read 2,7mV oz 0°C.

*Defined s the slope of the hine connecting the ADS94/AD595 errors at

0°C and $0°C ambuent temperature.
'Pin § shorted 1o pin 9.

*Current Sink Capability m single supply configuration s limited to current drawn to
a 50k(} resistor a1 output voltages below 2 $V.

ground through
*~ Vg must not exceed — 16,5V,

“See Secuion 16 for package outhne mfermation

Sp subject 1o change without notice

Specificanons shown in boldface are tested on all productson units at final
electrical test Results from those tests are used to caloulate outgomg quality
levels. All min and max specifications are guaranteed, although only those
shown in boldface are tested on all production umrs,
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Thermocouple Type ] AD59%4 Type K AD595 ‘Thermocouple Type] AD5% Type K ADS595
Temperature  Voltage Qutput Voltage Output Temperature  Vaoltage Output Voltage Qutput
< mV mV mV mV °C mV mV mV mV
- 200 - 7.890 - 1523 - 5.891 - 1454 500 27.388 5300 20.640 5107
- 180 - 7.402 - 1428 -~ 5.550 - 1370 520 28 511 5517 21.493 5318
- 160 - 6.821 —1316 - 5.1 - 1269 540 29.642 5736 22.346 5529
- 140 - 6.159 - 1188 - 4669 - 1152 560 30.782 5956 23.198 5740
- 120 - 5426 — 1046 - 4138 - 1021 580 31.933 6179 24.050 5950
- 100 ~ 4632 ~ 893 - 3553 - 876 600 33.096 6404 24.902 6161
- 80 - 3.785 - 729 - 2.920 - 719 620 34.273 6632 25.751 6371
- 60 - 2892 ~ 556 - 2.243 - 552 640 35.464 6862 26.599 6581
- 40 - 1960 - 376 - 1.527 - 375 660 36.671 7095 27.445 6790
- 20 - 995 - 189 - - 189 680 37 893 7332 28.288 6998
- 10 - 501 94 - .30 94 700 39.130 7571 28.128 7206
0 0 31 0 2.7 720 40 382 7813 29.965 7413
10 507 101 397 101 740 41 647 8058 30.799 7619
20 1019 200 798 200 750 42.283 8181 31 214 7722
25 1277 250 1.000 250 760 - - 31.629 7825
30 1536 300 1203 300 780 = = 32.455 2029
40 2058 401 1611 401 800 c = 33.2717 8232
50 2 585 503 2022 503 820 = = 34.005 8434
60 3115 606 2,436 605 840 - = 34.909 8636
80 4 186 813 3 266 810 860 - = 35.718 8836
100 5 268 1022 4095 1015 880 - ) 36.524 9035
120 6.359 1233 4.919 1219 900 - = 37.325 9233
140 7 457 1445 5,733 1420 920 - - 38.122 9430
160 8.560 1659 6.539 1620 940 = - 38.915 9626
180 9.667 1873 7.338 1817 960 = = 39.703 9821
200 10.777 2087 8.137 2015 980 = = 40.488 10015
220 11.887 2302 8.938 2213 1000 = = 41.269 10209
240 12 998 2517 9.745 2413 1020 - = 42 045 10400
260 14 108 2732 10.560 2614 1040 = = 42.817 10591
280 15 217 2946 11.381 2817 1060 = - 43.585 10781
300 16.325 3160 12.207 3022 1080 - - 44.349 10970
320 17.432 3374 13.039 3327 1100 - - 45.108 11158
340 18.537 3588 13.874 3434 1120 - = 45.863 11345
360 19.640 3801 14.712 1641 1140 - - 46.612 11530
380 20.743 4015 15.552 3849 1160 = = 47,356 11714
400 21.846 4228 16.395 4057 1180 = = 48.095 11897
420 22.949 4441 17.241 4266 }200 - - 48.828 12078
440 24.054 4655 18.088 4476 1220 - = 49.555 12258
460 25,161 4869 18.938 4686 1240 - - 50.276 12436
480 26.272 5084 19.788 4896 1250 - - 50.633 12524

Table . Output Vofrsgs vs.
ature (Ambient +25°C, Vs

INTERPRETING AD594/AD595 OUTPUT VOLTAGES

To achieve a temperature proportional output of 10mV/°C and
accurately compensate for the reference junction over the rated
operating range of the circuit, the AD594/AD595 is gain trimmed
to match the transfer characteristic of J and K type thermocouples
at 25°C. For a type ] output in this temperature range the TC is
51.70p.V/°C, while for a type K it is 40.44uV/°C. The resulting
gain for the AD594 is 193.4 (10mV/°C divided by 51.7uV/°C)
and for the AD595 is 247.3 (10mV/°C divided by 40.44,.V/°C).
In addition, an absolute accuracy trim induces an input offset to
the output amplifier characteristic of 16V for the AD594 and
11V for the ADS595, This offset arises because the AD594/ADS595
is trimmed for a 250mV output while applying a 25°C thermocouple
input.

Because a thermocouple output voltage is nonlinear with respect
to temperature, and the AD594/AD595 linearly amplifies the
compensated signal, the following transfer functions should be
used to determine the actual output voltages:

ADS5%4 output = (Type J Voltage + 16uV) x 193.4

Thermocouple Temper-
16V)

-5V, +

ADS59S output = (Type K Voltage + 11uV) x 247.3
or conversely:

Type ] voltage = (AD39% output / 193.4) — 16pV
Type K voltage = (AD595 output / 247.3) — 11pV

Table I above lists the ideal AD594/AD595 output voltages as a
function of Celsius temperature for type J and K ANSI standard
thermocouples, with the package and reference junction at 25°C.
As is normally the case, these outputs are subject to calibration,
gain and temperature sensitivity errors. Qutput values for inter-
mediate temperatures can be interpolated, or calculated using
the output equations and ANSI thermocouple voltage tables
referred to zero degrees Celsius. Due to a slight variation in
alloy content between ANSI type ] and DIN FE-CUNI ther-
mocouples Table I should not be used in conjunction with Euro-
pean standard thermocouples. Instead the transfer function
given previously and a DIN thermocouple table should be used.
ANSI type K and DIN NICR-N1 thermocouples are composed
of identical alloys and exhibit similar behavior. The upper tem-
perature limits in Table I are those recommended for type ] and
type K thermocouples by the majority of vendors.
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SINGLE AND DUAL SUPPLY CONNECTIONS

The AD594/AD595 is a completely self-contained thermocouple
conditioner. Using a single + 5V supply the interconnections
shown in Figure 1 will provide a direct output from a type ]
thermocouple (AD594) or type K thermocouple (AD595) meas-
uring from 0 to +300°C.

CONSTANTAN
[ALUMEL]

1W0mVI C

-

) 4
-
y

o

(CHROMEL) |
I

COMMON
Figure 1. Basic Connection, Single Supply Operation

Any convenient supply voltage from + 5V to +30V may be
used, with self-heating errors being minimized at lower supply
levels. In the single supply configuration the -+ 5V supply connects
to pin 11 with the V— connection at pin 7 strapped to power
and signal common at pin 4. The thermocouple wire inputs
connect to pins 1 and 14 either directly from the measuring
point or through intervening connections of similar thermocouple
wire type. When the alarm output at pin 13 is not used it should
be connected to common or —V. The precalibrated feedback
network at pin 8 is tied to the output at pin 9 to provide a
10mV/°C nominal temperature transfer characteristic.

By using a wider ranging dual supply, as shown in Figure 2, the
ADS594/AD595 can be interfaced to thermocouples measuring
both negative and extended positive temperatures.,

+5V TO +30V

ALUMEL] I
TALLIMEL) 3 N i T O s
s
BiT
-
X
SPAN OF
e 5V 7O 30V
a1e e
JL ST B 5 [ O [ O N N R
IRON \
[CHROMEL}
COMMON
07O =15V

Figure 2. Dual Supply Operation

With a negative supply the output can indicate negative temper-
atures and drive grounded loads or loads returned to positive
voltages. Increasing the positive supply from 5V to 15V extends
the output voltage range well beyond the 750°C temperature
limit recommended for type ] thermocouples (AD594) and the
1250°C for type K thermocouples (AD595).

Common-mode voltages on the thermocouple inputs must remain
within the common-mode range of the AD594/AD595, with a
return path provided for the bias currents. If the thermocouple
is not remotely grounded, then the dotted line connections in
Figures 1 and 2 are recommended. A resistor may be needed in
this connection to assure that common mode voltages induced in
the thermocouple loop are not converted to normal mode.

THERMOCOUPLE CONNECTIONS

The isothermal terminating connections of a pair of themocouple
wires forms an effective reference junction. This junction must
be kept at the same temperature as the AD594/AD595 for the
internal cold junction compensation to be effective.

A method that provides for thermal equilibrium is the printed
circuit board connection layout illustrated in Figure 3.

CONSTANTAN
(ALUMEL]

Vs
Figure 3. PCB Connections

Here the AD594/AD595 package temperature and circuit board
are thermally contacted in the copper printed circuit board
tracks under pins 1 and 14. The reference junction is now composed
of a copper-constantan (or copper-alumel) connection and copper-
iron (or copper-chromel) connection, both of which are at the
same temperature as the AD5S94/AD595.

The printed circuit board layout shown also provides for placement
of optional alarm load resistors, recalibration resistors and a
compensation capacitor to limit bandwidth.

To ensure secure bonding the thermocouple wire should be
cleaned to remove oxidation prior to soldering. Noncorrosive
rosin flux is effective with iron, constantan, chromel and alumel
and the following solders: 95% tin-5% antimony, 95% tin-5%
silver or 90% tin-10% lead.

FUNCTIONAL DESCRIPTION

The AD594 behaves like two differential amplifiers. The outputs
are summed and used to control a high-gain amplifier, as shown
in Figure 4.
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Figure 4. AD594/AD595 Block Diagram

In normal operation the main amplifier output, at pin 9, is
connected to the feedback network, at pin 8. Thermocouple
signals applied to the floating input stage, at pins 1 and 14, are
amplified by gain G of the differential amplifier and are then
further amplified by gain A in the main amplifier. The output
of the main amplifier is fed back to a second differential stage in
an inverting connection. The feedback signal is amplified by
this stage and is also applied to the main amplifier input through
a summing circuit. Because of the inversion, the amplifier causes
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