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Design Considerations in Monolithic Operational Amplifiers 451

to a short-circuit state by passing a large current through them in the reverse
direction. In either case, the offset can be nulled when the devices are tested in wafer
form, and the nulling does not introduce additional drift components since the
collector resistances are all monolithic components of the same type. Since the
resistors are binary weighted, the number of discrete steps into which the
adjustment range is divided is proportional to 2" where n is the number of fusible
links in one collector. This is a powerful and low-cost technique for improving the
input characteristics of monolithic precision operational amplifiers that can realize
input offset voltages less than 50 uV.

Layout and Device Matching Considerations. A basic objective in the design of
precision circuits like the 725 is the minimization of the input offset voltage, which
requires the minimization of the mismatch between the collector resistors and the
input devices.

The accuracy with which two identical transistors or resistors can be matched
has a first-order effect on the attainable performance in monolithic operational
amplifiers as well as many other types of analog integrated circuits such as voltage
regulators (Chapter 8), analog multipliers (Chapter 10), analog-digital and digital-
analog converters, voltage comparators, and others. The observed random
distribution of the mismatches between two supposedly identical resistors or
transistors is primarily the result of two factors:

1. Variations in the location of the edges of the resistor or transistor resulting from
the limited resolution of the photolithographic process itself. This causes emitter
area mismatches in bipolar transistors and length/width ratio mismatches in
resistors and FETs.

2. Variations in sheet resistance and junction depth of the implanted and diffused
regions across the wafer resulting from nonuniform conditions during the
predeposition and/or diffusion of the impurities. This causes the resistor sheet
resistance and the transistor parameters to vary with distance across the die.
TIon-implanted processes have significantly better control and uniformity than
diffused processes.

In addition to these random phenomena, systematic mismatches can occur from a
number of causes, including errors in drawing the original mask and thermal
gradients on the die. These systematic errors, however, are easily detected since
they reoccur on each die, and can thus be corrected. The random fluctuations
represent the basic factor limiting the attainable matching accuracy.

Since the photolithographic resolution limits the attainable matching, it is
clear that the important parameter is the size of the resistor or transistor being
defined in relation to the resolution. If the resistor is made wider, then the same
amount of edge location uncertainty should have proportionately less effect and
the matching should improve. This is indeed observed; a graph of observed resistor
matching as a function of resistor width is shown in Fig. 6.29. Similarly, the
matching of I observed in bipolar transistors improves markedly as the emitter
size is made larger, as illustrated by the graph of observed matching data shown in
Fig. 6.30. The increase in die size and resulting cost generally limits the size of the

10
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Figure 6.29 Experimentally observed standard deviation in the mismatch distribution of
ion-implanted resistors with sheet resistance 250Q/[] and W/L = 0.1.

devices that can be used, but in the case of the precision operational amplifier, the
input transistors and resistors are generally made as large as practicable.

The second factor limiting the matching, process-related gradients across the
die, can be partially alleviated by use of appropriate geometries that cause the
device mismatch to be insensitive to certain types of process gradients. Such
geometries are termed common centroid, and the simplest case is illustrated in Fig.
6.31. Here the transistors making up the pair are formed from cross-connected
segments of a quad of transistors. In a geometric sense, the centroid of both
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Figure 6.30 Observed standard deviation in the mismatch distribution of V3 and I asa
function of emitter area for ion-implanted bipolar transistors.
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Sources of Noise 719
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Figure 11.5 Probability density function for the diode current I. (Not to scale.)

noise signal is within these limits for 99.7 percent of the time. A brief description of
the Gaussian distribution is given in Appendix A.3.1 in Chapter 3.

It is important to note that the distribution of noise in frequency as shown in
Fig. 11.3 is due to the random nature of the hole and electron transitions across the
pn junction. Consider the situation if all the carriers made transitions with uniform
time separation. Since each carrier has a charge of 1.6 x 10~ 19C, a 1-mA current
would then consist of current pulses every 1.6 x 107 '¢s. The Fourier analysis of
such a waveform would give the spectrum of Fig. 11.6, which shows an average or
dc value I, and harmonics at multiples of 1/At, where At is the period of the
waveform and equals 1.6 x 107 !®s. Thus the first harmonic is at 6 x 10° GHz,
which is far beyond the useful frequency of the device. There would be no noise
produced in the normal frequency range of operation.

Thermal Noise '*°

Thermal noise is generated by a completely different mechanism from shot noise. In
conventional resistors it is due to the random thermal motion of the electrons and
is unaffected by the presence or absence of direct current, since typical electron drift
velocities in a conductor are much less than electron thermal velocities. Since this
source of noise is due to the thermal motion of electrons, we expect that it is related
to absolute temperature T. In fact thermal noise is directly proportional to T (unlike
shot noise, which is independent of T) and, as T approaches zero, thermal noise also
approaches zero.

In a resistor R, thermal noise can be shown to be represented by a series

Amplitude of Fourier
component

f o,

6 X 108GHz 12 X 108 GHz

Linear scale

Figure 11.6 Shot-noise spectrum assuming uniform emission of carriers.
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Chapter 11 Noise in Integrated Circuits

voltage generator v? as shown in Fig. 11.7a, or by a shunt current generator i asin
Fig. 11.7b. These representations are equivalent and

v = 4kTR Af (11.4)

2= 4kT%Af (115)

where k is Boltzmann’s constant. At room temperature 4kT = 1.66 x 10 2° V-C.
Equations 11.4 and 11.5 show that the noise spectral density is again independent of
frequency and, for thermal noise, this is true up to 10'3 Hz. Thus thermal noise is
another source of white noise. Note that the Norton equivalent of (11.5) can be
derived from (11.4) as

...
N
Il

| <

(11.6)

A useful number to remember for thermal noise is that at room temperature
(300°K), the thermal noise spectral density in a 1-kQ resistor is

v2/Af ~ 16 x 10~ '8 V2/Hz. This can be written in rms form as v ~ 4nV/\/}E
where the form nV/\/m is used to emphasize that the rms noise voltage varies as
the square root of the bandwidth. Another useful equivalence is that the thermal
noise-current generator of a 1-kQ resistor at room temperature is the same as that
of 50 uA of direct current exhibiting shot noise.

Thermal noise as described above is a fundamental physical phenomenon and
is present in any linear passive resistor. This includes conventional resistors and the
radiation resistance of antennas, loudspeakers, and microphones. In the case of
loudspeakers and microphones, the source of noise is the thermal motion of the air
molecules. In the case of antennas, the source of noise is the black-body radiation of
the object at which the antenna is directed. In all cases, (11.4) and (11.5) give the
mean-square value of the noise.

The amplitude distribution of thermal noise is again Gaussian. Since both shot
and thermal noise each have a flat frequency spectrum and a Gaussian amplitude
distribution, they are indistinguishable once they are introduced into a circuit. The
waveform of shot and thermal noise combined with a sinewave of equal power is
shown in Fig. 11.21.

N

Figure 11.7 Alternative representations of
(a) (b) thermal noise.
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