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C H A P T E R

17Linear-Digital ICs

17.1 INTRODUCTION

While there are many ICs containing only digital circuits and many that contain only
linear circuits, there are a number of units that contain both linear and digital circuits.
Among the linear/digital ICs are comparator circuits, digital/analog converters, inter-
face circuits, timer circuits, voltage-controlled oscillator (VCO) circuits, and phase-
locked loops (PLLs).

The comparator circuit is one to which a linear input voltage is compared to an-
other reference voltage, the output being a digital condition representing whether the
input voltage exceeded the reference voltage.

Circuits that convert digital signals into an analog or linear voltage, and those that
convert a linear voltage into a digital value, are popular in aerospace equipment, au-
tomotive equipment, and compact disk (CD) players, among many others.

Interface circuits are used to enable connecting signals of different digital voltage
levels, from different types of output devices, or from different impedances so that
both the driver stage and the receiver stage operate properly.

Timer ICs provide linear and digital circuits to use in various timing operations,
as in a car alarm, a home timer to turn lights on or off, and a circuit in electro-
mechanical equipment to provide proper timing to match the intended unit operation.
The 555 timer has long been a popular IC unit. A voltage-controlled oscillator pro-
vides an output clock signal whose frequency can be varied or adjusted by an input
voltage. One popular application of a VCO is in a phase-locked loop unit, as used in
various communication transmitters and receivers.

17.2 COMPARATOR UNIT OPERATION

A comparator circuit accepts input of linear voltages and provides a digital output
that indicates when one input is less than or greater than the second. A basic com-
parator circuit can be represented as in Fig. 17.1a. The output is a digital signal that
stays at a high voltage level when the noninverting (�) input is greater than the volt-
age at the inverting (�) input and switches to a lower voltage level when the nonin-
verting input voltage goes below the inverting input voltage.

Figure 17.1b shows a typical connection with one input (the inverting input in this
example) connected to a reference voltage, the other connected to the input signal
voltage. As long as Vin is less than the reference voltage level of �2 V, the output re-
mains at a low voltage level (near �10 V). When the input rises just above �2 V, the
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output quickly switches to a high-voltage level (near �10 V). Thus the high output
indicates that the input signal is greater than �2 V.

Since the internal circuit used to build a comparator contains essentially an op-
amp circuit with very high voltage gain, we can examine the operation of a com-
parator using a 741 op-amp, as shown in Fig. 17.2. With reference input (at pin 2) set
to 0 V, a sinusoidal signal applied to the noninverting input (pin 3) will cause the out-
put to switch between its two output states, as shown in Fig. 17.2b. The input Vi go-
ing even a fraction of a millivolt above the 0-V reference level will be amplified by
the very high voltage gain (typically over 100,000) so that the output rises to its pos-
itive output saturation level and remains there while the input stays above Vref � 0 V.
When the input drops just below the 0-V reference level, the output is driven to its
lower saturation level and stays there while the input remains below Vref � 0 V. Fig-
ure 17.2b clearly shows that the input signal is linear while the output is digital.
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In general use, the reference level need not be 0 V but can be any desired posi-
tive or negative voltage. Also, the reference voltage may be connected to either plus
or minus input and the input signal then applied to the other input.

Use of Op-Amp as Comparator

Figure 17.3a shows a circuit operating with a positive reference voltage connected to
the minus input and the output connected to an indicator LED. The reference voltage
level is set at

Vref ��
10 k�

10
�

k�

10 k�
� (�12 V) � �6 V

+

–

+V +V (+10 V)

−V

−Input

+Input

(a)

Output

Vref
(+2 V)

−V (−10 V)

(b)

+

–
Output

inV

Figure 17.1 Comparator unit:
(a) basic unit; (b) typical 
application.

Figure 17.2 Operation of 741
op-amp as comparator.



Since the reference voltage is connected to the inverting input, the output will switch
to its positive saturation level when the input, Vi, goes more positive than the �6-V
reference voltage level. The output, Vo, then drives the LED on as an indication that
the input is more positive than the reference level.

As an alternative connection, the reference voltage could be connected to the non-
inverting input as shown in Fig. 17.3b. With this connection, the input signal going
below the reference level would cause the output to drive the LED on. The LED can
thus be made to go on when the input signal goes above or below the reference level,
depending on which input is connected as signal input and which as reference input.

Using Comparator IC Units

While op-amps can be used as comparator circuits, separate IC comparator units are
more suitable. Some of the improvements built into a comparator IC are faster switch-
ing between the two output levels, built-in noise immunity to prevent the output from
oscillating when the input passes by the reference level, and outputs capable of di-
rectly driving a variety of loads. A few popular IC comparators are covered next, de-
scribing their pin connections and how they may be used.

311 COMPARATOR

The 311 voltage comparator shown in Fig. 17.4 contains a comparator circuit that
can operate as well from dual power supplies of �15 V as from a single �5-V sup-
ply (as used in digital logic circuits). The output can provide a voltage at one of two
distinct levels or can be used to drive a lamp or a relay. Notice that the output is taken

72317.2 Comparator Unit Operation

+

–

LED
LED on when
Vi goes above
Vref  (= +6 V)

(a)

LED
LED on when
Vi goes below
Vref  (= +6 V)

(b)

+12 V

−12 V

Vi

741
10 kΩ

10 kΩ

470 Ω

+

–

+12 V

−12 V

Vi

741

10 kΩ

10 kΩ

470 Ω

Vo

Vo

Figure 17.3 A 741 op-amp
used as a comparator.



from a bipolar transistor to allow driving a variety of loads. The unit also has balance
and strobe inputs, the strobe input allowing gating of the output. A few examples will
show how this comparator unit can be used in some common applications.

A zero-crossing detector that senses (detects) the input voltage crossing through
0 V is shown using the 311 IC in Fig. 17.5. The inverting input is connected to ground
(the reference voltage). The input signal going positive drives the output transistor on,
with the output then going low (�10 V in this case). The input signal going negative
(below 0 V) will drive the output transistor off, the output then going high (to �10
V). The output is thus an indication of whether the input is above or below 0 V. When
the input is any positive voltage, the output is low, while any negative voltage will
result in the output going to a high voltage level.
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Figure 17.6 shows how a 311 comparator can be used with strobing. In this ex-
ample, the output will go high when the input goes above the reference level—but
only if the TTL strobe input is off (or 0 V). If the TTL strobe input goes high, it 
drives the 311 strobe input at pin 6 low, causing the output to remain in the off state
(with output high) regardless of the input signal. In effect, the output remains high

Figure 17.4 A 311 comparator (eight-pin DIP unit).

Figure 17.5 Zero-crossing detector using a 311 IC.



unless strobed. If strobed, the output then acts normally, switching from high to low
depending on the input signal level. In operation, the comparator output will respond
to the input signal only during the time the strobe signal allows such operation.

Figure 17.7 shows the comparator output driving a relay. When the input goes be-
low 0 V, driving the output low, the relay is activated, closing the normally open (N.O.)
contacts at that time. These contacts can then be connected to operate a large variety
of devices. For example, a buzzer or bell wired to the contacts can be driven on when-
ever the input voltage drops below 0 V. As long as the voltage is present at the input
terminal, the buzzer will remain off.
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339 COMPARATOR

The 339 IC is a quad comparator containing four independent voltage compara-
tor circuits connected to external pins as shown in Fig. 17.8. Each comparator has in-
verting and noninverting inputs and a single output. The supply voltage applied to a
pair of pins powers all four comparators. Even if one wishes to use one comparator,
all four will be drawing power.

Figure 17.6 Operation of a 311
comparator with strobe input.

Figure 17.7 Operation of a 311 comparator with relay output.



To see how these comparator circuits can be used, Fig. 17.9 shows one of the 339
comparator circuits connected as a zero-crossing detector. Whenever the input signal
goes above 0 V, the output switches to V�. The input switches to V� only when the
input goes below 0 V.

A reference level other than 0 V can also be used, and either input terminal could
be used as the reference, the other terminal then being connected to the input signal.
The operation of one of the comparator circuits is described next.
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Vref = 0 V

V+ (5 V)

V− (−5 V)

Output, Vo

5.1 kΩ

339

4

5 3

2

12

(a)

+

–

Input, Vi

Vi

Vo

Time

Time

V−

V+

Figure 17.9 Operation of one 339 comparator circuit as a zero-crossing detector.

Figure 17.8 Quad comparator
IC (339).



The differential input voltage (difference voltage across input terminals) going
positive drives the output transistor off (open circuit), while a negative differential in-
put voltage drives the output transistor on—the output then at the supply low level.

If the negative input is set at a reference level Vref, the positive input goes above
Vref and results in a positive differential input with output driven to the open-circuit
state. When the noninverting input goes below Vref, resulting in a negative differen-
tial input, the output will be driven to V�.

If the positive input is set at the reference level, the inverting input going below
Vref results in the output open circuit while the inverting input going above Vref re-
sults in the output at V�. This operation is summarized in Fig. 17.10.
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V−

V+

339

Vref

Input

(a) (b)

+

–

Input > Vref     output open circuit←

Input < Vref     output = ← V−

V−

V+

339

Input

+

–

Vref

Input < Vref     output open circuit←

Input > Vref     output = ← V−

Output

+9 V

5.1 kΩ

1 kΩ

8.2 kΩ

+9 V

9.1 kΩ

7.5 kΩ 1

2

+5 V

+1 V

Output high

Vref1 ≅ + 5 V

Vref2 ≅ + 1 V

+

–

1

2

3
4

7

5

6

12+

–

Input

Output low

Output low

Figure 17.10 Operation of a 339 comparator circuit with reference input: (a) minus input; (b) plus
input.

Figure 17.11 Operation of two
339 comparator circuits as a 
window detector.

Since the output of one of these comparator circuits is from an open-circuit col-
lector, applications in which the outputs from more than one circuit can be wire-ORed
are possible. Figure 17.11 shows two comparator circuits connected with common
output and also with common input. Comparator 1 has a �5-V reference voltage in-



put connected to the noninverting input. The output will be driven low by compara-
tor 1 when the input signal goes above �5 V. Comparator 2 has a reference voltage
of �1 V connected to the inverting input. The output of comparator 2 will be driven
low when the input signal goes below �1 V. In total, the output will go low when-
ever the input is below �1 V or above �5 V, as shown in Fig. 17.11, the overall op-
eration being that of a voltage window detector. The high output indicates that the in-
put is within a voltage window of �1 to �5 V (these values being set by the reference
voltage levels used).

17.3 DIGITAL–ANALOG CONVERTERS

Many voltages and currents in electronics vary continuously over some range of val-
ues. In digital circuitry the signals are at either one of two levels, representing the bi-
nary values of 1 or zero. An analog–digital converter (ADC) obtains a digital value
representing an input analog voltage, while a digital–analog converter (DAC) changes
a digital value back into an analog voltage.

Digital-to-Analog Conversion

LADDER NETWORK CONVERSION

Digital-to-analog conversion can be achieved using a number of different meth-
ods. One popular scheme uses a network of resistors, called a ladder network. A lad-
der network accepts inputs of binary values at, typically, 0 V or Vref and provides an
output voltage proportional to the binary input value. Figure 17.12a shows a ladder
network with four input voltages, representing 4 bits of digital data and a dc voltage
output. The output voltage is proportional to the digital input value as given by the
relation

Vo
� Vref (17.1)

D0 � 20 � D1 � 21 � D2 � 22 � D3 � 23

�����
24
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Figure 17.12 Four-stage ladder network used as a DAC: (a) basic circuit; 
(b) circuit example with 0110 input.



In the example shown in Fig. 17.12b, the output voltage resulting should be

Vo � (16 V) � 6 V

Therefore, 01102, digital, converts to 6 V, analog.
The function of the ladder network is to convert the 16 possible binary values

from 0000 to 1111 into one of 16 voltage levels in steps of Vref/16. Using more sec-
tions of ladder allows having more binary inputs and greater quantization for each
step. For example, a 10-stage ladder network could extend the number of voltage steps
or the voltage resolution to Vref/2

10 or Vref/1024. A reference voltage of Vref � 10 V
would then provide output voltage steps of 10 V/1024 or approximately 10 mV. More
ladder stages provide greater voltage resolution. In general, the voltage resolution for
n ladder stages is

�
V
2
r
n
ef� (17.2)

Figure 17.13 shows a block diagram of a typical DAC using a ladder network.
The ladder network, referred in the diagram as an R-2R ladder, is sandwiched be-
tween the reference current supply and current switches connected to each binary in-
put, the resulting output current proportional to the input binary value. The binary in-
put turns on selected legs of the ladder, the output current being a weighted summing
of the reference current. Connecting the output current through a resistor will pro-
duce an analog voltage, if desired.

0 � 1 � 1 � 2 � 1 � 4 � 0 � 8
����
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Analog-to-Digital Conversion

DUAL-SLOPE CONVERSION

A popular method for converting an analog voltage into a digital value is the dual-
slope method. Figure 17.14a shows a block diagram of the basic dual-slope converter.
The analog voltage to be converted is applied through an electronic switch to an in-
tegrator or ramp-generator circuit (essentially a constant current charging a capacitor
to produce a linear ramp voltage). The digital output is obtained from a counter op-
erated during both positive and negative slope intervals of the integrator.

The method of conversion proceeds as follows. For a fixed time interval (usually
the full count range of the counter), the analog voltage connected to the integrator
raises the voltage at the comparator input to some positive level. Figure 17.14b shows
that at the end of the fixed time interval the voltage from the integrator is greater for
the larger input voltage. At the end of the fixed count interval, the count is set to zero
and the electronic switch connects the integrator to a reference or fixed input voltage.

Io

Vref

Current switches

R-2R ladder

Reference
current

Digital inputs

Figure 17.13 DAC IC using 
R-2R ladder network.



The integrator output (or capacitor input) then decreases at a fixed rate. The counter
advances during this time, while the integrator’s output decreases at a fixed rate un-
til it drops below the comparator reference voltage, at which time the control logic
receives a signal (the comparator output) to stop the count. The digital value stored
in the counter is then the digital output of the converter.

Using the same clock and integrator to perform the conversion during positive and
negative slope intervals tends to compensate for clock frequency drift and integrator
accuracy limitations. Setting the reference input value and clock rate can scale the
counter output as desired. The counter can be a binary, BCD, or other form of digi-
tal counter, if desired.

LADDER-NETWORK CONVERSION

Another popular method of analog-to-digital conversion uses a ladder network
along with counter and comparator circuits (see Fig. 17.15). A digital counter ad-
vances from a zero count while a ladder network driven by the counter outputs a stair-
case voltage, as shown in Fig. 17.15b, which increases one voltage increment for each
count step. A comparator circuit, receiving both staircase voltage and analog input
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Figure 17.14 Analog-to-digital conversion using dual-slope method: (a) logic diagram; 
(b) waveform.



voltage, provides a signal to stop the count when the staircase voltage rises above the
input voltage. The counter value at that time is the digital output.

The amount of voltage change stepped by the staircase signal depends on the num-
ber of count bits used. A 12-stage counter operating a 12-stage ladder network using
a reference voltage of 10 V would step each count by a voltage of

�
V
21

re
2
f� � �

1
4
0
09

V
6

� � 2.4 mV

This would result in a conversion resolution of 2.4 mV. The clock rate of the counter
would affect the time required to carry out a conversion. A clock rate of 1 MHz op-
erating a 12-stage counter would need a maximum conversion time of

4096 � 1 	s � 4096 	s � 4.1 ms

The minimum number of conversions that could be carried out each second would
then be

number of conversions � 1/4.1 ms � 244 conversions/second

Since on the average, with some conversions requiring little count time and others
near maximum count time, a conversion time of 4.1 ms/2 � 2.05 ms would be needed,
and the average number of conversions would be 2 � 244 � 488 conversions/second.
A slower clock rate would result in fewer conversions per second. A converter using
fewer count stages (and less conversion resolution) would carry out more conversions
per second. The conversion accuracy depends on the accuracy of the comparator.
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Figure 17.15 Analog-to-digital conversion using ladder network: (a) logic dia-
gram; (b) waveform.



17.4 TIMER IC UNIT OPERATION

Another popular analog–digital integrated circuit is the versatile 555 timer. The IC is
made of a combination of linear comparators and digital flip-flops as described in
Fig. 17.16. The entire circuit is usually housed in an 8-pin package as specified in
Fig. 17.16. A series connection of three resistors sets the reference voltage levels to
the two comparators at 2VCC/3 and VCC/3, the output of these comparators setting or
resetting the flip-flop unit. The output of the flip-flop circuit is then brought out
through an output amplifier stage. The flip-flop circuit also operates a transistor in-
side the IC, the transistor collector usually being driven low to discharge a timing ca-
pacitor.
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Astable Operation

One popular application of the 555 timer IC is as an astable multivibrator or clock
circuit. The following analysis of the operation of the 555 as an astable circuit in-
cludes details of the different parts of the unit and how the various inputs and out-
puts are utilized. Figure 17.17 shows an astable circuit built using an external resis-
tor and capacitor to set the timing interval of the output signal.
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Figure 17.16 Details of 555
timer IC.

Figure 17.17 Astable 
multivibrator using 555 IC.



Capacitor C charges toward VCC through external resistors RA and RB. Referring
to Fig. 17.17, the capacitor voltage rises until it goes above 2VCC/3. This voltage is
the threshold voltage at pin 6, which drives comparator 1 to trigger the flip-flop so
that the output at pin 3 goes low. In addition, the discharge transistor is driven on,
causing the output at pin 7 to discharge the capacitor through resistor RB. The ca-
pacitor voltage then decreases until it drops below the trigger level (VCC/3). The flip-
flop is triggered so that the output goes back high and the discharge transistor is turned
off, so that the capacitor can again charge through resistors RA and RB toward VCC.

Figure 17.18a shows the capacitor and output waveforms resulting from the astable
circuit. Calculation of the time intervals during which the output is high and low can
be made using the relations

Thigh � 0.7(RA � RB)C (17.3)

Tlow � 0.7RBC (17.4)

The total period is

T � period � Thigh � Tlow (17.5)

The frequency of the astable circuit is then calculated using*

f � �
T
1

� � �
(RA �

1.4
2
4
RB)C
� (17.6)
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*The period can be directly calculated from

T � 0.693(RA � 2RB)C � 0.7(RA � 2RB)C

and the frequency from

f � �
(RA �

1.4
2
4
RB)C
�

Figure 17.18 Astable multivibrator for Example 17.1: (a) circuit; (b) waveforms.



Determine the frequency and draw the output waveform for the circuit of Fig. 17.18a.

Solution

Using Eqs. (17.3) through (17.6) yields

Thigh � 0.7(RA � RB)C � 0.7(7.5 � 103 � 7.5 � 103)(0.1 � 10�6)

� 1.05 ms

Tlow � 0.7RBC � 0.7(7.5 � 103)(0.1 � 10�6) � 0.525 ms

T � Thigh � Tlow � 1.05 ms � 0.525 ms � 1.575 ms

f � �
T
1

� � �
1.575 �

1
10�3� � 635 Hz

The waveforms are drawn in Fig. 17.18b.

Monostable Operation

The 555 timer can also be used as a one-shot or monostable multivibrator circuit, as
shown in Fig. 17.19. When the trigger input signal goes negative, it triggers the one-
shot, with output at pin 3 then going high for a time period

Thigh � 1.1RAC (17.7)

Referring back to Fig. 17.16, the negative edge of the trigger input causes compara-
tor 2 to trigger the flip-flop, with the output at pin 3 going high. Capacitor C charges
toward VCC through resistor RA. During the charge interval, the output remains high.
When the voltage across the capacitor reaches the threshold level of 2VCC/3, com-
parator 1 triggers the flip-flop, with output going low. The discharge transistor also
goes low, causing the capacitor to remain at near 0 V until triggered again.

Figure 17.19b shows the input trigger signal and the resulting output waveform
for the 555 timer operated as a one-shot. Time periods for this circuit can range from
microseconds to many seconds, making this IC useful for a range of applications.
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EXAMPLE 17.1

Figure 17.19 Operation of 555 timer as one-shot: (a) circuit; (b) waveforms.



Determine the period of the output waveform for the circuit of Fig. 17.20 when trig-
gered by a negative pulse.
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Solution

Using Eq. (17.7), we obtain

Thigh � 1.1RAC � 1.1(7.5 � 103)(0.1 � 10�6) � 0.825 ms

17.5 VOLTAGE-CONTROLLED
OSCILLATOR

A voltage-controlled oscillator (VCO) is a circuit that provides a varying output sig-
nal (typically of square-wave or triangular-wave form) whose frequency can be ad-
justed over a range controlled by a dc voltage. An example of a VCO is the 566 IC
unit, which contains circuitry to generate both square-wave and triangular-wave sig-
nals whose frequency is set by an external resistor and capacitor and then varied by
an applied dc voltage. Figure 17.21a shows that the 566 contains current sources to
charge and discharge an external capacitor C1 at a rate set by external resistor R1 and
the modulating dc input voltage. A Schmitt trigger circuit is used to switch the cur-
rent sources between charging and discharging the capacitor, and the triangular volt-
age developed across the capacitor and square wave from the Schmitt trigger are pro-
vided as outputs through buffer amplifiers.

Figure 17.21b shows the pin connection of the 566 unit and a summary of for-
mula and value limitations. The oscillator can be programmed over a 10-to-1 fre-
quency range by proper selection of an external resistor and capacitor, and then mod-
ulated over a 10-to-1 frequency range by a control voltage, VC.

A free-running or center-operating frequency, fo, can be calculated from

fo � �
R1

2
C1
���V

�

V
�
�

VC�� (17.8)

with the following practical circuit value restrictions:

1. R1 should be within the range 2 k� 
 R1 
 20 k�.

2. VC should be within range �34�V� 
 VC 
 V�.

EXAMPLE 17.2

Figure 17.20 Monostable cir-
cuit for Example 17.2.



3. fo should be below 1 MHz.

4. V� should range between 10 V and 24 V.

Figure 17.22 shows an example in which the 566 function generator is used to
provide both square-wave and triangular-wave signals at a fixed frequency set by R1,
C1, and VC. A resistor divider R2 and R3 sets the dc modulating voltage at a fixed
value
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Figure 17.22 Connection of
566 VCO unit.

Figure 17.21 A 566 function
generator: (a) block diagram; 
(b) pin configuration and summary
of operating data.



VC � �
R2

R
�

3

R3
� V� ��

1.5 k�

10
�

k�

10 k�
�(12 V) � 10.4 V

(which falls properly in the voltage range 0.75V� � 9 V and V� � 12 V). Using Eq.
(17.8) yields

fo � ��12 �

12
10.4
�� � 32.5 kHz

The circuit of Fig. 17.23 shows how the output square-wave frequency can be ad-
justed using the input voltage, VC, to vary the signal frequency. Potentiometer R3 al-
lows varying VC from about 9 V to near 12 V, over the full 10-to-1 frequency range.
With the potentiometer wiper set at the top, the control voltage is

VC � �
R2

R
�

3

R
�

3

R
�

4

R4
�(V�) � (�12 V) � 11.74 V

resulting in a lower output frequency of

fo � ��12 �

12
11.74
�� � 19.7 kHz

2
���
(10 � 103)(220 � 10�12)

5 k� � 18 k�
���
510 � � 5 k� � 18 k�

2
���
(10 � 103)(820 � 10�12)
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With the wiper arm of R3 set at the bottom, the control voltage is

VC � �
R2 �

R
R

4

3 � R4
�(V�) � (�12 V) � 9.19 V

resulting in an upper frequency of

fo � ��12 �

12
9.19
�� � 212.9 kHz

The frequency of the output square wave can then be varied using potentiometer R3

over a frequency range of at least 10 to 1.
Rather than varying a potentiometer setting to change the value of VC, an input

modulating voltage, Vin, can be applied as shown in Fig. 17.24. The voltage divider
sets VC at about 10.4 V. An input ac voltage of about 1.4 V peak can drive VC around
the bias point between voltages of 9 and 11.8 V, causing the output frequency to vary
over about a 10-to-1 range. The input signal Vin thus frequency-modulates the output
voltage around the center frequency set by the bias value of VC � 10.4 V ( fo �
121.2 kHz).

2
���
(10 � 103)(220 � 10�12)

18 k�
���
510 � � 5 k� � 18 k�

Figure 17.23 Connection of
566 as a VCO unit.



17.6 PHASE-LOCKED LOOP

A phase-locked loop (PLL) is an electronic circuit that consists of a phase detector,
a low-pass filter, and a voltage-controlled oscillator connected as shown in Fig. 17.25.
Common applications of a PLL include: (1) frequency synthesizers that provide mul-
tiples of a reference signal frequency [e.g., the carrier frequency for the multiple chan-
nels of a citizens’ band (CB) unit or marine-radio-band unit can be generated using
a single-crystal-controlled frequency and its multiples generated using a PLL]; (2)
FM demodulation networks for FM operation with excellent linearity between the in-
put signal frequency and the PLL output voltage; (3) demodulation of the two data
transmission or carrier frequencies in digital-data transmission used in frequency-shift
keying (FSK) operation; and (4) a wide variety of areas including modems, teleme-
try receivers and transmitters, tone decoders, AM detectors, and tracking filters.

An input signal, Vi, and that from a VCO, Vo, are compared by a phase comparator
(refer to Fig. 17.25) providing an output voltage, Ve, that represents the phase differ-
ence between the two signals. This voltage is then fed to a low-pass filter that pro-
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Figure 17.24 Operation of
VCO with frequency-modulating
input.

Figure 17.25 Block diagram of basic phase-locked loop (PLL).



vides an output voltage (amplified if necessary) that can be taken as the output volt-
age from the PLL and is used internally as the voltage to modulate the VCO’s fre-
quency. The closed-loop operation of the circuit is to maintain the VCO frequency
locked to that of the input signal frequency.

Basic PLL Operation

The basic operation of a PLL circuit can be explained using the circuit of Fig. 17.25
as reference. We will first consider the operation of the various circuits in the phase-
locked loop when the loop is operating in lock (the input signal frequency and the
VCO frequency are the same). When the input signal frequency is the same as that
from the VCO to the comparator, the voltage, Vd, taken as output is the value needed
to hold the VCO in lock with the input signal. The VCO then provides output of a
fixed-amplitude square-wave signal at the frequency of the input. Best operation is
obtained if the VCO center frequency, fo, is set with the dc bias voltage midway in
its linear operating range. The amplifier allows this adjustment in dc voltage from that
obtained as output of the filter circuit. When the loop is in lock, the two signals to
the comparator are of the same frequency, although not necessarily in phase. A fixed
phase difference between the two signals to the comparator results in a fixed dc volt-
age to the VCO. Changes in the input signal frequency then result in change in the
dc voltage to the VCO. Within a capture-and-lock frequency range, the dc voltage
will drive the VCO frequency to match that of the input.

While the loop is trying to achieve lock, the output of the phase comparator con-
tains frequency components at the sum and difference of the signals compared. A low-
pass filter passes only the lower-frequency component of the signal so that the loop
can obtain lock between input and VCO signals.

Owing to the limited operating range of the VCO and the feedback connection of
the PLL circuit, there are two important frequency bands specified for a PLL. The
capture range of a PLL is the frequency range centered about the VCO free-running
frequency, fo, over which the loop can acquire lock with the input signal. Once the
PLL has achieved capture, it can maintain lock with the input signal over a somewhat
wider frequency range called the lock range.

Applications

The PLL can be used in a wide variety of applications, including (1) frequency de-
modulation, (2) frequency synthesis, and (3) FSK decoders. Examples of each of these
follow.

FREQUENCY DEMODULATION

FM demodulation or detection can be directly achieved using the PLL circuit. If
the PLL center frequency is selected or designed at the FM carrier frequency, the fil-
tered or output voltage of the circuit of Fig. 17.25 is the desired demodulated volt-
age, varying in value proportional to the variation of the signal frequency. The PLL
circuit thus operates as a complete intermediate-frequency (IF) strip, limiter, and de-
modulator as used in FM receivers.

One popular PLL unit is the 565, shown in Fig. 17.26a. The 565 contains a phase
detector, amplifier, and voltage-controlled oscillator, which are only partially con-
nected internally. An external resistor and capacitor, R1 and C1, are used to set the
free-running or center frequency of the VCO. Another external capacitor, C2, is used
to set the low-pass filter passband, and the VCO output must be connected back as
input to the phase detector to close the PLL loop. The 565 typically uses two power
supplies, V� and V�.
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Figure 17.26b shows the PLL connected to work as an FM demodulator. Resis-
tor R1 and capacitor C1 set the free-running frequency, fo,

fo � �
R
0

1

.
C
3

1
� (17.9)

� � 136.36 kHz

with limitation 2 k� 
 R1 
 20 k�. The lock range is

fL � ��
8
V
fo�

� ��
8(136.3

6
6 � 103)
�� �181.8 kHz

0.3
���
(10 � 103)(220 � 10�12)
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Figure 17.26 Phase-locked loop
(PLL): (a) basic block diagram: 
(b) PLL connected as a frequency
demodulator: (c) output voltage
vs. frequency plot.



for supply voltages V � �6 V. The capture range is

fC � ��
2
1
�
���

R
2��

2C�fL
2

��
� ��

2
1
�
����� 156.1 kHz

The signal at pin 4 is a 136.36-kHz square wave. An input within the lock range of
181.8 kHz will result in the output at pin 7 varying around its dc voltage level set
with input signal at fo. Figure 17.26c shows the output at pin 7 as a function of the
input signal frequency. The dc voltage at pin 7 is linearly related to the input signal
frequency within the frequency range fL � 181.8 kHz around the center frequency
136.36 kHz. The output voltage is the demodulated signal that varies with frequency
within the operating range specified.

FREQUENCY SYNTHESIS

A frequency synthesizer can be built around a PLL as shown in Fig. 17.27. A fre-
quency divider is inserted between the VCO output and the phase comparator so that
the loop signal to the comparator is at frequency fo while the VCO output is Nfo. This
output is a multiple of the input frequency as long as the loop is in lock. The input
signal can be stabilized at f1 with the resulting VCO output at Nf1 if the loop is set

2�(181.8 � 103)
���
(3.6 � 103)(330 � 10�12)
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Figure 17.27 Frequency synthesizer: (a) block diagram; (b) implementation using 565 PLL unit.



up to lock at the fundamental frequency (when fo � f1). Figure 17.27b shows an ex-
ample using a 565 PLL as frequency multiplier and a 7490 as divider. The input Vi

at frequency f1 is compared to the input (frequency fo) at pin 5. An output at Nfo (4fo
in the present example) is connected through an inverter circuit to provide an input
at pin 14 of the 7490, which varies between 0 and �5 V. Using the output at pin 9,
which is divided by 4 from that at the input to the 7490, the signal at pin 4 of the
PLL is four times the input frequency as long as the loop remains in lock. Since the
VCO can vary over only a limited range from its center frequency, it may be neces-
sary to change the VCO frequency whenever the divider value is changed. As long as
the PLL circuit is in lock, the VCO output frequency will be exactly N times the in-
put frequency. It is only necessary to readjust fo to be within the capture-and-lock
range, the closed loop then resulting in the VCO output becoming exactly Nf1 at lock.

FSK DECODERS

An FSK (frequency-shift keyed) signal decoder can be built as shown in Fig. 17.28.
The decoder receives a signal at one of two distinct carrier frequencies, 1270 Hz or
1070 Hz, representing the RS-232C logic levels or mark (�5 V) or space (�14 V),
respectively. As the signal appears at the input, the loop locks to the input frequency
and tracks it between two possible frequencies with a corresponding dc shift at the
output.
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The RC ladder filter (three sections of C � 0.02 	F and R � 10 k�) is used to
remove the sum frequency component. The free-running frequency is adjusted with
R1 so that the dc voltage level at the output (pin 7) is the same as that at pin 6. Then
an input at frequency 1070 Hz will drive the decoder output voltage to a more posi-
tive voltage level, driving the digital output to the high level (space or �14 V). An
input at 1270 Hz will correspondingly drive the 565 dc output less positive with the
digital output, which then drops to the low level (mark or �5 V).

17.7 INTERFACING CIRCUITRY

Connecting different types of circuits, either in digital or analog circuits, may require
some sort of interfacing circuit. An interface circuit may be used to drive a load or to
obtain a signal as a receiver circuit. A driver circuit provides the output signal at a

Figure 17.28 Connection of
565 as FSK decoder.



voltage or current level suitable to operate a number of loads, or to operate such de-
vices as relays, displays, or power units. A receiver circuit essentially accepts an in-
put signal, providing high input impedance to minimize loading of the input signal.
Furthermore, the interface circuits may include strobing, which provides connecting
the interface signals during specific time intervals established by the strobe.

Figure 17.29a shows a dual-line driver, each driver accepting input of TTL sig-
nals, providing output capable of driving TTL or MOS device circuits. This type of
interface circuit comes in various forms, some as inverting and others as noninvert-
ing units. The circuit of Fig. 17.29b shows a dual-line receiver having both inverting
and noninverting inputs so that either operating condition can be selected. As an ex-
ample, connection of an input signal to the inverting input would result in an inverted
output from the receiver unit. Connecting the input to the noninverting input would
provide the same interfacing except that the output obtained would have the same po-
larity as the received signal. The driver-receiver unit of Fig. 17.29 provides an output
when the strobe signal is present (high in this case).
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Figure 17.29 Interface units: (a) dual-line drivers (SN75150); (b) dual-line
receivers (SN75152).

Another type of interface circuit is that used to connect various digital input and
output units, signals with devices such as keyboards, video terminals, and printers.
One of the EIA electronic industry standards is referred to as RS-232C. This standard
states that a digital signal represents a mark (logic-1) and a space (logic-0). The def-
initions of mark and space vary with the type of circuit used (although a full reading
of the standard will spell out the acceptable limits of mark and space signals).



RS-232C-to-TTL Converter

For TTL circuits, �5 V is a mark and 0 V is a space. For RS-232C, a mark could be
�12 V and a space �12 V. Figure 17.30a provides a tabulation of some mark and
space definitions. For a unit having outputs defined by RS-232C that is to operate
into another unit operating with a TTL signal level, an interface circuit as shown in
Fig. 17.30b could be used. A mark output from the driver (at �12 V) would be clipped
by the diode so that the input to the inverter circuit is near 0 V, resulting in an out-
put of �5 V (TTL mark). A space output at �12 V would drive the inverter output
low for a 0-V output (a space).
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Another example of an interface circuit converts the signals from a TTY current
loop into TTL levels as shown in Fig. 17.30c. An input mark results when 20 mA of
current is drawn from the source through the output line of the teletype (TTY). This
current then goes through the diode element of an opto-isolator, driving the output
transistor on. The input to the inverter going low results in a �5-V signal from the
7407 inverter output so that a mark from the teletype results in a mark to the TTL
input. A space from the teletype current loop provides no current, with the opto-
isolator transistor remaining off and the inverter output then 0 V, which is a TTL 
space signal.

Another means of interfacing digital signals is made using open-collector output
or tri-state output. When a signal is output from a transistor collector (see Fig. 17.31)
that is not connected to any other electronic component, the output is open-collector.
This permits connecting a number of signals to the same wire or bus. Any transistor
going on then provides a low output voltage, while all transistors remaining off pro-
vide a high output voltage.

Figure 17.30 Interfacing signal standards and converter circuits.



17.8 PSPICE WINDOWS

Many of the practical op-amp applications covered in this chapter can be analyzed
using PSpice. Analysis of various problems can display the resulting dc bias, or one
can use PROBE to display resulting waveforms.

Program 17.1—Comparator Circuit Used to Drive an LED

Using Design Center, draw the circuit of a comparator circuit with output driving an
LED indicator as shown in Fig. 17.32. To be able to view the magnitude of the dc
output voltage, place a VPRINT1 component at Vo with DC and MAG selected. To
view the dc current through the LED, place an IPRINT component in series with the
LED current meter as shown in Fig. 17.32. The Analysis Setup provides for a dc
sweep as shown in Fig. 17.33. The DC Sweep is set, as shown, for Vi from 4 to 8 V
in 1-V steps. After running the simultation, some of the resulting analysis output ob-
tained is shown in Fig. 17.34.
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Figure 17.31 Connections to data lines: (a) open-collector output; (b) tri-state output.

Figure 17.32 Comparator circuit used to drive an LED.



The circuit of Fig. 17.32 shows a voltage divider which provides 6 V to the mi-
nus input so that any input (Vi) below 6 V will result in the output at the minus sat-
uration voltage (near �10 V). Any input above �6 V results in the output going to
the positive saturation level (near �10 V). The LED will therefore be driven on by
any input above the reference level of �6 V and left off by any input below �6 V.
The listing of Fig. 17.34 shows a table of the output voltage and a table of the LED
current for inputs from 4 to 8 V. The table shows that the LED current is nearly 0 for
inputs up to �6 V and that a current of about 20 mA lights the LED for inputs at �6
V or above.

Program 17.2—Comparator Operation

The operation of a comparator IC can be demonstrated using a 741 op-amp as shown
in Fig. 17.35. The input is a 5 V, peak sinusoidal signa. The Analysis Setup provides
for Transient analysis with Print Step of 20 ns and Final Time of 3 ms. Since the
input signal is applied to the noninverting input, the output is in-phase with the in-
put. When the input goes above 0 V, the output goes to the positive saturation level,
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Figure 17.33 Analysis Setup for a dc sweep of the circuit of Fig. 17.32.

Figure 17.34 Analysis output
(edited) for circuit of Fig. 17.32.



near �5 V. When the input goes below 0 V, the output goes to the negative satura-
tion level—this being 0 V since the minus voltage input is set to that value. Figure
17.36 shows a PROBE output of input and output voltages.
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Program 17.3—Operation of 555 Timer as Oscillator

Figure 17.37 shows a 555 timer connected as an oscillator. Equations (17.3) and (17.4)
can be used to calculate the charge and discharge times as follows:

Thigh � 0.7(RA � RB)C � 0.7(7.5 k� � 7.15 k�)(0.1 	F) � 1.05 ms

Tlow � 0.7RBC � 0.7(7.5 k�)(0.1 	F) � 0.525 ms

Figure 17.35 Schematic for a
comparator.

Figure 17.36 Probe output for the comparator of Fig. 17.35.

Figure 17.37 Schematic of a 555 timer oscillator.



The resulting trigger and output waveforms are shown in Fig. 17.38. When the trig-
ger charges to the upper trigger level, the output goes to the low output level of 0 V.
The output stays low until the trigger input discharges to the low trigger level, at which
time the output goes to the high level of �5 V.

§ 17.2 Comparator Unit Operation

1. Draw the diagram of a 741 op-amp operated from �15-V supplies with Vi(�) � 0 V and 
Vi(�) � �5 V. Include terminal pin connections.

2. Sketch the output waveform for the circuit of Fig. 17.39.

3. Draw a circuit diagram of a 311 op-amp showing an input of 10 V rms applied to the invert-
ing input and the plus input to ground. Identify all pin numbers.

4. Draw the resulting output waveform for the circuit of Fig. 17.40.
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5. Draw the circuit diagram of a zero-crossing detector using a 339 comparator stage with �12-V
supplies.

Figure 17.38 Probe output for the 555 oscillator of Fig. 17.37.

Figure 17.39 Problem 2 Figure 17.40 Problem 4

PROBLEMS



§ 17.3 Digital–Analog Converters

8. Sketch a five-stage ladder network using 15-k� and 30-k� resistors.

9. For a reference voltage of 16 V, calculate the output voltage for an input of 11010 to the cir-
cuit of Problem 8.

10. What voltage resolution is possible using a 12-stage ladder network with a 10-V reference volt-
age?
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* 7. Describe the operation of the circuit in Fig. 17.42.

Figure 17.41 Problem 6

Figure 17.42 Problem 7

6. Sketch the output waveform for the circuit of Fig. 17.41.



11. For a dual-slope converter, describe what occurs during the fixed time interval and the count
interval.

12. How many count steps occur using a 12-stage digital counter at the output of an ADC?

13. What is the maximum count interval using a 12-stage counter operated at a clock rate of 
20 MHz?

§ 17.4 Timer IC Unit Operation

14. Sketch the circuit of a 555 timer connected as an astable multivibrator for operation at 
350 kHz. Determine the value of capacitor, C, needed using RA � RB � 7.5 k�.

15. Draw the circuit of a one-shot using a 555 timer to provide one time period of 20 	s. If RA �
7.5 k�, what value of C is needed?

16. Sketch the input and output waveforms for a one-shot using a 555 timer triggered by a 10-kHz
clock for RA � 5.1 k� and C � 5 nF.

§ 17.5 Voltage-Controlled Oscillator

17. Calculate the center frequency of a VCO using a 566 IC as in Fig. 17.22 for R1 � 4.7 k�,
R2 � 1.8 k�, R3 � 11 k�, and C1 � 0.001 	F.

* 18. What frequency range results in the circuit of Fig. 17.23 for C1 � 0.001 	F?

19. Determine the capacitor needed in the circuit of Fig. 17.22 to obtain a 200-kHz output.

§ 17.6 Phase-Locked Loop

20. Calculate the VCO free-running frequency for the circuit of Fig. 17.26b with R1 � 4.7 k� and
C1 � 0.001 	F.

21. What value of capacitor, C1, is required in the circuit of Fig. 17.26b to obtain a center fre-
quency of 100 kHz?

22. What is the lock range of the PLL circuit in Fig. 17.26b for R1 � 4.7 k� and C1 � 0.001 	F?

§ 17.7 Interfacing Circuitry

23. Describe the signal conditions for current-loop and RS-232C interfaces.

24. What is a data bus?

25. What is the difference between open-collector and tri-state output?

§ 17.8 PSpice Windows

* 26. Use Design Center to draw a schematic circuit as in Fig. 17.32, using an LM111 with Vi � 5 V
rms applied to minus (�) input and �5 V rms applied to plus (�) input. Use Probe to view
the output waveform.

* 27. Use Design Center to draw a schematic circuit as in Fig. 17.35. Examine the output listing for
the results.

* 28. Use Design Center to draw a 555 oscillator with resulting output with tlow � 2 ms, thigh �
5 ms.

*Please note: Asterisks indicate more difficult problems.

750 Chapter 17 Linear-Digital ICs




