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PREFACE

Thisis a new book to replace Low-Noise Electronic Design (© 1973). All the
relevant topics from the original book are included and updated to today's
technology. Since the emphasis has been expanded to address the total
system design from sensor to simulation to design, the title has been changed
to reflect the new scope.

A sgnificant improvement is the change of technological emphasis. The
first book emphasized discrete component technology with extensionsto ICs.
The new book focuses on | C design concepts with added support for discrete
design where necessary. Additionally, considerabletheoretical expansion has
been included for many o the practical concepts discussed. This makes the
new book serve very well as a textbook.

Sx completedy new chapters have been added to support the current
direction of technology. These new chapters cover the use of SPICE and
PSpice for low-noise analysis and design, noise in feedback amplifiers which
are extensvey used in | C designs, noise mechanisms in analog /digital and
digital /analog converters, noise models for many popular sensors, power
supplies and voltage references, and useful low-noise amplifier designs.

This book is intended for use by practicing engineers and by students of
electronics. It can be used for self-study or in an organized classroom
Situation as a quarter or semester course or short course. A knowledge of
electric circuit anadyss, the principles o electronic circuits, and mathematics
through basic calculusis assumed.

The approach used in thistext is practice or design oriented. The material
is hot a study of noise theory, but rather of noise sources, models, and
methods to deal with the every-present noise in electronic systems.

Xiii



Xiv PREFACE

This new book serves the following users:

1. The academic community, where the new book can be used (and has
been at Georgia Tech) as a textbook for a one-quarter or one-semester
electrical engineering course in low-noise electronic design. Derivations are
added for clarity and completeness. Many original problems developed in
over 15years o teaching thiscourse areincluded at the end of each chapter.
Key points are summarized in every chapter.

2. Electronic design engineers who design with integrated circuits or
discrete components. The new book describes the fundamental noise mecha-
nisms and introduces useful noise models. It shows the details of how
feedback can be employed to meet system and circuit specifications. Deriva-
tions and modeling approaches are given which are useful for determining
the noise in active and passive components aswell as in power supplies. This
approach is directed toward supporting the total system design concept.
Typical, low-noise design examples are provided, analyzed, and discussed.
L aboratory techniques for noise measurement and instrumentation complete
the coverage.

3. Project engineers who design and build low-noise integrated circuits.
The new book contains complete descriptions of the noise models o al
important active devices. MOSFETs, JFETs, GaAs FETs, and BJTs. Model-
ing is done in terms of the SPICE, Gummel-Poon, Curtice, and hybrid-
models. Chapters on low-noise desgn methodology and single-stage and
multistage amplifier design approaches will aid and direct the project design
engineers. Furthermore, the chapter on noise measurement will permit them
to test and characterize their new devices and new circuit designs.

4. Digital designerswho convert very low level analog signalsinto suitable
digital logic levels. The chapters on noise mechanisms, amplifier noise
modeling, and sensor noise models enable them to define fundamental noise
limits and to specify design requirements. The chapters on low-noise design
methodology plus the included sample circuits will enable them to produce
functional preamplifier and amplifier interface stageswhich bridge the analog
and digital technologies. Finaly, the material on the noise mechanisms in
A/D and D/A converterswill enable them to evaluate and solve the critical
analog-digital interface and partitioning problems.

There is no other book in the present market that directly competes with
Low-Noise Electronic System Design. Usually, noise in ICs is addressed in
textbooks as a section or maybe as a compl ete chapter. Industrial | C manuals
treat noise mostly from a specification and test point of view. The PSpice
manual produced by MicroSim Corporation for use with their simulation
programsonly covers noise modeling. One can find trade journal articlesand
application notes on low noise design methodology. Digital noise is now
being addressed more in the literature. Noise measurement is covered in
some textbooks and application notes. But all these subjects are covered in
Low-Noise Electronic System Design. In addition, this book pulls together the
whole subjects of noise combined with design. It provides descriptions o
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noise sources and noise models, addresses the practical problems o circuit
design for low-noise employing negativefeedback, filtering, component noise,
measurement techniques and instrumentation, and finally gives many exam-
ples of practical amplifier desgns.

In summary, LowNoi se Bectronic System 2sign is a textbook for the
study o low-noise design, an IC design textbook, and a desgn manual
covering the compl ete subject of noisefrom theory, to modeling, to design, to
final application.

This book is an outgrowth of our many years of research, development,
design, and teaching experience. Special recognition is given to Honeywell,
Inc., and the Georgia Institute of Technology for their cooperation and
support.
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INTRODUCTION

Sensors, detectors, and transducers are basic to the instrumentation and
control fields. They are the "iingers,” "eyes,"” and "ears" that reach out and
measure. They must translate the characteristics of the physica world into
electrical signals. We process and measure these signals and interpret them
to be the reactions taking place in a chemical plant, the environment of an
orbiting satellite, or the odor of an onion. An engineering problem often
associated with sensing systemsiis the level o electrical noise generated in
the sensor and in the electronic system.

In recent years, new high-resolution sensors and high-performance sys
tems have been developed. All sensors have a basic or limiting noise level.
The system designer must interface the sensor with electronic circuitry that
contributes a minimum o additional noise. To raise the signa level an
amplifier must be designed to complement the sensor. Achieving optimum
system performanceis the primary consideration of this book.

The following chapters answer several important questions. When given a
sensor with specific impedance, signal and noise characteristics, how do you
design or select an amplifier for minimum noise contribution, and concur-
rently maximize the signal-to-noise ratio of the system? If we have a
sensor—amplifier system complete with known signal and noise, we must
determine the major noise source: Is it sensor, amplifier, or pickup noise?
Are we maximizing the signal? Is improvement possible? The methods for
design analysis, and solution are provided.

Low Noise Electronic Sysem Dedgn, as the title says, is a study o
low-noise design and not a treatise on noise as a physica phenomenon. It is
divided into four parts to improve organization and facilitate study.



2 INTRODUCTION

Fundamental Concepts, Part |, of the book describesthefour fundamental
sources of noise including excess noise. Useful noise voltage and noise
current models for IC’s and other amplifiers then follow. This part s
concluded with methods for utilizing the noise model with feedback around
the amplifier to determine the effectsaf the feedback components upon the
total equivalent input and output noises. Thesefirst three chapters provide a
complete overview of noise, enabling the designer to understand the subject
and to proceed with specifying system noise and design objectives.

Noise Modeling, Part II, covers noise modeling in considerable detail.
Noise models of al types o sensors and active devices such as FETs and
BJTs are derived. Methods o using SPICE and PSpice for circuit anadysisare
Illustrated, and new techniquesfor incorporating the preceding noise models
into practical circuits are shown. A methodology is developed for the selec-
tion d an active device and operating point to provide an optimum noise
match for maximum signal-to-noise ratio for any sensor type, sensor
Impedance, and operating frequency range.

Designingfor Low Noise, Part 111, addresses the practical ways to design a
low-noise circuit. Expressions for equivaent input and output noise voltages
and currents are derived, as well as gains o discrete and cascaded stages.
Design examples further illustrate the critical elements of the amplifiers. A
detailed derivation of the noise model o the popular differential amplifier
circuit and others are included. The fundamental noise limitsin analog/dig-
ital and digital /analog converters are established. Usuadly limited by digital
noise pickup, the final limit of converter resolution is determined by funda-
mental noise mechanisms. Thislimit is derived for severa popular converter
circuitsand methods o reducing fundamental noises are shown.

Low-Noise Design Applications, Part 1V, focuses on applications o low-
noise approaches. It discusses noise mechanisms in passve components,
power supplies, and voltage references for low-noise circuits, noise measure-
ment methods usng modem instrumentation, and cites several practical
design examples.

The appendixes contain much useful noise data on many commercial
operational amplifiers, preamplifiers, and discrete devices. Answers are given
to many of the problems posed at the end of each chapter.
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1 noise" discussed in Chap. 3, is shown in the traces. The top trace is
=d to represent a moderate level of this noise. The bottom trace is a low
me devices exhibit popcorn noise with five times the amplitude shown in the
. Horizontal sengitivity is 2 ms /cm.



CHAPTER 1

JNDAMENTAL NOISE MECHANISMS

The problems caused by €electrical noise are apparent in the output device of
an electrical system, but the sourcesdof noise are unique to the low-signal-level
porl:ions of the system. The “snow” that may be observed on a television
receiver display isthe result o internally generated noisein thefirst stages of
ggnal amplification.

This chapter defines the fundamental types of noise present in electronic
systems and discusses methods of representing these sources for the purpose

d noise circuit analysis. In addition, concepts such as noise bandwidth and
spectral density are introduced.

NOISE DEFINITION

Noiseg, in the broadest sense, can be defined as any unwanted disturbance that
obscures or interferes with a dedred signal. Disturbances often come from
souirces external to the system being studied and may result from electrostatic
or electromagnetic coupling between the circuit and the ac power lines, radio
transmitters, or fluorescent lights. Cross-talk between adjacent circuits, hum
from dc power supplies, or microphonics caused by the mechanical vibration
of components are all examples of unwanted disturbances. With the excep-
zion of noise from electrical storms and galactic radiation, most of these types
of disturbances are caused by radiation from electrical equipment; they can
~ eliminated by adequate shielding, filtering, or by changing the layout of
arcuit components. In extreme cases, changing the physica location of the
est system may be warranted.
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We use the word "noise" to represent basic random-noise generators or
spontaneous fluctuations that result from the physics o the devices and
materials that make up the electrical system. Thus the thermal noise appar-
ent in al electrical conductors at temperatures above absolute zero is an
example of noise as discussed in this book. This fundamental or true noise
cannot be predicted exactly, nor can it be totally eliminated, but it can be
manipulated and its effects minimized.

Noiseis important. The limit of resolution of a sensor is often determined
by noise. The dynamic range of a system is determined by noise. The highest
signal level that can be processed is limited by the characteristics of the
circuit, but the smallest detectable level is set by noise.

In addition to the familiar effects of noise in communication systems, noise
Is a problem in digital, control, and computing systems. For example, the
presence o spikes o random noise makes it difficult to design a circuit that
triggers (switches) at a specific signal amplitude. When noise o varying
amplitude is mixed with the signal, noise peaks can cause a level detector to
trigger falsaly. To reduce the probability of false triggering, noise reduction is
necessary.

Suppose that we have a system that istoo noisy, but are uncertain whether
the noisinessis caused by electrical equipment disturbances or by fundamen-
tal noise. We add shielding. A general rule for frequencies above 1000 Hz or
impedance levels over 1000 {1 is to use conductive shielding (aluminum or
copper). For low frequencies and lower impedances, we can use magnetic
shielding (super-malloy, mu-metal) and twisted-wire pairs. We can also put
the preamplifier on a separate battery supply. If these efforts help, we can try
more shielding. The work may be moved to another location, or measure-
ments can be made during the quieter evening hours. If these techniques do
not reduce the disturbance, then look to fundamental noise mechanisms.
Fundamental or true noise is the type considered almost exclusvely in this
book.

1-2 NOISE PROPERTIES

Noiseis a totally random signal. It consistsof frequency components that are
random in both amplitude and phase. Although the long-term rms value can
be measured, the exact amplitude at any instant of time cannot be predicted.
If the instantaneous amplitude of noise could be predicted, noise would not
be a problem.

It is possible to predict the randomness of noise. Much noise has a
Gaussian or normal distribution of instantaneous amplitudes with time [1].
The common Gaussian curveis depicted in Fig. 1-1 along with a photograph
of the associated electrical noise as obtained from an oscilloscope.

The Gaussian distribution predicts the probability of the measured noise
signal having a specific value at a specific point in time. A noise signal with a
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Probability of
instantaneous value
of voltage exceeding e,

Time

Figurel-1 Noisewaveform and Gaussan didribution of amplitudes.

zero mean Gaussian distribution has the highest probability of having avalue
o zero a any instant o time. The Gaussian curve is the limiting case
produced by overlaying an imaginary coordinate grid structure on the noise
waveform. If one could sample a large collection of data points and taly the
number of occurrences when the noise voltage levd is equal to or greater
than a particular level, the Gaussian curve would result. Mathematically, the
distribution can be described as

where u isthe mean or averagevalue and o isthe standard deviation or root
mean square (rms) value of thevariable x. Thefunction f(x) isreferred to as
the probability density function, or pdf.

The area under the Gaussian curve represents the probability that a
particular event will occur. Since probability can only take on values from 0
to 1, the total area must equal unity. The waveform is centered about a mean
or average voltage level ., corresponding to a probability o .5 that the
instantaneous value of the noise waveform is either above or beow p. If we
consider a value such as e,, the probability of exceeding that level at any
instant in time is shown by the cross-hatched area in Fig. 1-1. To a good
enginccring approximation, common electrical noise lieswithin +3¢ o the
mean w. | n other words, the peak-to-peak value of the noisewaveislessthan
sx times the rmsvaluefor 99.7% o the time.

The rms definition is based on the equivalent heating effect. True rms
voltmeters measure the applied time-dependent voltage v(¢) according to
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where 7, is the period of thevoltage. Applying Eq. 1-2to asinewave of peak
value ¥, volts gives the familiar result V. = 0.707V, .

The most common type of ac volmeter rectifies the wave to be measured,
measures the average or dc value, and indicates the rms value on a scale
calibrated by multiplying the averagevalue by 1.11 to simulate the rms. This
type of meter correctly indicates the rms values of a sine wave, but noise is
not sinusoidal, and the reading o a noise waveform will be 11.5% low.
Correction can be made by multiplying the reading by 1.13. Chapter 15
discusses specific noise measurement instrumentation and these correction
factors in much greater detail.

1-3 THERMAL NOISE

Three main types of fundamental noise mechanisms are thermal noise, shot
noise, and low-frequency (1/f) noise. Thermal noise is the most often
encountered and is considered first. The other two types of noise are defined
in later sections of this chapter. A special case of thermal noise limited by
shunt capacitance called k7T /C noise is aso defined. Additional discussions
d the effects of these types of noise in devices and circuits will be found
throughout this book.

Thermal noise is caused by the random thermally excited vibration of the
charge carriersin a conductor. This carrier motion is similar to the Brownian
motion of particles. From studies of Brownian motion, thermal noise was
predicted. It wasfirst observed by J. B. Johnson of Bell Telephone Laborato-
riesin 1927, and a theoretical anadysis was provided by H. Nyquist in 1928.
Because of their work thermal noise is called Johnson noise or Nyquist noise.

In every conductor or resistor at a temperature above absolute zero, the
electrons are in random motion, and thisvibration is dependent on tempera-
ture. Since each electron carriesa chargeof 1.602 x 10~° C, there are many
little current surges as electrons randomly move about in the material.
Although the average current in the conductor resulting from these move-
ments is zero, instantaneoudly there is a current fluctuation that givesrise to
a voltage across the terminals of the conductor.

The available noise power in a conductor, N,, isfound to be proportional
to the absolute temperature and to the bandwidth of the measuring system.
I n equation form thisis

where k is Boltzmann’s constant (1.38 X 1072 W-s/K), T is the tempera-
ture of the conductor in kelvins (K), and Af is the noise bandwidth of the
measuring system in hertz (Hz).

At room temperature (17°C or 290 K), for a 1.0-Hz bandwidth, evaluation
of Eg. 1-3 gives N, = 4 x 102! W. This is —204 dB when referenced to
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1 W. In RF communications, 1 mW is often taken as the reference standard
and dB, isused to indicate this standard.

_ _ 4X 107
Noise power in dB, = 10log;, T)

= _174 0B, (1-4)

Thislevel of —174 dB, isoften referred to asthe ' noisefloor' or minimum
noise level that is practically achievable in a system operating at room
temperature. It isnot possible to achieve any lower noise unlessthe tempera-
ture is lowered.

The noise power predicted by Eq. 1-3 is that caused by thermal agitation
o the carriers. Other noise mechanismscan exist in a conductor, but they are
excluded from consideration here. Thus the thermal noise represents a
minimum level of noise in a restrictive element.

In Eqg. 1-3 the noise power is proportional to the noise bandwidth. There
Is equal noise power in each hertz of bandwidth; the power in the band from
1to 2 Hz isequal to that from 1000 to 1001 Hz. Thisresultsin thermal noise
being called “white” noise. ""White" implies that the noise is made up of
many frequency components just as white light is made up of many colors. A
Fourier anaysisgives aflat plot of noiseversus frequency. The comparison to
white light is not exact, for white light consists of equal energy per wave-
length, not per hertz. Therma noise ultimately limits the resolution of any
measurement system. Even if an amplifier could be built perfectly noise-free,
the resistance of the signal source would still contribute noise.

It is consderably easier to measure noise voltage than noise power.
Consider the circuit shown in Fig. 1-2. The available noise power is the power
that can be supplied by a resistive source when it is feeding a noiseless resstive
load equal to the source resstance. Therefore, R¢ =R, and E, =E,/2
represents the true rms noise voltage. The power suppliedto R; is N, and is
given by Egs. 1-5and 1-3:

Solving Eq. 1-5 for E,, the rms thermal noise voltage E, of a resistance

Rg
W\l —OEop

E R; Figure 1-2 Circuit for determination o

= = noise voltage.
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R =R, is*

where R istheresistanceor real part of the conductor's impedance, T isthe
temperature in kelvins, (room temperature = 17°C = 290 K), and k is Boltz-
mann’s constant (1.38 x 10~ W-s/K). Solving for 4kT,

4kT =1.61x 1072  (at 290K) (1-7)

Example 1-1 Using Eq. 1-6, the thermal noise of a 1-k{} resistor produces a
noise voltage o 4 nV rms in a noise bandwidth of 1 Hz. This is a good
number to memorize for a reference level. Using 4 nV as a standard, we can
eadly scale up or down by the square root o the resistance and/or the
bandwidth.

This discussion might lead one to consider using a large-valued resistor
and awide bandwidth (which can produce severa volts) in series with a diode
in an attempt to power aload such as a transistor radio. It should be obvious
that thiswill not work, but can you explain the flaw in the reasoning?

Several important observations can be made from Eqg. 1-6. Noisevoltageis
proportional to the sqguare root of the bandwidth, no matter where the
frequency band is centered. Reactive components do not generate thermal
noise. The resistance used in the equation is not smply the dc resistance of
the device or component, but is more exactly defined as the real part of the
complex impedance. In the case of inductance, it may include eddy current
losses. For a capacitor, it can be caused by dielectriclosses. It is obvious that
cooling a conductor decreasesits thermal noise.

Equation 1-6 isvery important in noise analyss. It providesthe noise limit
that must dways be watched. Today, low-noise amplifying devices are so
quiet that system performance is often limited by thermal noise. We shall see
that the measure of an amplifier's performance, its signal-to-noise ratio
(S/N) and its noise figure (NF) are only measures of the noise the amplifier
adds to the thermal noise of the source resistance.

The effect of broadband thermal noise must be minimized. Equation 1-6
implies that there are several practical waysto do this. The sensor resistance
must be kept as low as possible, and additional series resistance elements
must be avoided. Also, it is desirableto keep the system bandwidth as narrow
as possible, while maintaining enough bandwidth to pass the desired signal.

*A more complete expression for thermal noiseis EZ = 4kTRp(f) df, where p{f) is referred to
as the Planck factor: p(f ) = (hf/kT X" /% — 1)71. h = 6.62 x 10~3* Jsis Planck's constant.
Theterm p(f)isusualyignored since if /kT < 1at room temperature for frequenciesinto the
microwave band. Therefore, p(f) = 1 for most purposes|[2].
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When designing a system, frequency limiting should be incorporated in one
d the later stages. For laboratory applications, frequency limiting is usually
obtained with spectrum analyzers or tuned filters. It is normally undesirable
to do the frequency limiting at the sensor or the input coupling network. This
tends to decrease both the signa and the sensor noise but it does not
attenuate the amplifier noise that is generated following the coupling net-
work.

Even though we have shown that there is a time-varying current and
available power in every conductor, thisis not a new power source! Recalling
the previous teaser question, you cannot put a diode in series with a noisy
resistor and use it to power a transistor radio. If the conductor were
connected to a load (another conductor), the noise power of each would
merely be transferred to the other. If a resistor at room temperature were
connected in parallel with a resistor at absolute zero, 0 K, there would
indeed be a power transfer from the higher temperature resistor to the lower.
The warmer resistor would try to cool down and the other would try to warm
up until they came into thermal equilibrium. At that point there would be no
further power transfer.

Thermal noise has been extensvely studied. Expressions are availablefor
predicting the number of maxima per second present in thermal noise, and
aso the number of zero crossings expected per second present in thermal
noise, and also the number of zero crossings expected per second in the noise
waveform. These quantities are dependent on the width of the passband.
Formulas are given in Prob. 1-17.

1-4 NOISE BANDWIDTH

Noise bandwidth is not the same as the commonly used —3-dB bandwidth.
There is one definition o bandwidth for signals and another for noise. The
bandwidth of an amplifier or a tuned circuit is classcaly defined as the
frequency span between half-power points, the points on the frequency axis
where the signal transmission has been reduced by 3 dB from the central or
midrange reference value. A —3-dB reduction represents a loss o 50% in
the power level and corresponds to a voltage level equal to 0.707 o the
voltage at the center frequency reference.

The noise bandwidth, Af, is the frequency span of a rectangularly shaped
power gain curve equal in areato the area o the actual power gain versus
frequency curve. Noise bandwidth is the area under the power curve, the
integral of power gainversusfrequency, divided by the peak amplitude of the
curve. This can be stated in equation form as



12 FUNDAMENTAL NOISE MECHANISMS

where G(f) is the power gain as afunction o frequency and G, is the peak
power gain. Generally, we only know the frequency behavior of the voltage
gan of the system and since power gain is proportional to the network
voltage gain squared, the equivalent noise bandwidth can also be written as

where A,, is the peak magnitude of the voltage gain and |A4,(f)|* is the
square of the magnitude of the voltage gain over frequency —the square
of the magnitude of a Bode plot. Equation 1-9 is a more useful expression

for Af.
The plot shown in Fig. 1-3a is typica of a broadband amplifier with

maximum gain at dc. The shape of the curve may appear strange because it
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Figure1-3 Definition of noise bandwidth.
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has alinear frequency scaleinstead of the more common logarithmic scale. If
the gain peak does not occur at dc such as with the bandpass amplifier shown
in Fig. 1-3b, the maximum voltage gain must be found and used to normalize
the noise bandwidth calculation. The area of the dashed rectangleis equal to
the area of the integrationin Eqg. 1-9. Thus the noise bandwidth, Af, is not
equal to the haf-power or —3-dB bandwidth, f,. The noise bandwidth will
adways be greater than f,.

As an example of Af determination, consider afist-order low-pass filter
whose signal transmission varies with frequency according to

where f, is the conventional —3-dB cutoff frequency and the low-frequency
and midband voltage gain has been normalized to unity. The magnitude of
the voltage gain is

Then from Eq. 1-9 the noise bandwidth is

Now change variables so that
f=f,tane ad o =f,sec’6dB

The new limits of integration become 0 to /2 such that

Note that the noise bandwidth is 57% larger than the conventional —3-dB
bandwidth for the first-order low-passfilter.
4s a second example consider two identical, first-order, low-pass filters
caded with appropriate buffering to prevent loading as shown in Fig. 1-4.
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Figure1-4 Cascaded low-passfilter.

The voltage transfer function for this circuit is

where f, isthe — 3-dB high-frequency corner of each RC time constant. The
noise bandwidth is now

Again making the same change of variable and change of limit substitution,

However, it must be remembered here that £, isthe conventional —3-dB
cutoff frequency of each stage and not the sysem's —3-dB cutoff frequency

which we will denote as f,. The amplifier system cutoff frequency can be
found from

Solving gives
f, = 0.6436f,

Therefore, the noise bandwidth of the amplifier system s

Note that the noise bandwidth is 22% larger than the conventional —3-dB
bandwidth for the system. As the high-frequency roll-off becomes sharper by
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-
f2 log frequency

Figurel-5 Frequency responsed the cascaded low-passfilter.

using a large number of cascaded stages, Af approaches the —3-dB band-
width. For example, Prob. 1-8 shows that a cascade of three identical low-
pass stages produces a Af 1.155 times the system's — 3-dB bandwidth.

Often an exact evaluation of the integration necessary to find the noise
bandwidth in a convenient closed form is not possible and an approximation
technique becomes necessary. To illustrate one such approximation, consider
again the cascaded low-pass filter example of Fig. 1-4. The magnitude o its
frequency response is as shown in Fig. 1-5.

The equation for the asymptotic frequency response o the magnitude of
A, (f)in decibelsis

0dB for 0<f<?,

for f<f<w 120

The approximate noise bandwidth for the asymptotic response is

It wasfound previoudly in Eq. 1-19 that Af = 1.222f, = 0.785f, for adouble
time constant circuit, where f, is the time constant of each pole. In this
example, the approximate analysis technique introduced an error into the Af
evaluation of 1.333,/0.785 = 1.70 or 70% error, which dramatically shows
that this approximation method cannot be used!

Often the frequency response equations become very complicated and it is
very difficult to determine the noise bandwidth using direct mathematical
integration for large or complex electronic systems. In these cases, other
approximation techniques may be successfully employed using numerical
mtegration routines available in MathCAD, DERIVE, or smilar computer
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programs. Alternatively, the noise bandwidth can be found using circuit
simulators like SPICE and the analysis techniques explained in Chap. 4.
Finally, a graphical approach may also be aviable method. Here |4, (f)[* is
plotted on linear graph paper and the number of squares underneath the
curve counted. The noise bandwidth is found by dividing this total by |4,,|*.

Care must be exercised in measurements pertaining to noise. We must not
alow the measuring equipment to change the bandwidth of the system. Also,
we must bear in mind that to arrive at useful results, the network response
must continue to fall off aswe reach higher and higher frequencies.

The term spectral density is used to describe the noise content in a1 Hz
unit of bandwidth. It can be related to narrowband noise as will be presented
later. Spectral density has units of volts® per hertz and is symbolized as S(f)
to show that in general it varies with frequency. For a thermal noise source
the spectral density S(f) is

It is characteristic of white-noise sources that the plot of S(f) versus
frequency is a ssimple horizontal line.

When measuring noise we work with the rms value of a noise quantity.
Thus we obtain the spectral density by dividing the mean square value of a
noise voltage by the noise bandwidth. If we take the square root of this
mathematical operation, it can be interpreted as smply the rms noise voltage
in 1 Hz of bandwidth. Note that the square root of the spectral density
(symbolized as E/ yAf) is a quantity that can be measured; the units are
volts per hertz'/2. Often this density function is symbolized by E/ v~ , or in
the case of a current, I/ vV~ , using the cyde symbol (~) to indicate
frequency. This is not correct since frequency is in cycles per second not
cycles, so volts per hertz!/? should be used. Since a bandwidth of 1 Hz is
amost dways used, the units for these functions are referred to as ' volts per
root hertz" and "amps per root hertz."

Spectral density is a narrowband noise and generally varies with fre-
guency. In order to obtain the total wideband noise, the spectral density
function must be integrated over the frequency band o interest. Consider the
system shown in Fig. 1-6 where a resistor is used as a noise source which is
amplified by an ideal bandpass amplifier. The total output noise measured by
a true rms voltmeter is given by



THERMAL NOISE EQUIVALENT CIRCUITS 17

Figure1-6 Circuit for showing narrowband and wideband nOISES,

Here E?, represents the wideband mean square output noise voltage. The
narrowband output noise voltage spectrum or spectral density is given by

1-5 THERMAL NOISE EQUIVALENT CIRCUITS

In order to perform a noise analysis of an electronic system, every element
that generates thermal noise is represented by an equivalent circuit com-
posed of a noise voltage generator in series with a noiseless resistance.
Suppose, then, that we have a noisy resistance R connected between termi-
nals a and b. For andysis, we substitute the equivalent shownin Fig. 1-7a, a
noiseless resistance of the same ohmic value, and a series noise generator
with rms value E, equal to (4kTR Af )*/2. This generator is supplying the
circuit with multifrequency noise; it is specified by the rms value o its total
output. The * symbols representing the voltage and current generators are
used for noise sources exclusvely.

According to Norton's theorem, the series arrangement shown in Fig. 1-7a
can be replaced by an equivalent constant-current generator in parallel with
a resistance. The noise current generator 1, will have a rms value equal to
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a a

Figurel-7 Equivdent drcuitsfor thermd noise: (a) Thevenin equivaent circuit and
(5) Norton equivadent crcuit.

E,/R, or in thisinstance

where G = 1/R is the conductance in siemens.

If a voltmeter with infinite input impedance and zero self-noise were
connected between a and b, the thermal noise voltage could be measured.
However, because most voltmetersalso contribute noise, a direct reading will
usudly be too large.

The system of symbols that we employ in noise analysis uses the letters E
and | to represent noise quantities. The letter V is reserved for signa
voltage. Because noise generators do not have an instantaneous phase
characteristic asis attributed to sinewavesin the phasor method of represen-
tation, no specific polarity indication is included in the noise source symbols
in Fig. 1-7. Polarity o noise sources (correlation) is discussed in Chap. 2.

1-6 ADDITION OF NOISE VOLTAGES

When two sinusoidal signal voltage sourcesaof equal amplitude and the same
frequency and phase are connected in series, the resultant voltage has twice
the common amplitude, and combined they can deliver four times the power
of one source. If, on the other hand, they differ in phase by 180° the net
voltage and power from the pair is zero. For other phase conditions they may
be combined using the familiar rules of phasor algebra.

If two sinusoidal signal voltage sourcesadf different non-harmonicfrequen-
cies with rms amplitudes V; and V, are connected in series, the resultant
voltage has an rms amplitude equal to (V2 + 1V2)'/2. The mean square value
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Figure 1-8 Addition of uncorrelated noise voltages.

of the resultant wave V2 is the sum of the mean square values of the
components (V2 = V2 T v2).

Equivalent noise generators represent a very large number of component
frequencies with a random distribution of amplitudes and phases. When
independent noise generators are series connected, the separate sources
neither help nor hinder one another. The output power is the sum of the
separate output powers, and, consequently, it is valid to combine such
sources so that the resultant mean sguare voltage is the sum of the mean
square voltages o the individual generators. This statement can be extended
to noise current sourcesin parallel.

The generators E; and E, shown in Fig. 1-8 represent uncorrel ated noise
sources. We form the sum of these voltages by adding their mean square
values. Thus the mean square of the sum, E?, is given by

Taking the square root of the quantity such as E* represents the rms. It is
not valid to linearly sum the rms voltages of series noise sources, they must
be rms summed.

To a good engineering approximation, one can often neglect the smaller of
the two noise signals when their rms values are in a 10:1 ratio. I n this case,
the smaller signal adds less than 1% to the overall voltage. A 3:1 ratio has
only a 10% effect on the total. If two resistors are connected in parallél, the
total thermal noisevoltageisthat of the equivalent resistance. Smilarly, with
two resistorsin series, the total noisevoltage is determined by the arithmetic
sum o the resistances.

As an example, consider two smple circuits composed of resistive ele-
ments as shown in Fig. 1-9a and b. In both circuits we want to determine the
output noisevoltage, E,,, due to the thermal noise of the source resistor or
resistors. For amplicity, we neglect the thermal noise of the load resistor. If
we apply conventional linear circuit techniques, the 4-nV /Hz!/? thermal
noise produced by R in Fig. 1-9a will be attenuated by a factor of 2 and
produce an output noise voltage of
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R;, (noiseless) ) ~ Ry, (noiseless)

500

Figure1-9 Circuits with noise voltages: (a) simple circuit, (5} equivalent circuit, and
(¢) correct resultant circuit.

If we apply the same linear analysis approach to the equivalent circuit of Fig.
1-9b which has two source resistors in series totaling 1. k{2, we get an entirely
different result

The difficulty with the second approach is that noise voltages do not
combine in a linear manner and hence the principle of superposition does
not apply here. The correct anadyss approach for the circuit of Fig. 1-9b is
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This exampleillustrates a common problem when combining noise sources.
To avoid this problem, first combine any series or parallel elements into a
single equivalent element. Then calculate the noise contribution due to the
equivaent element. For example, the two resistorsand their noise sourcesin
Fig. 1-9b combine to the correct equivalent network as shown in Fig. 1-9¢.
Just remember, if you try adding noise sources such as

you will get an extra cross-product term which defines the correlation
coefficient which is presented in the next section.

1-7 CORRELATION

When noise voltages are produced independently and there is no relationship
between the instantaneous values of the voltages, they are uncorrelated. Uncor-
related voltages are treated according to the discussion of the preceding
section.

Two waveforms that are of identical shape are said to be 100% correlated
even if their amplitudes differ. An example of correlated signals would be
two sine waves of the same frequency and phase. The instantaneous or rms
vaues of fully correlated waveforms can be added arithmetically.

A problem arises when we have noise voltages that are partially corre-
lated. This can happen when each contains some noise that arises from a
common phenomenon, as well as some independently generated noise. In
order to sum partialy correlated waves, the general expression is

'he term C is cdled the correlation coefficient and can have any value
etween —1 and +1, including 0. When C = O, the voltages are uncorre-
ited, and the equation is the same as given in Fig. 1-8. When C =1, the
ignals are totally correlated. Then rms values E, and E, can be added
nearly. A —1 valuefor C implies subtraction of correlated signals, for the
raveforms are then 180" out of phase.

V ey often one can assume the correlation to be zero with little error. The

aaximum error will occur when the two voltages are equal and fully corre-
ated. SUMMINg gives 2 timestheir separate rmsvalues, whereas the uncorre-
ated summing is 1.4 times their separate rms values. Thus the maximum
error caused by the assumption of statistical independence is 30%. If the
sgndsare partialy correlated or one is much larger than the other, the error
Issmaller. When one signal is 10 times the other, the error is 8.6% maximum
which is pretty good accuracy for noise measurements.
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Figure1-10 Circuitsfor anayssexamples.

1-8 NOISE CIRCUIT ANALYSIS

An introduction to the circuit analyss o noisy networks was given in the
preceding two sections. Here we expand on these discussions in order to
clarify the theory and extend it to further applications.

Refer to Fig. 1-10a. A sinusoidal voltage source is feeding two noiseless
resistances. Kirchhoff’s voltage law dlows us to write

Now suppose that we wanted to equate the mean square values of the three
termsin Eq. 1-32. Let us square each term.

This operation is not valid! Why? Because there is 100% correlation between
IR; and IR,, for they contain the same current |. Therefore, a correlation
term must be present, and the correct expressionis

Since C must equal unity here because only one current exists, the equation
becomes

Therulefor seriescircuit analysisissmply that when resistancesor impedances
are series-connected, they should be summed first, and then, when dealing with
mean square quantities, the sum should be sgquared.

If V had been a noise source E, the same rule applies, for there is only
one current in the circuit.

Now consider the circuit shown in Fig. 1-105. Two uncorrelated noise
voltage sources (or sinusoidal sources o different frequencies) are in series
with two noiseless resistances. The current in this circuit must be expressed
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IN mean sguare terms.

No correlation term is present.

A convenient method for noise circuit analysis, when more than one
source is present, employs superposition. The superposition principle states:
In a linear network the response for two or more sources acting simultaneoudy
Is the sum of the responses for each source acting alone with the other voltage
sources short-circuited and the other current sources open-circuited. L et us use
superposition on the circuit of Fg. 1-10b. The loop currents caused by E,
and E,, each acting independently, are

And, for uncorrdated quantities,

Therefore,

This agrees with Eg. 1-36.
In Fig. 1-10c sources E; and E, are correlated. Polarity symbols have
been added to show that the generators are aiding. Then

where 0 < C < +1 for aiding generators. If the polarity symbol on either
generator were at its opposite terminal, C would take on values between 0
and —1. Note that when full correlation exigts, it is valid to equate rms
quantities (E = IR, T IR,).

Suppose that we have a circuit such as shown in Fig. 1-11 in which there
are several uncorrelated noise currents. We wish to determine the total
current I; through R;. For this example superposition is used; the contribu-
tion of E, to I, istermed I;;, and the contribution of E, to I, is I,,. It
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In Ry I

Figure1-11 Two-loop circuit.

follows that

R, R

2 3

Next observe that
112 = 12R3/(R1 + Rs)

Therefore, we can write

and

Hence

When finding the total current resulting from several uncorreated noise sources,
the contributions from each source must be added in such a way so that the
magnitude of the total current is increased by each contribution. Therefore,
neither the E, nor the E, termsin Eq. 1-44 could accept negative Sgns. An
argument based on the heating effect o the currents, or one based on
combining currents o different frequencies, can be used to justify this

statement.

When performing a noise analyssaf multisource networks, it is convenient
to ascribe polarity symbols to uncorrelatcd sources in order that the proper

addition (and no subtraction) of effects takes place.
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1-9 EXCESS NOISE

We previoudy discussed the fundamental thermal noisein a resistor. Now it
iIstimeto point out that there can also be an additional excessnoise sourcein
a resistor or semiconductor, but only when a direct current is flowing [3].
Excess noise is S0 named becauseit is present in addition to the fundamental
thermal noise of the resistance. Excess noise usually occurswhenever current
flows in a discontinuous medium such as an imperfect semiconductor lattice.
For example, in the base region of a BJT there are discontinuities or
impuritiesthat act as traps to the current flow and cause fluctuationsin the
base current.

As described in Chap. 12, many resistors also exhibit excess noise when a
dc current is flowing. This noise contribution is greatest in composition
carbon resistors and is usualy not important in metal film resistors. A carbon
resistor ismade up of carbon granules squeezed together, and current tends
to flow unevenly through the resistor. There are something like microarcs
between the carbon granules. Excess noise in a resistor can be measured in
termsdf a noise index expressed in decibels. The noise index is the number d
microvoltsof noisein the resstor per volt d dc drop across the resstor in each
decade of frequency. Thus, even though the noise is caused by current flow, it
can be expressed in terms of the direct voltage drop rather than resistance or
current. The noise index of some brands of resistors may be as high as 10 dB
which correspondsto 3 uV /dc V /decade. This can be a significant contribu-
tion.

This excess noise exhibits a 1/f noise power spectrum. A I/f spectrum
means that the noise power varies inversdy with frequency. Thus the noise
voltage increases as the square root of the decreasing frequency. By decreas-
ing the frequency by afactor of 10, the noise voltage increases by a factor of
approximately 3.

Sinceexcessnoise hasa I /f power spectrum, most of the noise appears at
low frequencies. Thisiswhy excess noiseis often called low-frequency noise.

1-10 LOW-FREQUENCY NO SE

Low-frequency or I/f noise has several unique properties. If it were not such
a problem it would be very interesting. The spectral density of this noise
increases without limit as frequency decreases. Firle and Winston [4] have
measured 1/f noise as low as 6 x 107> Hz. This frequency is but a few
cycles per day. When first observed in vacuum tubes, this noise was called
"flicker effect,” probably because of the flickering observed in the plate
current. Many different names are used some of them uncomplimentary. In
the literature, names like excess noise, pink noise, semiconductor noise,
low-frequency noise, current noise, and contact noise will be seen. These all
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refer to the same thing. The term "red noise" is applied to a noise power
spectrum that variesas | / f 2.

The noise power typicaly follows a 1/f* characteristic with « usualy
unity, but has been observed to take on values from 0.8 to 1.3 in various
devices. The mgjor cause of | /f noise in semiconductor devicesis traceable
to properties o the surface of the material. The generation and recombina-
tion of carriers in surface energy states and the density of surface states are
important factors. Improved surface treatment in manufacturing has de-
creased | / f noise, but even the interface between silicon surfaces and grown
oxide passivation are centers of noise generation.

As pointed out by Halford [5] and Keshner [6], | / f noiseis quite common.
Not only isit observed in vacuum tubes, transistors, diodes, and resistors, but
it is also present in thermistors, carbon microphones, thin films, and light
sources. Thefluctuations of a membrane potential in a biological system have
been reported to have flicker noise. No electronic amplifier has been found
to be free o flicker noise at the lowest frequencies. Halford points out that
a=1 is the most common value, but there are other mechanisms with
different values of a. For example, fluctuations of the frequency of rotation
of the earth have an a o 2 and the power spectral density of galactic
radiation noise has a = 2.7.

Sincel /f noise power isinversely proportional to frequency, it is possible
to determine the noise content in a frequency band by integration over the
range of frequencies in which our interest lies. The result is

where N, is the noise power in watts, K, is a dimensional constant alsoin
watts, and f, and f, are the upper and lower frequency limits of the band
being considered. Now consider the noise power present in any decade of
frequency such that f, = 10f;. Equation 1-45 then smplifiesto

This showsthat | /f noise results in equal noise power in each decade of
frequency. In other words, the noise power in the band from 10 to 100 Hi is
egual to that of the band from 0.01 to 0.1 Hi. Sincethe noisein each of these
intervalsis uncorrelated, the mean square values must be added. Total noise
power increases as the square root of the number of frequency decades.

Since noise power is proportional to the mean sguare value of the
corresponding noise voltage, then the spectral density of the noise voltagefor
|/f noiseis



Suppose we know that there is1 uwV of 1/f noise in a decade of frequency.
This would cause us to write

Consequently, for this example the spectral density of the I/f noise reduces
to

Because I/f noise power continues to increase as the frequency is
decreased, we might ask the question, ""Why is the noise not infinite at dc?"
Although the noise voltage in a 1-Hz band may theoretically be infinite at dc
or zero frequency, there are practical considerationsthat keep the total noise
manageablefor most applications. The noise power per decade of bandwidth
Is constant, but a decade such as that from 0.1 to 1 Hz is narrower than the
decade from 1 to 10 Hz. But, when considering the 1/f noise in a dc
amplifier, thereis alower limit to the frequency response set by the length of
time the amplifier has been turned on. This low-frequency cutoff attenuates
frequency componentswith periods longer than the "on'" time of the equip-
ment.

Example 1-2 A numerical example may be of assistance. Consider a dc
amplifier with upper cutoff frequency of 1000 Hz. It has been on for 1 day.
Since 1 cycle /day corresponds to about 10> Hz, its bandwidth can be stated
as 8 decades. If it is on for 100 days, we add 2 more decades or
y vy o = V1.25 = 118 times its 1-day noise. The noise per hertz approaches
infinity, but the total noise does not.

A fact to remember concerning a I/f noise-limited dc amplifier is that
measurement accuracy cannot be improved by increasing the length o the
measuring time. In contrast, when measuring white noise, the accuracy
Increases as the sguare root of the measuring time.

1-11 SHOT NOISE

In transistors, diodes, and vacuum tubes, there is a noise current mechanism
called shot noise. Current flowing in these devices is not smooth and
continuous, but rather it is the sum o pulses of current caused by the flow o
carriers, each carrying one electronic charge. Consider the case o a smple
forward-biased silicon diode with electrons and holes crossing the potential
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barrier. Each electron and hole carries a charge q, and when they arrive at
the anode and cathode, respectively, an impulse of current results. This
pulsing flow is a granule effect, and the variations are referred to as shot
noise. The rmsvaue o the shot noise current is given by

where q is the electronic charge (1.602 X 10~ ' Coulombs), I, isthe direct
current in amperes, and Af is the noise bandwidth in hertz. We note that the
shot noise current is proportional to the square root of the noise bandwidth.
This meansthat it iswhite noise containing constant noise power per hertz of
bandwidth.

One example o shot noiseis a heavy rain on atin roof. The drops arrive
with about equal energy, the inches per hour rate corresponds to the current
I, andthe area of the roof relates to the noise bandwidth Af.

Shot noiseis associated with current flow across a potential barrier. Such a
barrier exists in every pn junction in semiconductor devices and in the
charge-free space in a vacuum tube. No barrier is present in a smple
conductor; therefore, no shot noise is present. The most important barrier is
the emitter—base junction in a bipolar transistor and the gate—source junc-
tion in a junction field effect transistor (JFET). The V-1 behavior o the
base-emitter junction is described by the familiar diode equation

where I is the emitter current in amperes, I is the reverse saturation
current in amperes, and ¥ is the voltage between the base and emitter.
Suppose that we consider separately the two currentsthat make up I in Eq.
1-51:

where |, = —I; and I, = I exp(Vy /kT).

Current I, iscaused by thermally generated minority carriers, and current
I, represents the diffusion of mgority carriers across the junction. Each of
these currents has full shot noise, and even though the direct currents they
represent flow oppositely, their mean square noise values are added.

Under reverse biasing, I, = 0 and the shot noise current of |, dominates.
On the other hand, when the diode is strongly forward-biased, the shot noise
current o I, dominates. For zero bias, there is no external direct current,
and |, and I, are equal and opposite. The mean square value of shot noiseis
twice the reverse-bias noise current:
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Figure1-12 Shot noise equivaent circuit for forward-biased pn junction.

The equivalent circuit representation for a shot noise source is a current
generator as previoudy noted in Eqg. 1-50. For the case of the forward-biased
pn junction, a noiseless resistance parallels this current generator. By differ-
entiating Eq. 1-51 with respect to V;,, we obtain a conductance. The

reciprocal of that conductance is referred to as the Shockley emitter resis-
tance r, and is given by

10-° 10-8 10-7 10-6 10-5 104 10-3
dc Current in Amps.
100 1k 10k 100& 1M 10M 100M

Resistance in Ohms

Figure1-13 Plot o noisecurrent of shot noise and thermal noise.
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At room temperature r, = 0.025 /1. The element r, isnot a thermally noisy
component, for it is the dynamic effect of the junction, and not a bulk or
material characteristic.

An equivalent circuit representing shot noise at a forward-biased pn
junctionisshown in Fig. 1-12. Mathematically, the mean square value of shot
noise is equal to the thermal noise for an unbiased junction, and equal to
one-half of the resstive thermal noise voltage at a forward-biased junction.
The noisevoltage E,;, of aforward-biased junction is the product of the shot
noise current |,, and the diode resistance r,:

which shows that the shot noise voltage E,, will decrease by the square root
of the diode current. Further discussion is availablein theliterature [7, 8].

The shot noise current |,, of a diode and the thermal noise current |, of a
resistor are compared in the plot of Fig. 1-13.

1-12 CAPACITANCE SHUNTING OF THERMAL NOISE: kT /C NOISE

The thermal noise expression E, = (4kTR Af )'/? predicts that an open
circuit (infinite resistance) generates an infinite noise voltage. This is not
observed in a practical situation since there is dways some shunt capacitance
that limits the voltage. Consider the actual noisy resistance—shunt capaci-
tance combination as shown in Fig. 1-14.

The thermal noise voltage E, increases as the square root of the resis-
tance. Low-frequency noise from E, directly affects the output noise voltage
E, . Higher-frequency componentsfrom E, are more effectively shunted by
the capacitor C. Increasing R increases the noise voltage, but decreases the
cutoff frequency and consequently the noise bandwidth. A plot of the
resulting noise voltage versusfrequency is shown in Fig. 1-15for one value of
capacitance and resistance values of R, 4R, and 9R. The noise voltage
Increases as the square root of the resistance and the bandwidth decreases
proportional to the resistance but the integrated mean square noise under
each curveisequal. Thetotal output noise voltage which would be measured

True rms
voltmeter
) ) ) % E
Figure1-14 Thermal noised aresistor shunted ¢

by a capacitance.
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0 1 2 3 4 5
Frequency

Figurel-15 Noise spectral density for aresistance shunted by a capacitance.

by a true rms voltmeter having an infinite bandwidth is found from

Now, making a change of variable so we can perform the integration, we let
f=f,tang, f,=1/27RC, d = f, sec?8 d6, and change the upper limit of
integration to /2. The output noise voltage now becomes

Next, substituting for the thermal noise voltage E,, we have

EX =kT/C  inmeansquared volts (1-58)

Note that the output rms noise voltage is independent of the source
resistance and only depends on the temperature and capacitance. The
majority of the energy is contained in the very low frequency region because
the shunt capacitance attenuates high frequencies. This noise limit is often
referred to smply as k7/C noise. It becomes important in applications
where sample and hold circuits are utilized such as with analog-to-digital
converters and switched capacitor circuits.



Example1-3 Asanumerical exampleif C = 1 pF o stray shunting capaci-
tance, E*, =4x 10™° V% or E, =~ 64 uV. This is a significant noise
voltage level. To minimize noise, reduce the system bandwidth to that which
Is absolutely necessary for properly processing the desired signals.

SUMMARY

a

b.

- Q

Noise is any unwanted disturbance that obscures or interferes with a
signal.
Thermal noiseis present in every electrical conductor, with rms value:

When evaluated thisyields 4 nV for 1000 {2 and Af = 1 Hz

The noise bandwidth Af is the area under the |4,(f)|*> curve divided by
A?_, the reference or maximum value of gain squared.

For circuit analysis a noisy resistance can be replaced by a noise voltage
generator in serieswith a noiselessresistance, or a noise current generator
in parallel with a noiseless resistance.

Noise quantities can be added according to

where C is the correlation coefficient, —1 1 C 1 +1. Usudly C = 0.

Excess noise is generated in most components when direct current is
present.

| /f noiseis especialy troublesome at low audio frequencies.

. Shot noise is present when direct current flows across a potential barrier:

. Thetotal thermal noise energy in aresistanceis finite and islimited by the

effective capacitance acrossits terminals and the absolute temperature. In
the limiting case E2, = kT /C.

PROBLEMS

1-1. Determine the rms thermal noise voltage of resistances of 1 k(,

50k, and 1 M for each o the following noise bandwidths: 50 kHz,
1 MHz, and 20 MHz. Consider T = 290 K.



1-2.

1-4,
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1-6.

1-7.

1-8.

1-9.
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Calculate the rms thermal noise voltage of a 100-mH inductance in a
1-Hz noise bandwidth. Consider that the inductor has an impedance of
8 k) and that the frequency band is centered around 10 kHz.

Determine the noise bandwidth of a circuit with |4,|*> frequency
response described as follows:

The frequency response of the magnitude of the voltage gain for a
certain amplifier is

3sin( 27 f /400 for 0 <f<200Hz
A4.(F]) = {O (2mf7400) elsewheref

Determine the noise bandwidth for this amplifier.

Calculate E, for a noisy resistance of 500 k{2. Transform thisinto the
noise current generator form and determine I,. Let T =290 K and
Af = 10° HZ

The resistor in the previous problem is connected in parallel with
another noisy resistor of 250 k£). Determine the mean square and rms
values o the noise voltage present at the terminals of the pair.

Find the resistance o a pn junction that exhibits 200 nV rms o shot
noise. Assume Af =1 MHz and 1,, = 10 mA. Compare your answer
with the value of r, predicted by Eq. 1-54. What conclusions can you
reach?

Find the noise bandwidth for a cascade of three identical low-passfilter
stages which are buffered by ideal amplifiers. Each single stage has a
—3-dB cutoff frequency of f,.

Determine the noise bandwidth Af for the filter whose frequency
characteristics are shown in Fig. P1-9.
(a) First find Af for the asymptotic response.

(b) Then find Af for the exact response. Compare the two values
of Af.
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Frequency in Hz

Figure P1-9

1-10. A certain noise sourceis knownto havel /f spectral density. The noise
voltage in one decade o bandwidth is measured to be 1 ©V rms. How
many decades would be involved to produce a total noise voltage o
3 uV?

1-11. Determine the noise bandwidth Af for the circuit shown in Fig. P1-11.
The 20 k) represents the input resistance of the amplifier which has a
voltage gain of 100.

Veltage gain = 100
10 k ,\

Figure P1-11

1-12. Determine the noise bandwidth Af for the circuit shownin Fig. P1-12.



1-13.

-14.

1-15.
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Voltage Gain = 100

RC=1S5s

FigureP1-12

The transfer function for a second-order bandpass active filter is given
by

GBs
2T Bs T w?

T(s) =

where G is the gain at the radian center frequency, «,, and B is the
—3-dB radian bandwidth. Prove that the noise bandwidth is given by
Af = B/4 = (BW)w /2, where BW is the —3-dB bandwidth in hertz.

The transfer function of an active bandpass amplifier is known to be

where R, =159 kQ, R, =318k, C; = 0.1 pF, and C, = 0.01 uF.
Find the equivalent noise bandwidth, Af, in units o hertz for this
amplifier.

It is desired to replace the diode in Fig. P1-15a with theresistor R, as

in Fig. P1-155h.

(a) Determine the value of R, which will produce the same amount
of noise voltage as the diode produces. Assume Af = 1 Hz

(») Now suppose V,, isal-mV peak amplitude sinusoidal signal at a
frequency of 1000 Hz and it is applied to both circuits. Determine

the output signd voltages, V,, and V,,, for both circuits which a
true rms voltmeter would measure.

(¢) Which circuit gives the better signal-to-noise ratio at the output?

Explain your answer. Consider only the effectsof substituting the
resistor R, for the diode.



36

FUNDAMENTAL NOISE MECHANISMS

Figure P1-15

OSample_

Sample
True rms

Samole Sample

Hold Hold

Time

Figure P1-16
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1-16. The sample-hold circuit shown in Fig. P1-16 is clocked by a square

wave. Determine the output noise voltage, £,,, which would be
recorded by a true rms voltmeter having infinite bandwidth if (a) T =
1 us, () T=1ms, and (¢) T=1 s. For al practical purposes, the
1-GQ resistor can be considered to be an open circuit.

1-17. a  The statistically expected number of maxima per second in white

noise with upper and lower frequency limits £, and £, is[9]:

Find the maximafor f; = 0 and f, = 10° M.

(b) The expected total number of zero crossings per second is given
by

If f; =0and f, =10 Mz, evaluate the number of zero cross-
ings. Show that for narrowband noise the assumption that f; = f,
yields
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CHAPTER 2

AMPLIFIER NOISE MODEL

Since every electrical component is a potential source of noise, a network
such as an amplifier that contains many components could be difficult to
analyze from a noise standpoint. Therefore, a noise model is helpful to
simplify noise analysis. The E_-1,, amplifier model discussed in this chapter
contains only two noise parameters. The parameters are not difficult to
measure.

The concept of noise figureis introduced, and it is shown that optimiza-
tion of the noisefigureis possible. From a study of the noise contributions of
the stages of a cascaded network, it can be concluded that the mgor noise
source is the first signal processing stage. If a high level o power amplifica
tion is available from that stage, noise contributions from other portions of
the electronics will be negligible.

2-1 THE NOISE VOLTAGE AND CURRENT MODEL

There are universal noise modelsfor any two-port network [1]. The network
Is considered as a noise-free black box, and the internal sources of noise can
be represented by two pair of noise generators (four generators) located at
the input or the output or both, usualy the input. It turns out that an
amplifier can be represented as avoltage generator, a current generator, and
a complex correlation coefficient to provide the four generators. Usually this
can be simplified to two generators because the correlation coefficient is one.
This noise model, shown in Fig. 2-1, is used to represent any type of



EQUIVALENTINPUTNOISE 39

R,
E - isa-
t Aevipiifiar Noise-free
> noise amplifier with
Vin voltage gain A

Figure 2-1 Amplifier noise and signal source.

amplifier. It can aso apply to passive circuits, single transistors, tunnel
diodes, integrated circuit (IC) amplifiers, and so on. The figure also includes
the signal source V,, and a noisy source resistance R,

Amplifier noise is represented completely by a zero impedance voltage
generator E, in series with the input port, an infinite impedance current
generator I, in parallel with the input, and by a complex correlation coeffi-
cient C (not shown). Each o these terms typicaly are frequency dependent.
The thermal noise of the signal source is represented by the noise gener-
ator E,.

In a practical design, we are usualy concerned with the signal-to-noise
ratio at the output of the system. That is where we are using the signal for
processing, display, level detecting, or driving a load. Becausewe are consid-
ering signal and noisein an electronic system that has stages of amplification,
frequency response shaping, and so forth, it is usualy quite difficult to
evaluate the resultsof even minor circuit modifications on the signal-to-noise
ratio. By referring al noise to the input port and considering the amplifier to
be noisefree, it is easier to appreciate the effectsof such changeson both the
signa and the noise.

Both E, and I, parametersare required to represent adequately an amplifier.

2-2 EQUIVALENT INPUT NOISE

Although we have reduced the number of noise sources to three in the
system shown in Fig. 2-1 by usng the E,-I, model for the electronic
circuitry, additional simplifications are welcomed. Equivalent input noise, E,;,
will be usad to represent all three noise sources. This parameter refersal noise
sources to the signal source location. Since both the sgnal and the noise
equivalent are then present at that point in the system, the S/N can be easily
evaluated. We proceed to determine the signal voltage gain and the equiva-

‘ent input noise voltage, E,,;.
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The levels of signa voltage and noise voltage that reach Z;;, in the circuit
are multiplied by the noiseless voltage gain A,. We will determine those
levels. For the signa path, the transfer function from input signal source to
output port is caled system gain K,. By definition,

Notethat K, is different from the voltage gain A,. It is dependent on both the
amplifier's input impedance and the signal generator's source resistance and
it varies with frequency. The rms output voltage signal can be expressed by

Substituting Eq. 2-1 into Eq. 2-2 gives an expression for the system gain X,
in terms of network parameters:

For the signd voltage, linear voltage and current divison principles can be
applied. However, for evaluating noise, we must sum each contribution in
mean square values. The total noise at the output port is

The noise at the input to the amplifier is

Note that the || symbol refersto the paralel combination of Z,, and R .
Therefore,

The total output noise given in Eq. 2-6 divided by the square of the
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magnitude of the sysem gain given in Eq. 2-3 yields an expression for
equivalent input noise, EZ

This equation is very important for the anaysis d many noise problems; it
can be applied to systemsusing any type of active device. Note the smplicity
d itsterms. The mean square equivalent input noise is the sum of the mean
square values of the three noise voltage generators. This single noise source
located at 7, can be substituted for all sources of system noise. In other
words, the single noise source EZ, inserted in serieswith the signal source ¥,
will produce the same total output noise, E2,, as calculated by Eq. 2-6.

Note that E2 is independent d the amplifier'sgain and itsinput impedance.
It is this independence of gain and impedance that makes EZ the most
useful index upon which to compare the noise characteristics of various
amplifiers and devices. Since amplifier input resistance and capacitance are
not factors in the equivalent input noise expresson, we can omit them
whenever we need to determine EZ2. However, they must be considered for
determining X, and E,, .

As previoudy mentioned, the amplifier's noise voltage and current genera-
tors may not be completely independent. To be absolutely correct, we must
introduce the correlation coefficient C as discussed in Sec. 1-7. A modified
form of Eq. 2-7 results:

The correlation term can be approached, if desired, from the standpoint that
it isanother noise generator in the system o Fig. 2-1. I't could be represented
as a voltage generator with rms value (2CE, I,R,)'/* in serieswith E, or a
current generator 2CE, I /R .)'/? in parallel with I,.

2-3 MEASUREMENT OF E,, AND [/,

Another reason for the wide acceptance of the E —-I, model is the ease of
measurement of its parameters. The thermal noise of the source resistance,
E,, can be easly calculated from Eq. 1-6:

It can be observed that if R, ispurposely made to equal zero, two termsin
Eq. 2-7 drop out, and the resulting equivalent input noise is Smply the noise
generator E,. A measurement of total output noise, the R, = 0 condition
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therefore equals A, E,. Divison of total output noise by A, gives a value
for E,,.

We now have determined two of the three components of the equivalent
Input noise expression. The third component, 7 R, ismost easly determined
by making the source resistance very large. The source thermal noise contri-
bution is proportional to the square root of source resistance, whereas the
I R term is proportional to the first power of resistance and dominates at a
sufficiently large value of source resistance. To determine 1, then, we
measure the total output noise with a large source resistance and divide by
the system gain as measured with this source resistance in series with the
input. This gives E,;, which is mostly the I, R, term. Dividing by R, yields
the I, component. If there is till a contribution from the thermal noise of
the source, it can be subtracted from E, ..

Thevalues o E, and I, vary with frequency, operating point, and the
type o amplifier input device. Values have been measured and are compiled
in the appendixes.

Equivalent input noise, E,;, applies to a specific frequency band. If it is
necessary to operate over awide bandwidth, the noise at discrete frequencies
can be calculated or measured and a mean square summing made. In effect,
this processis integrating the equivalent input noise versus frequency expres-
sion over the bandwidth of interest. Direct numerical integration using
PSpice or other ssmulation and computer programs is another way to deter-
mine the total equivalent input noise voltage over awide bandwidth. Thiswill
be discussed further in Chap. 4.

2-4 INPUT NOISE EXAMPLES

Plots of equivalent input noise voltage versus source resistance are given in
Fig. 2-2. Also shown in these plots are valuesof the components E, and I, R;
for two amplifiers and the behavior of source resistance thermal noise E,.

I n each graph, the equivalent input noise £,,; is bounded by three separate
lines. Each line corresponds to a term in Eq. 2-7. At low values of source
resistance, £, aone is important. As the source resistance increases, the
thermal noise of the source becomes significant. At sufficiently high values of
R, thetotal equivalent input noiseisequal to the I, R, term.

In Fig. 2-2a the E,-I, noise dominates the thermal noise throughout the
total range of values of R,. In Fig. 2-2b the noise current, |,, isan order of
magnitude smaller. The total noise is limited therefore by thermal noise
through a part of the range. Lowering the values o E, and I, widens the
thermal noise limited region. System noise limited by sensor thermal noiseis
an ideal case.

Curves of the type shown in Fig. 2-2 apply to all kinds of active devices.
The levels, however, differ. With a bipolar or CMOS operational amplifier,
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Source resistance K, and impedance [Z] in Q.

(a)

}' AD743 BIFET op amp

1z

1| 'LI.LLLLIL.J_I.I.I.I.I.LIJ”'.’.

Source resistance R, and impedance |IZ] in &,

(b)
Figure 2-2 Plotsof E,; versusR,.

43
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we expect E, to be typicaly as shown at frequencies substantially above the
| /f noise corner. For FET devices or amplifiers with FET first stages, the
noise current |, can be typicdly only 1/100 of the vaues given in the figure.

2-5 NOISE FIGURE (NF) AND SIGNAL-TO-NOISE RATIO (SNR)

The noise factor F is afigure-of-meritfor a device or acircuit with respect to
noise. According to |EEE standards, the noise factor of a two-port device is
the ratio of the available output noise power per unit bandwidth to the portion
of that noise causad by the actual source connected to the input terminalsof the
device, measured at the standard temperature of 290 K [2]. This definition of
the noisefactor in equation form is

Total available output noise power

= 2-9
Portion df output noise power caused by E, of source resistance (29)
An equivalent definition of the noise factor is
Input signal-to-noiseratio S./N,
put sg _ S/N; (2-10)

~ Output signd-to-noiseratio S, /N,

The noisefactor, sinceit is a power ratio, can be expressed in decibels. When
expressed in decibels, this ratio is referred to as the noise figure. The
logarithmic expression for the noise figure NF is

The noisefigureis a measure o the signal-to-noise degradation attributed
to the amplifier. For a perfect amplifier, one that adds no noise to the
thermal noise of the source, the ideal noise factor is F= 1 and the noise
figure NF = 0 dB.

The noisefigure NF can be defined in termsd E, and 1,. Thus

B E?t+ E2 T I2R?
NF = 10log — = 1010 e
8 52 g £

(2-12)

This equation shows that the noise figure can aso be expressed as the ratio
o the total mean square equivaent input noise to the mean square thermal
noise o the source.

An illustration of the noise factor can be obtained from Fig. 2-2b. The
noise factor is proportional to the square o theratio of total equivalent input
noise (dotted curve) to thermal noise (solid curve). At low resistances the
ratio of total noise to thermal noiseisvery large and the noisefigureislarge,
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representing poor performance. As the source resistance increases, thermal
noise increases, but total input does not. The noise factor therefore de-
creases. The plot of total input noise E,; is closest to thermal noise when
E,=1,R,. Thisisthe point of minimum noise factor. As we go to higher
source resistances, total noise follows the I, R, curve, and the noise factor
again becomes large.

The definition o NF used here is based on a reference temperature of
290 K. When this definition is applied to sensors that are cooled, apparent
negativevalues of NF can result.

The term spot noise factor F,, when used to describe system noise, is
amply a narrowband F. Often F, is defined for Af =1 Hz, and a test
frequency such as 1000 Hz can be used. The spot noise factor is clearly a
function of frequency and is sometimes smply written as F(f ).

The principal value o the concept d noise factor F is to compare
amplifiers or amplifyingdevices,; it is not necessarily the appropriate indicator
for optimizing noise performance. Because of the definition, F can be
reduced by an increase in the thermal noise of the source resistance. Since a
change of this type has little bearing on amplifier design, F is not as useful
for system optimization as quantities such as E,; or S,/N,,.

2-6 OPTIMUM SOURCE RESISTANCE

The point at which the total equivalent input noise approaches closest to the
thermal noise curve in Fig. 2-2b is sgnificant. At this point, the amplifier
adds minimum noise to the thermal noise of the source. The noise figure
reaches a minimum value. This optimum source resistance is called R, or
R, and may be obtained from

R,=E,/I, where E,=1R, (2-13)

The value of the noise factor at this point can be caled F,
ment o Eq. 2-13yields

ot A rearrange-

Noisefigure variations are illustrated in Fig. 2-3.

The minimum value of the noisefigureoccursat R, = R,. Asthe product
d E, and I, increases, not only does F_,, increase, but NF is more highly
sengtive to source resistance variations. The lowest curve gives a good noise
Agure over a wide range of source resistance, whereas the upper curve
stpresents poor operation when the source is not equal to R,. From an
engineering standpoint, if the noise figure is less than 3 dB, there may be
little advantage to be gained from continued noise reduction effort because
half the noiseisfrom the source.
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Figure2-3 Noisefigure versussource resistance.

Optimum source resistance, R, isnot the resistance for maximum power
transfer. There is no direct relation between R, and the amplifier input
impedance Z,. R, is determined by the amplifier noise mechanismsand hasa
bearing on the maximum signal-to-noise ratio. Optimum power transfer is
based on maximizing the signa only. The input impedance of an amplifier is
strongly affected by circuit conditions such as feedback, but the noise o the

amplifier is unaffected by feedback, except insofar as the feedback resistors
generate noise.

2-7  NOISE RESISTANCE AND NOISE TEMPERATURE

Noise resstance R, isthevalue df aresistance that would generate thermal
noise o value equal to the amplifier noise. An expressonfor R, is desired.
Equating thermal noise to amplifier noise gives

4kTR, Af = E2 + I’R?
Therefore,

This equivalent noise resistance is not related to the amplifier input resis
tance, nor doesit bear any relation to source resistance.
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Noise temperature 7, isthe value of the temperature of tze source resstance
that generates thermal noise equal to the amplifier noise. Proceeding as before,
we eguate terms:

4kT,R, Af = E2 t I2R?
Therefore,

Equation 2-18 yields 7, in kdlvins. R,, and 7, are most useful for device and
circuit applicationswhere E, > [ R_.

2-8 NOISE IN CASCADED NETWORKS

We now consider the problem of locating the important noise sourceswithin
a system. If we derive a useable expression for the noise factor of cascaded
networksin terms of the characteristicsof each network, we will then be able
to predict for design purposes ways of minimizing system noise.

The system to be analyzed is shown in Fig. 2-4. It consists of a signal
source with internal thermal noise and two cascaded networks. Equation 2-10
gives the noise factor as the quotient of input S/N to output S/N. The
available power gain of the system is represented by G,, and the available
thermal noise power is N, = EZ/4R,. Therefore, an alternate expression for
Fis

where N, isthe available noise power at the load terminals. Equation 2-19 is
not a useful design equation in its present form because we do not Know N,
and G, at this point.

The available noise power at the input to network 2, N,, is

Equation 2-20 is smply a rearrangement of Eqg. 2-19. The second stage,
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considered separately, behaves according to

The noise originating in the second stage is N,, — G,kT Af, or from Eq.
2-21itis

The G,kT Af term represents the thermal noise power in the hypothetical
source resistancefor network 2

The total output noise N, is given by the sum o terms from Eqgs. 2-20
and 2-22:

The noise factor o the cascaded pair is

By substitution of Eq. 2-23 into Eq. 2-24, we obtain

If the analysis is extended to three stages, we obtain the classcal relation
developed by Friis [3]:

One concludes then that the noise factor o a cascaded network is primarily
influenced by first-stage noise, provided that the gan o that stage is large.

When network 1is a combination of passive circuit elements, for example,
a coupling or equalizing network, its available power gain is less than unity,
and the overal sysem noise is severdly influenced by noise contributions
represented by F,.

SUMMARY

a. A universal noise model for amplifiers uses generators E, and 1, at the
input port.

b. All noise sources in a sensor-amplifier syssem can be represented by
equivalent input noise E,; (or I,;), avoltage (or current) generator located
in series (in parallel) with the signal source.
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. Equivaent input noise for a simple sensor—amplifier system s

From dataon E,; versus R,, both £, and I, can be determined. When
R, iszero, E, isthe only noise source. When R, isvery large, then I, is
dominant.

. The noisefactor is useful in comparing amplifiers and devices.

It is often expressed in decibels as the noise figure.

. The optimum source resistance (R, = E,, /I,) is defined for E, = I.R..

uly
d

This results in the optimum noise factor.

For source resistance thermal noise equal to amplifier noise, the noise
resistance and noise temperature are defined.

For cascaded networks,

System noise is predominantly first-stage noise when the gain of that stage
IS high.

2-1. Derive Eq. 2-14 from Eq. 2-12.

2-2. Calculate the noise figure and the noise factor for the following values

o (E2+I2R?)/E?: () 0, () 1, and () 2

2-3. Find the noise figurein decibelsfor a system with noise temperature

equal to ambient (290 K).

2-4. Derive Eq. 2-21.
2-5. A systemis composed of two noisy resistancesin series. Resistance R,

Is the signal source and R, istheload or output. Determine the noise
figure for this network. Can you conclude that the broadband noise
figure and the narrowband or spectral density noise figure are identical
for this system?

2-6. Find the equivalent input and output noises E,,; and E, , for the circuit

shown in Fig. P2-6.
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FigureP2-6

Assume that the operating frequency is 10 kHz and we are
interested in a 1-Hz bandwidth. Evaluate each contribution to EZ
separately. Then determine E,; (with appropriate units) for the
entire system.

Repeat part (a) for an operating frequency o 5033 Hz
noise figure of an op amp is 5 dB with a source resistance of

10 k€.

(a)
(b)

{c)

Determine £ as a spectral density for this amplifier.

Determine the noise temperature in degrees celsius for this
amplifier.
Determine the noise resistance for this amplifier.

Consider the amplifier system shown in Fig. P2-8. The operating
frequency of interest is 1.0 kHz and the bandwidth is 1.0 Hz. The
amplifier's input impedance at 1.0 kHz is 28 k{} at an angle of —45°
and the magnitude of its voltage gain is 20. The amplifier contributes
noisethrough £, = 4nV/Hz'/? and I, = 8 pA/Hz'/% E_and I, are
not correlated. Find E? for this amplifier system by separately identify-
ing and evaluating the terms which contribute to EZ,. For example,

Identify and evaluate A, B, C, and so on separately. Then sum to
find EZ.

FigureP2-8
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2-9. Find the mean square equivalent input noise, EZ, for the system shown
in Fg. P2-9. The coupling network is a high-pass filter composed of
R,—C;. Consider that the operating frequency of interest is 1.0 kHz and
the bandwidth is 1.0 Hz. Assume the amplifier's input impedance is
infinite and its voltage gain is +10. However, the amplifier does
contribute noise through E, = 4 nV/Hz'/? and I, =8 pA/Hz!/?
which are not correlated.

FigureP2-9

1-10. Find the K, for the circuit in Fig. P2-10 at an operating frequency of
10 kHz.

FigureP2-10

2-11. Determinethe individual contributionsto E2 and E? from the source
resistor and the amplifier's E, and I, noisesin Fig. P2-10. Let E, =
2nV/Hz'/? and I, = 1 pA/Hz!/? Consider a noise bandwidth of 10
Hz centered at an operating frequency of 10 kHz.
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2-12. Consider the amplifier system shown in Fig. P2-12. The bandwidth of
interest is 1. Hz centered at an operating frequency of 100 kHz. At this
frequency, the amplifier's input impedance is 5 k) at an angle of
—60". The amplifier consists of the portion of Fig. P2-12 outlined and
labeled in the box. This amplifier contributes noise through E, =
10 nV/Hz'/? and I, = 12 pA/Hz'/2. E, and |, are not correlated.
(a) Find the numerical value for K,.

(b) Determine the output noise voltage, E2, for this circuit. Sepa-
rately identify and evaluate al the individual terms which con-
tribute to EZ,. Then find the total EZ,.

{(¢) Calculate the equivalent input noise voltage EZ2 for this same

circuit. Again separately identify and evaluate all the individual
terms which contribute to EZ.

FigureP2-12
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CHAPTER 3

NOISE IN FEEDBACK AMPLIFIERS

The previous chapter demonstrated how noise sources can be reflected to the
amplifier's input and output terminals under open-loop conditions, that is, in
'be absence o feedback. This chapter extends these reflection processes to
amplifiers utilizing feedback. The additional noises introduced by the feed-
Sack elements are derived and included in the determinations of E,; and
E, . The anaysis techniques illustrate how to determine E,; and E, for
virtually any network topology with or without feedback.

3-1 NOISE AND SOME BASIC FEEDBACK PRINCIPLES

Feedback is a handy way to change gains, impedance levels, and frequency
response, reduce distortion, and alter many other properties of an electronic
circuit. Circuit and system textbooks are filled with derivationswhich typicaly
demonstrate that critical performance indexes are improved by the factor
1+ A8 every time negative feedback is properly used. It is often tempting to
think that correctly using negative feedback can reduce the noise level in a
circuit or system by the same 1.+ A48 factor. Would that it weresd Aswill be
shown, feedback does not increase or decrease the equivalent input noise,
hut the added feedback resistive elements themsel veswill add noise.

To see how noise is affected by feedback, consider the block diagram
shown in Fig. 3-1 [1]. The desired input voltage is V,, and al the E's
represent contaminating noise voltages being injected at various critical
points in the sysem. Blocks A, and A, represent amplifiers with voltage
gans and B represents the feedback network. The output voltage V, is a
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E, E;
Vin + By + +

O— 4= 4

+Y
e
b

Figure3-1 Two-stageamplifier with feedback for determining the effectsof noise.

function o al five inputs according to

After rearranging, the output voltage becomes

A A A,E E
Vet E T E) T ——— 4 ——

Vo=——"T"7"1> (3-2)
1+AA4,B 14+A4,4,8 1+A4,4,8

Now for comparison purposes, consider an open-loop system as shown in Fig.
3-2. There are still two amplifier gain blocks of A, and A',, and the output

voltage is smply

Now we impose the condition that for a meaningful comparison, the voltage
gainfrom VV,, must be the same for both the open- and closed-loop cases. We

accomplish this by setting the 4’, gain to be

With A set to thisvalue, Eqg. 3-3 for the open-loop case becomes

Comparing Egs. 3-2 and 3-5, we see that feedback does not give any

Figure3-2 Open-loop amplifier used for comparison.
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improvement for any noise source introduced at the input to either amplifier
regardless o whether this noise source exists before or after the summer.
Noise injected at the amplifier's output is attenuated in the feedback ampli-
fier. Unintentionally, noise might be added directly at the output for example
by adding an additional loading element with its own noise. This additional
noise will have different effects on E,; depending upon whether feedback is
present or not.

For cases where noise is introduced at the amplifier's input or within the
feedback loop, feedback gives no improvement at al. In fact, as we will
demonstrate in the next section, providing feedback will actually increase the
output noise level due to added thermal noise from the feedback resistors.
Consequently, the old standby principle of usng feedback to improve some
amplifier performanceindex by the 1 T 43 factor does not work for noise.

32 AMPLIFIER NOISE MODEL FOR DIFFERENTIAL INPUTS

The overwhelming majority of operational amplifiers are configured with
differential inputs. The user can configure the feedback network and input
sgna so as to produce a noninverting amplifier, an inverting amplifier, or a
true differential amplifier. Therefore, any generalized op amp model having
equivalent noise sources must be able to handle al of these different
configurations. The basic amplifier noise model previoudy introduced in Fig.
2-1is now expanded in Fig. 3-3 to function with fully differential inputs.
Noise sources E,, and |,, are noise contributions from the amplifier re-
flected to the inverting input terminal referenced to ground potential. Like-
wise, noise sources E,_, and |,, are the noise contributions reflected to the
noninverting input terminal. It will be shown later how these four E.-I,
sources are reduced to simpler models with the E,-I, sources. The two
input voltages and the one output voltage are referenced to the common
ground [2].

Consider now the typical differential amplifier circuit shown in Fig. 3-4. If
the op amp isideal, the output voltageis a function of the two signal input

En2

Figure3-3 Amplifier noise and signal source.



56 NOISE IN FEEDBACK AMPLIFIERS

Figure 3-4 Differential amplifier using one op amp: (a) complete circuit and
(b) reduced circuit.

voltages. Voltages 1, and V,, are the voltages at the respective positive and
negative inputs to the amplifier referenced to ground.
The output voltage is a function of the two signal voltages according to

An ideal differential amplifier occurs when we make the coefficientsof ¥V, ;
and ¥V, have identical magnitudes and opposite sgns. This condition is
satisfied by choosing the resistors such that R, R, = R, R, or, aternatively,

When Eq. 3-7 is satisfied, the output voltage becomes
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E,

®

Figure3-5 Differentia amplifier with al noise sourcesin place.

Thus the ideal difference mode voltage gainis R,/R;. To examine the noise
behavior o the differential amplifier, first form a Thevenin equivaent circuit
at the noninverting input as shown in Fig. 3-4b where

R,=R3IIR; and Vi = (R¥Vin)/(R;tR,) (3-9)

Next insert noisevoltage and current sourcesfor the op amp and Thevenin
equivalent noise sourcesfor the resistors as shown in Fig. 353, 4].

We could write the necessary eguations to determine the effects of both
input signal sources plus the seven noise sources on the output voltage.
However, this would be quite complicated because of the rms effects of all
sources and the need to square al terms. Instead we replace all noise sources
with uncorrelated and independent signal sources as shown in Fig. 3-6. Here

Figure3-6 Differential amplifier with signal sourcesin place.
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the seven signal sources have arbitrary polarities as indicated. To better
relate to a practical limitation, consider that the operational amplifier has a
finite open-loop voltage gain of A but is ideal otherwise.

The four defining equations for this circuit are

Vi = Rl TV, =V, TV, TRy (I, T I) (3-13)

Combining and simplifying these four equations gives

Now we can eadsily produce the case for the ideal operational amplifier by
taking the limit as A — « and rearranging Eq. 3-14 to give

The coefficient o each term represents the transfer gain (respective
K,'s—either voltage gainsor transresistance gains) to the output where V, is
produced.

Previoudly, for clarity, we substituted voltage and current signal sourcesfor
corresponding noise sources. The gain to the output will be the same for both
signal sources and noise sources from the same circuit position. Therefore,
we pair up the corresponding signal and noise sourcesin Figs. 3-5b and 3-6.
Then we modify Eq. 3-15 to express the square of the equivalent output noise
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roltage, EZ,, contributed by each noise source. This result is

This equation shows how each noise source contributes to the total
squared output noise. Specificaly, both equivalent input noise voltages and
he noisefrom R, are reflected to the output by the square of the noninvert-
ng voltage gain, (1+ R,/R,)?. The positive input noise current "flows
through” R, establishing a noise voltage which, in turn, is reflected to the
output by the same gain factor, (1+ R, /R,)?. The noisefrom R; is reflected
to the output by the square of the inverting gain factor, (R,/R,)*. The
negative input noise current "'flows through" the feedback resistor R, estab-
lishing a noise voltage directly at the output. Finaly, the noise contribution
due to R, appears directly at the output.

When we attempt to determine E,;, we must first decide which terminal
will be the reference. This s critical since the X,’s are different (by one) for
the inverting and noninverting inputs unless the ideal differential amplifier
condition of Eq. 3-7 is satisfied. Under this special condition the differential
voltage gain from either terminal is +R,/R;.

First reflect E2, totheinverting input by dividingEg. 316 by (R,/R,)* to
obtain

where

Note that the two amplifier noise voltages plus E,%, are al increased at the
input by the (1+ R,/R,)? factor. Usudly R, < R, for a typica high-gain
amplifier application, so the first three noise voltage sources essentially
contribute directly to £, as does EZ. The noise current of the feedback
resstor R, is . In effect, the noise current generator of
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resistor R, is in paralel with the input. The I, noise current "flows
through" R, creating a direct contribution to E?;. The I, noise current
"flows through R, to produce a noise voltage and then is reflected to the
inverting input by the same (1t R,/R,)* factor as the first three noise
voltages.
When reflected to the noninuerting input, we divide Eg. 3-10 by
@t R,/R,)? and obtain

Here the two amplifier noise voltages as wdll as the noise voltage from R,
contribute directly to E2,. The noise voltage in the feedback resistor |s
divided (or reduced) by the square of feedback factor. The noise in R, is
dightly diminished, but essentially unchanged when R; < R,. Theinverting
noise current "flows through™ the parallel combination of R; and R, and
then contributes directly to E?,. The noninverting noise current ' flows
through™ R, and contributes directly.

Next consider the special and desired case where the ideal differential
amplifier is produced by choosing resistors accordi ng to Eg. 3-7. Under this
condition, X,, = —R,/R,, K,, =R,/R,, and K3 =K} = K?. Further-
more,

After some mathematical manipulations, Egs. 3-17 and 3-18 smplify to

which isidentical to the inverting amplifier in Eq. 3-17.

Example3-1 In the differential amplifier of Fig. 3-4a, find the total output
noise voltage, the total noise referenced to the inuerting input, and the
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minimum amplified rms signal which occurs when this signd is equal to the
rms value of the total input reference noise. This latter condition defines a
signal-to-noise ratio o 1. Assume typical 741 op amp noise parameters o
K, = 20nV/Hz'/? and I, = 05 pA /Hz!/2. Neglect the I /f noise contribu-
ions of the amplifier and resistors. Assume that the 741 op amp is idea
except for noise. The resistor valuesare R; =R, =1k and R, =R, =
30k

lution Note that Eq. 3-7 is satisfied for producing an ideal differential
nplifier. First wefind R, = R; Il R, = 980 £, and the difference mode gain

be 50. Using Egs. 3-16 and 3-17, we tabulate the noise contributions as
llows.

Noise Gain Output Noise Input Noise

Value Multiplier ~ Contribution Contribution
4nV /Hz'/? 50 200nV/Hz'/*  4nV/Hz'/?
28.3nV /Hz!'/? 1 283 nV/Hz'/? 0566 nV /Hz'/?
3.96 nV /Hz'/? 51 202nV/Hz'/? 404 nV/Hz!/?

14.14nV /Hz'/? 51 721nV/Hz'/?  14.4nV /Hz'/?
14.14nV /Hz'/? 51 721nV/Hz/? 144 nV /Hz'/?
0.5 pA/Hz'/? 50k 25nV/Hz/?  05aV/Hz!/?
0.5pA /Hz!/? 49.98k 25nV/Hz/?  05nV/Hz!/?

Total Noise Contributions 10595nV/Hz'/? 21.16 nV /Hz!/?

Clearly, in this example the E, noise is dominant in both E,, and E,;
calculations. If we assume a 1-MHz gain bandwidth product for the 741 op
amp, the —3-dB corner frequency will be approximately 1 MHz /50 = 20
kHz. The noise bandwidth, assuming a single pole response, is 20 kHz(1r /2)
— 3142 kHz. Therefore, E, = 1.06 uV/Hz!/? X (3142 kHz)'/? = 188 uV
and E,;, = 2116 nV /Hz'/* X (3142 kHz)!/* = 3.75 pV. Hence, for a signal-
to-noise ratio of 1, the input signal would be equal to 3.75 uV.

As a general rule, a balanced differential stage with matched transistors
and equal bias currents is normally used as the first stage in most op amps.
Under thiscondition, £,; = E,,. If adatasheet valuefor E, isgiven and you
wish to produce an exact noise model, then divide the given E, value by v2
znd insert each part in your circuit model for the individua E,; and E,,
noise Voltage sources. On the other hand, in the inverting configuration, it is
aften simpler to use the specified data sheet value for E, as a single noise
woltage source and incorporate it into the circuit as shown in Fig. 3-7 [5].
Here the output noise voltage contributed by the op amp, neglecting the
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Figure3-7 Simplified inverting amplifier with noise sourcesin place.

thermal noise in the resistors, is amply

This is the noise present at the output from the amplifier's noise sources
alone as affected by the gain setting resistors. This output noise does not
depend upon whether the amplifier is used in the inverting or noninverting
configuration. The respective E,; voltages will be different because the two
voltage gains are different.

It isinteresting to note that in the simplified circuit of Fig. 3-7, the noise
resistance, R,, is obtained when equal noise contributions occur at the
output from the E, and I, sources. From Eq. 3-21, R, isfound as

At impedance levels of source resistance R, that are below R, E, noiseis
dominant; for levelsabove R, 1, noise dominates. | n high-gain applications,
R, <R, s0 that R, =R, Note that by choosng R; = R,, we do not
guarantee minimum circuit noise. This only occursfor zero source resistance
which maximizes the signal-to-noiseratio. The minimum noisefactor (but not
minimum noise) is achieved with R, = R, where equal noise contributions
comefrom E, and ..

One novel method for measuring 1, isto use the circuit shownin Fig. 3-8.
Although this method is ssimple, it may be difficult to use with very low noise
amplifiers because of pickup. In that case, use the method of Ch 15. Initialy,
both switches are closed (shorted) and E,, is measured. Since R, is omitted
(infinite), the measured output noise will be the total amplifier noise voltage,
E,, plus additional noise from a necessary second stage because the voltage
gain of the stage under test is only unity. Then the switch paralleling R, is
opened and E,, measured again. With reference to Eq. 3-16, we seethat £,
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— o

Figure 3-8 Circuit for measuring current noise Sources.

now includes contributions from E,, I;R,, and E,,. f R, islarge, one
should first check to make sure that the operating point of the op amp does
not change sgnificantly. The thermal noise from R, can be calculated,
leaving only the I,, term as the unknown. Finaly, both switches are opened
and E,, remeasured. Again recheck the operating point. The new terms
added to this E,,, measurement are the thermal noisefrom R, (which can be
calculated) and 1., R,,. Thus I,, can be determined and its value should be
included in the inverting op amp noise model whenever R, is not zero.
When R, =0, the I,, noise source is essentially shorted out and only I,
contributes noise to E,;;. When measuring |,, the "source” resistor R,
should be made very large such that I3 R? becomes the dominant term as
derived in Sec. 15-2-1. When measured in thisway, the |, specified on a data
sheet is the noise current associated with the inverting input terminal. There
is no need to include an 7,, term or a noise source unless R, is not very
small or equal to zero. Under this condition, one should add a second noise
current source for 1,, equal in value to the data sheet amplifier's 1, value.

3-3 INVERTING NEGATIVE FEEDBACK

The inverting amplifier configuration with resistive negative feedback is the
mogt widely used stage configuration. It is easly obtained by grounding Vi,
m Fig. 35, replacing R, with the signal source resistance R,. The input
offset voltage due to bias current will be canceled by making R, a single
resistor equal to the parallel combination of R, and R,. These changes are
shown in Fg. 3-9.

All noise sources are now reflected to the V,,; input and we look for ways
to amplify this circuit. Grouping and rearranging the noise voltage and
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Figure3-9 Simplified closed-loopinverting amplifier.

current terms from Eq. 3-17 gives

where |,, = E,,/R,. An op amp specification sheet will normally provide E,
and 7, valueswhich are related to the preceding amplifier according to

E,=VE} + EZ (3-24)

Thus we see that the single E, noise voltage typicaly specified on a
manufacturer's data sheet is really the rms sum of the two equal input noise

voltagesfrom each separate input terminal. Equation 3-23 smplifies further
to
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Virtual
/ground

Figure3-10 Simplified open-loop inverting amplifier with noise sources in place.

Jow we define a new equivalent amplifier noise voltage E2, as

»0 the equivalent input noise smplifies to

[he closed-loop inverting amplifier can now be equivaently represented by
he smplified open-loop circuit shown in Fig. 3-10. Note that all the noise
lue to the R, feedback and the R, offset adjust resistors as well as the
mplifier £, noise are contained in the equivalent £, , noise source.

Often the R, resistor on the noninverting input termina is omitted,
:specially in op amps having a MOSFET first stage, since thisresistor's main
unction is to eliminate the offset voltage due to input bias current. In
iddition, low noise amplifiers often require closed-loop gains o 30 or more
vhich makes R, > R,. For this typical condition where R, > R, > R,
hen Eq. 3-28 for the equivalent input noise o an inverting feedback
mmplifier simplifies to

[his demonstrates that the thermal noise current of the feedback resistor R,
s effectively in parallel with the input. To reduce it's noise contribution, R,
nust be large.

3-4 NONINVERTING NEGATIVE FEEDBACK

The noninverting op amp feedback configurationis obtained from Fig. 3-5 by
:horting the V., source to ground and applying the input signal directly as
2e Vi, source. The resistor R, becomes the source resistance, R,, for the
~ source now Smply designated as I, in Fig. 3-11.

Now we show how to reduce the noninverting feedback circuit to a

“mpler, open-loop equivalent network. Using Eq. 3-16 as a starting point, the
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Figure3-11 Simplified closed-loop noninverting amplifier.

output squared noisefor Fig. 3-11is

Using the normal E, relationship of Eq. 3-24, EZ, simplifiesto

Next we reflect the output noise to the noninverting input by dividing E? by
the squared noninverting gain factor of (1 + R,/R,)? giving

+ I%(R, I R,)* + I3 R? (3-32)

Using the normal situation where |, =1, =1, we can define a new
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ligure 3-12 Simplified open-loop noninvertingamplifier with noise sourcesin place.

quivalent noninverting amplifier noise source according to

'he previous two equations produce the smplified open-loop equivalent
mplifier circuit shown in Fig. 3-12 where the total equivalent input noiseis

iven by

Note that all the noise due to both feedback resistors and the amplifier's
dltage noise are contained in the equivalent E,, noise source. If the
losed-loop voltage gainis greater than 30, the E,, noise of the R, feedback
zsistor becomes negligible. Then E, , containsthe amplifier E,, the thermal
oise o R,;, and the current noise from I, "flowing through” R,. Thus
:member that the R, resistor is essentially in series with the source resistor
s both a source of thermal noise at the input and as a path through which I,
an flow.

-5 POSITIVE FEEDBACK

fany circuits and systems have positive feedback, either deliberately intro-
uced as in oscillators or gain-boosting amplifiers or accidental as with
nstable oscillations in high-gain amplifiers or as latched-up phenomena
here some critical internal node is saturated to a power supply rail [6].
ositive feedback does not alter the basic principles of noise regardless of
ow this feedback is incorporated into the circuit. The concepts and tech-
iques for analyzing and designing with noise in positive feedback systems
re the same as those presented earlier in this chapter for negative feedback
stems. For example, when SPICE is used to analyze a network, its algo-
thms establish the circuit equations without a priori knowing or caring
hether positive feedback is present. Solutionsto the network equations are
rund by numerical iterating techniques. If a solution exists, SPICE will find
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it, barring some special case control statements or tricky networks. The
solution obtained will do the same noise analysis and determine noise results
regardless of the type of feedback actually present.

Sometimes one is required to design a low-noise sinusoidal oscillator.
Usually there is a design specification that the phase noise level must be
down a certain number of decibels from the fundamental frequency at a
frequency spacing of so many hertz. The usual question is, ""How does one
use the noise and feedback principles to design such an oscillator?' The
secret liesin the realization that a low-noise oscillator is produced by first
designing a low-noise amplifier and a low-noise feedback network. The noise
produced in the amplifier and feedback elements will cause random fluctua-
tions in the output frequency which will appear as jitter or as a " skirt" on a
spectrum analyzer display. In Sec. 3-1 we showed that feedback affects the
signal and noise at the input to the amplifier in the same way. Therefore, the
way to reduce the noise jitter at the oscillator's output is to ensure a low
equivalent noise level at the input summing junction where the feedback is
connected and use a low-noise power supply.

Another very important consideration in feedback systems is stability. Is
the amplifier stable? There are many well-established analytical techniques
to test for stahility such as using Nyquist plots, Routh—Herwitz criteria, and
gain and phase margin determinations using Bode plots. Each approach
requires either a knowledge or determination of the poles and zeros in the
amplifier and feedback network. Often the determination of stability may be
extremely tedious and time consuming. However, there are two easy ways to
determine stability when using SPICE [7]. First, when the circuit is simulated,
the transient response of an unstable network will show an unbounded
output. Of course, to see this effect may require several simulations over long
time intervals. Second, positive feedback is present in any system whenever
the closed-loop gain is larger than the forward gain. Positive feedback does
not dways mean the system is unstable. However, it should raise a warning
flag to do further investigations.

Example 3-2 Consider an amplifier which has an open-loop voltage gain of
80 dB and poles at 1, 6, and 22 MHz. Determine if this amplifier will be
stable when negative feedback is used to set the closed-loop voltage gain to
40 dB.

Solution Using the modeling techniques in [8], we can produce a smple
macromodel for the amplifier. We conduct a ssmulation as shownin Fig. 3-13
to verify the correct open-loop response. Note, in general, that one could
aready have the frequency response simulation completed for an amplifier,
and may just wish to determine whether it is stable by performing and
correctly interpreting the following simulation results.

Next we connect the feedback network around the amplifier and close the
loop. Simulation results o this network are also shown in the figure. Note
that at about 12 MHz the magnitude of the closed-loop response exceeds the
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Figure 3-13 Effect of positive feedback as shownby PSpice.

?pen-loop gain. This means that positive feedback is present since the only
=ay the closed-loop gain can be larger than the forward amplifier gain isfor
~he denominator of the closed-loop gain expression, namely |1 +.4 8], to be
ksss than 1. Examination of the phase responses shows that the closed-loop
-hase shift becomes positive or leads for frequencies of about 12 MHz and
zreater. A leading phase means that the 40-dB closed-loop amplifier config-
Zration IS unstable. Performing a transient anaysis at the output of the
feedback amplifier will confirm this instability. If so instructed, PSpice will
~erform a normal noise analysis on this feedback amplifier, calculating the
—oise contribution from each resistor at the specified freguencies even
“2ough this amplifier is unstable due to postive feedback.

SUMMARY

= Feedback cannot be used to reduce the equivalent input noise o an
Op amp circuit.

=. Thefour op amp noise sourcesin a differential amplifier aswdl as al the
resistor noise sources can be treated as signal sources to determine their
effectson the total output noise.
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c. In general, the reflected equivaent input noises to the two inputs of an
op amp with feedback will be different only because the voltage gains of
the two configurations are different.

d. Noise in circuits and systems having positive feedback is determined
exactly the same way asfor circuits with negative feedback.

PROBLEMS

3-1. Cdculate E,, for Example 3-1 using Eq. 3-25.

Consider the feedback amplifier shown in Fig. P3-2a. The operational
amplifier can be considered ideal except for its noise parameters o
E,=30nV/Hz'? and I, = 03 pA/Hz!/?. Resistor R, hasits associ-
ated noise source E,,. In Fig. P3-2b the amplifier and R, noise sources
have been replaced by signal sources.

(a) The output voltage can be expressed as a function of the signal
sources accordingto ¥, = AV, + BV, T CV,, + DI, where A, B,
C, and D are constants. Determine numerical values for these
constants.

FigureP3-2



(b)

(c)
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Find the individua spectral density noise contributions to E?,
due to the three resistorsplus E, and |,. Evaluate each contribu-
tion to EZ2, in a1-Hz bandwidth. Then determine the total E2,.

Find EZ relative to the signa source V.

3-3. Consider the op amp with feedback shown in Fig. P3-3. The op amp
can be considered ideal in every respect except for noise.

¢
tn

5

(a)

)]

(c)

Determine the noise contributions at the output (7)) in a 1-Hz
band centered at 1 kHz due to the thermal noise of the four
resistors R;, R,, R, and R.

Now consider that the op amp has noise parameters of E, =
9nV/Hz'/? and |, = 015 pA /Hz'/?, both of which are constant
with frequency. Connect the E, source between ground and the
noninverting input to the op amp. Connect two |, sources be-
tween ground and each op amp input. Determine the contribu-
tionsto E2, from these three noise sources. Expressyour answers
in volts® per hertz.

Estimate the total output noisevoltage that would be indicated by
a true rms voltmeter. The noise bandwidth of the voltmeter is
three times as large as the noise bandwidth of the amplifier.

CLZ:LG [.I.F

4|-I-/n 1

Ideal except
for noise

Figure P3-3

Repeat part (b) of the previous problem if one |, noise source is
connected between the two inputs to the op amp.

. Find the characteristic source resistancefor the circuit in Fig. P3-3.

Consider the op amp with feedback shown in Fig. P3-6. The op amp
can be considered ideal in every respect except for noise.
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(a) Determine the noise contributions at the output due to the
thermal noise o the five resistors.

(b) Find the noise contributions at the output due to op amp noise
parameters of E, = 10nV/Hz!/? and I, = 1 pA/Hz/% Neglect
any |/t noise effects.

3-7. Theop amp in Fig, P3-7 is biased usng a single +15-V power supply.
Assume that the op amp has flat noise spectral densities o E, =
32nV/Hz"? and I, = 03 pA/ /% To set the dc output voltage at
+15V /2 = 75V, aZener diodeis used which has a reference voltage
of 75 V and a dynamic resistance of r, =10 (). This Zener diode
generates avalanche noise according to

FigureP3-7
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(a) Determine the total midband equivalent input noise, E,;, due to
three dominant noise sources. Find the contributions for each
source separately before doing a summation to determine E2.

(b) Using your answer to part (&), find the total rmsvalue of E,,
which would be measured by a true rmsvoltmeter.

Determine the input and output noise contributions from all resistors
and from the E, and I, noise sources for the operational amplifier
configuration shown in Fig. P3-8. Consider a single E, noise source in
series with the noninvertinginput and having avalue o 10 nV /Hz!/?
and two I, noise sources = 0.3 pA/Hz'/> connected between ground
and the amplifier’s inputs. Assumethe op amp isideal except for noise.

Figure P3-8

3-9. Bridge amplifiers serve as sensing circuits for many low-noise applica-

tions. Consider the circuit shown in Fg. P3-9 which is very useful

FigureP3-9
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Figure P3-10

(@) Inverting amplifier

Enl

(b) Noninverting amplifier

FigureP3-11
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because its output voltage is a linear function of the R, resistor.
Assume both op amps are ideal exceptfor E, =5 nV/Hz'/? and I, =
20 pA /Hz'/2, Find the total output noise due to all noise sources.

3-10. Another bridge amplifier is shown in Fg. P3-10. Here the resistors
havevauesdf R; = R, =20k} and R, = Ry = 250 Q). Assume both
op amps areideal exceptfor E, =5 nV/Hz!/? and I, = 20 pA /Hz'/2,
Find the total output noise due to all noise sources.

3-11 Both amplifiers in Fig. P3-11 produce unity voltage gain. Assume that
the op amps are ideal. In both circuits it is desired to replace the
amplifiers two noise voltage sources with a single equivalent E,
source in serieswith the signal source as shown. Neglect al other noise
sources except for the E, sources. Derive and compare E, - for both
circuits. What important conclusions can you draw from this compari-
son?
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{OISE MODELING

“hite noise is shown as it appears on oscilloscope display with horizontal sweep of
ms,/cm. Top waveform, bandwidth is dc to 200 kHz; center waveform, bandwidth is
> to 20 kHz; bottom waveform, bandwidth is dc to 2 kHz. Note that the bandwidth
<duction affects both the peak amplitude and the rmsvalue.



CHAPTER 4

uAD FOR NOISE ANALYSIS

[hus far we have modeled noise in amplifiers with ssmple noise sources
»ositioned at the input terminals of the amplifier. Our analysis has been
estricted to ""hand calculations” in order to understand the causes and
ffects of many noise sources generated throughout the circuit. Asyou have
ioted, these calculations are complicated and very time-consuming. I n addi-
ion, network and sensor impedances are complex, and the transistor noise
ources are al functions of frequency. To predict the total noisein a usable
yandwidth it is necessary to calculate the noise at many frequencies and
ntegrate the mean-sguare noise signal over the bandwidth o interest. A
ligital computer can be used to smplify the calculations. In this section we
ocus on modeling techniquesfor amplifier blocks using the SPICE computer
yrogram and its extensions. Furthermore, we include discussions on the
nodeling of discrete devices such as resistors, diodes, and transistors.

Oneword o caution: Sometimes, after alittle practice and some successes
ising the computer to perform the complicated noise calculations, one may
ecome complacent and tempted to rely on the computer to do more and
nore analysiswithout carefully cross-checking its output data. Thisinvariably
eads to disastrous results because the computer, while extremely fast and
iccurate, only performsexactly what it is programmed to do. Simple errorsin
nodding, in the input control file, or in choosing the options control will
rroduce nonsensical results. Here is where the old reliable ""hand calcula-
lons" must be resurrected and used for cross-checking. Not to do o is only
nviting disaster !
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4-1 HISTORY OF SPICE [1]

SPICE is an extremely powerful, general-purpose circuit anaysis program
which simulates analog circuits. SPICE is an acronym for Simulation Pro-
gram with Integrated Circuit Emphasis. Today this program is by far the most
popular analog circuit simulation program being used by both practicing
engineers and students. SPICE was developed by the Integrated Circuit
Group of the Electronics Research Laboratory and the Department o
Electrical Engineering and Computer Sciences at the University of Califor-
nia, Berkeley, in the late 1960s and was released to the public in 1972 [2].
The person credited with originally developing SPICE is Dr. Lawrence
Nagel, whose Ph.D. thesis describes the algorithms and numerical methods
used in SPICE.

Ove the years, SPICE has gone through many upgrades, which are still
continuing today. The most significant early improvement came with SPICEZ,
where the kernal algorithms were upgraded to support advanced integrated
system methods, many of which relate to 1C performance. SPICE2 has
replaced SPICE] as the SPICE choice. SPICE2 has been ported to numerous
types of mainframe computers, personal computers, and various operating
systems. The development of SPICE2 was supported with public funds, so
this software isin the public domain and may be used freely by the citizensof
the United States. SPICE2 has become an industry standard and is smply
referred to as SPICE. It isvery large (over 17,000 linesof FORTRAN source
code), powerful, and extremely versatile as the industry-standard program for
circuit analysis and | C design.

Recently, SPICE2 was upgraded to SPICE3. In this newer version, the
program was converted from FORTRAN to C languagefor easier portability.
Also several devices were added to the program library, such as avaractor, a
semiconductor resistor, and lossy RC transmission line models. However, the
kernel algorithmswere not changed, and the added components are not that
significant because SPICE2 can simulate all the devices built into SPICE3
using external device modeling techniques.

Today there are more than 35 SPICE derivative programs, many known by
associated acronyms such as HSPICE and RAD-SPICE (from Meta-Soft-
ware), |G-SPICE (from A. B. Associates), |-SPICE (from NCSS timesharing),
PSpice (from MicroSim), |S-Spice (from intusoft), SLICE (from Harris),
ADVICE (from AT&T Bell Laboratories), Precise (from Electronic Engi-
neering Software), and ASPEC (from Control Data Corporation) [3-5].

In 1984 MicroSim introduced two versions of SPICE, called PSpice, which
run on an IBM personal computer. The evaluation version, also called the
educational or student version, is distributed free by MicroSm. This has
made PSpice available to vast numbers of students and has caused rethinking
the way classes and laboratories are being taught. The student version o
PSpice that is PC-based is limited to circuits with approximately 10 transis-
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s or less. However, the commercia (or professional or production) version
an simulate a circuit with up to 200 bipolar transistors or 150 MOSFETSs.
SPICE and other ssimulation programs will be around and will be widely
sed for many years to come. Students will find SPICE an important tool for
sarning circuit anadysisand design, and for testing electronic circuitsin ways
ot easly done in most college laboratories.

-2 SPICE CAPABILITIES

PICE contains built-in models for passve elements (resistors, capacitors,
1ductors, and transmission lines), semiconductor devices (diodes, bipolar
-ansistors, JFETs, and MOSFETs), independent voltage and current sources,
nd dependent voltage and current sources including linear and nonlinear
mpes (VCVS, VCCS, CCVS, and CCCS). By including control lines in an
put file, SPICE can be made to perform many kinds of analysesof a circuit:

1. Nonlinear dc analysis, which determines the dc operating point of the
circuit (DC).

2. Linear small-signal ac analysis, which calculates the frequency response
o the circuit (CAC).

3. Transient analysis, which determines the response as a function of time
over a specified time interval (TRAN).

4. Small-signa dc transfer function analysis o a circuit from a specified
input to a specified output (input resistance, output resistance, and
transfer function) (. TF).

5. dc smdl-signal senstivity anayss of one or more specified output
variables with respect to every parameter in the circuit (SENS).

6. Distortion andysiswith ac analysis (DISTO).

7. Noise analysiswith ac analys's, which determines the equivalent output
and input noise at specified output and input nodes (.NOISE).

8. Fourier analysis of an output variable when done with a transient
andyss (.(FOUR).

9. Temperature analysis (TEMP).

£-3 SPICE DESCRIPTION

koise analysisis performed in SPICE by using the .NOISE statement in the
——ut control file. To perform noise analysis, the .AC option must also be
~:aded in the control file. SPICE will calculate a thermal noise spectral
E=asity for every resistor in the circuit. Furthermore, SPICE cal cul ates shot
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and flicker noise spectral densities for every diode and transistor in the
circuit.

The specific commands, examples, and explanations of the program state-
ments which must be included in the SPICE input control file for noise
anaysis are asfollows:

.NOISE OUTVv INSRC NUMS
Example
Explanation
-NOI SE initiates the noise analysis routine
OUTV output voltage which defines the summing point or node
INSRC Independent voltage or current source which is the input noise
reference
. NUMS the summing interval

I n the example, SPICE will calculate the noise produced by every resistor,
diode, and transistor in the circuit at the output node 5. Then SPICE will
reflect this output noise to the independent voltage source identified else-
where in the file as VIN. The analysis will be calculated for every tenth
frequency point as set by the NUMS index.

Examples
. AC DEC ND FSTART FSTOP
- AC DEC 10 1 10K
-AC ocT NO FSTART FSTOP
AC OCT 10 1 1.048575MEG
. AC LIN NP FSTART FSTOP
.AC LIN 100 1 100HZ

Explanation

.AC initiates the AC anaysis routine

DEC sets the sweep for decade frequency variations

0cCT sets the sweep for octave frequency variations

LIN sets the sweep for linear frequency variations

ND number of points per decade of frequency
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) number of points per octave o frequency

. total number of pointsfor linear frequency sweep
START the starting frequency

STOP the final frequency

In the first example, the frequency will be swept in decades from 1. Hz to
) kHz, and 10 AC calculations will be performed in each decade. However,
ise calculationswill be done for every tenth frequency, that is, 1 Hz, 10 Hz,
10 Hz, 1 kHz, and 10 kHz in conjunction with the NUMS control statement.
the second example, the frequency will be swept in octaves of the starting
requency, 1 Hz in this case to a final frequency of about 1.05 MHz,
:quivalent to 20 octaves. Here 10 points per octave are calculated for AC and
nly 1 point per octave for NOISE. In the third example, the frequency is
wept linearly from 1 to 100 Hz in 1-Hz steps. Here noise calculations will be
rerformed at frequencies o 1, 11, 21, 31, 41, 51, 61, 71, 81, and 91 Hz.
Sometimes we may desire a tabulated listing o the input and output
10ises In the circuit under investigation. This is accomplished by including
he following optional command in the input SPICE control file:

.PRINT NOISE INOISE ONOISE

NOISE is the noise reflected to the input, the independent voltage, or
zarrent source defined as the INSRC in the .NOISE statement, and ONOISE
s the output noise as defined by OUTV.

&4 AMPLIFIER NOISE SOURCES

Often for modeling purposes it is advantageous to lump al the noise
~roduced by an amplifier or other functional block into two noise sources, £,
:»d I, asshownin Fig. 4-1. There are several ways to implement this type of
= amplifier model in SPICE. The easiest way is to use two resistors as noise
~yarces and reflect their noises to the appropriate nodes using dependent
~tage and current sources. Another way is to use diodes as sources of shot

=

Figure4-1 Voltageand current noise sourcesin an amplifier.
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_ _ R (noiseless)
Figure4-2 SPICE representation of thermal noise

in aressor.

and flicker noise and again reflect these noises to the appropriate nodes in
the circuit. First we consider the resistor modeling approach.

SPICE calculates the spectral density of the thermal noise current in a
resistor according to

where k is Boltzmann'sconstant (1.38 x 10~%* W-s/K) and T is the temper-
aturein kelvins. The default temperature is 27°C or 300 K. Thisresistor noise
is modeled in SPICE as a current source in parallel with a noiseless resistor
as shown in Fig. 4-2.

Example 4-1 Create E, and I, noise voltage and current sources of 3
nV /Hz!/? and 10 pA /Hz'/?, respectively.

Solution First we create two thermal noise current standards of 1 pA /Hz!'/?
by using two resistors o value

Two separate sources are necessary since it is normally assumed that the E,
and 1, amplifier noise sources are uncorrelated. If E, and I, are 100%
correlated, only one standard source would be needed. Next we sense the
noise currents produced in these resistors by using independent (dummy)
voltage sources set to 0 V. Findly, we reflect each standard noise current to
the appropriate nodes by using current-controlled dependent sources as
shown in Fig. 4-3.

Polarity does not matter for any o the sources because noise is a squared
quantity. The multipliers needed for the H and F dependent sources are
(3nV/Hz'/?) /(1 pA/Hz'/?) = 3k and (10 pA /Hz'/?) /(1 pA /Hz'/?) = 10,
respectively.
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Ein

RNE 100 0 16.56K
VESEN 100 O DC O
HEN 1 3 VESEN 3K
RNI 200 O 16.56K
VISEN 200 O DC O
FIN 2 3 VISEN 10

(&)

gure 4-3 Modding E, and 1, noises: (@) circuit configuration and (5) SPICE code
0 reflect noise sources to the amplifier nodes of Fig. 4-1.

If we desire to include the amplifier's input impedance into our noise
nodel, an extra noise source will be unintentionally introduced through the
esistive component of the input impedance. For example, suppose we
ranted to model the amplifier's differential input impedance as the parallel
ombination R, = 100k and C,, = 100 pF. Also let the amplifier have
: voltage gain of 750. Figure 4-4 shows the more complete amplifier model.

Extra noise will be added through R;, unlesswe replace this resistor with
- SPICE element that has the same circuit effect as the resistor but does not
roduce thermal noise. We can use a voltage-controlled current source
VCCS) to model R,, as a noiseless resistor. This substitution is shown in

fzure 4-4 Amplifier model with noise sources, input impedance, and voltage gain.



86 CAD FOR NOISE ANALYSIS

GRID 2 3 2 3 10U
CIN 3 2 100PF
EOL 4 0 3 2 750

Figure4-5 Adding anoiselessinput resistance to the amplifier moded: (a) equivalent
circuit and (&) SPICE code.

Fig. 4-5 together with its SPICE code. The 10U term in GRID is the
conductanced R, , that is, the reciprocal of the 100 k£} input resistance.

4-5 MODELING 1 /f NOISE

When it becomes necessary to include the frequency effectsdueto | /f noise
in E, and 1,, the resistors must be replaced with diodes [6-8). SPICE
calculates a noise current in a diode according to

where KF is the flicker noise coefficient in amps, AF is the flicker noise
exponent, q is the electronic charge (1.602 x 10~ C), f isthe frequency in
hertz, and 1,. isthe dc bias current through the diode.

Example 42 Modd E, noise o 20 nV/Hz'/? with a noise comer fre-
quency f,.. = 200 Hz and |,, noise o 05 pA/Hz!/? with a noise comer
frequency f,,.; = 500 Hz. Use independent current sourcesto set a dc diode
current whichwill produce astandard noise reference level of 1 pA /Hz'/? in
each diode.

Solution The dc diode current is calculated according to
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1
1 GF
Hnoise
e <+P +Veense ¥ D (‘ID or
V. noise
L sense Figure4-6 Circuit to produce noise with
eV L___o al/f frequency component.

IEN 0 100 3.121UA

CEN 100 101 1GF

VESEN 1010 DC O

DENOISE 100 O DENOISE

.MODEL DENOISE D (KF = 6.408E-17, AF=1)
HEN 1 3 VESEN 20K

DINOISE 200 O DINOISE
.MODEL DINOISE D (KF = 1.602E-16. AF = 1)
FIN 2 3 VISEN 0.5

“mure 47 E, and |, noise sources having 1/f components for inclusion into the
emolifier of Fig. 4-1: (a)equivaent circuit and () SPICE code.
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Next the flicker noise term is set equal to the 1-pA/Hz'/? reference noise
current at the f,. frequency. For the E, source with AF =1, KF is
calculated by equating the two right-hand terms of Eq. 4-3, or

In a like manner, the KF for I, is determined to be 1.602 x 1071 A,

Figure 4-6 shows how the bias current is established in the diode. The
1-GF capacitor blocks the dc bias current and permits the ac short-circuit
noise current to be sensed by the V... independent voltage source. Figure
4-7 shows the complete macromodel and the SPICE code for the E,, and 1,
noise sources with 1I/f variations positioned to match the nodes in the
amplifier previoudy cited in Fig. 4-1.

4-6 MODELING EXCESS NOISE

Resistors are known to produce more noise than that attributable solely to
temperature (see Chap. 12 of this book and Chap. 13 of Motchenbacher and
Fitchen [9]). This additional noise called excess noise is afunction of the dc
biasing voltage, frequency, wattage rating, and the composition of the mate-
rial making up the resistor. Excess noise has a I /f frequency spectrum and is
specified according to a noise index (NT) in decibels or in microvolt/V,./de-
cade of frequency. The square of the spectral density of excess noise in volts?
per hertz is given by

V. isthe dcvoltage across the resistor, f isthefrequency in hertz, and NI is
the noise index in decibels. As a numerical example, a resistor with a NI d
—10 dB biased with 5 V dc produces an excess spectral density noise voltage
of 33nV/Hz'/? at afrequency of 1000 Hz.

Excess and thermal noises can be modeled in SPICE using the circuit
shown in Fig. 4-8 where R isthe resistor of interest. The dependent current
source, F, .., produces the excess noise current. The independent voltage
source, Vinees SENSes the dc current through R. This current is reflected to
the diode subcircuit to control the dependent current source which, in turn,

biasesone of the diodes, D, or D,, depending upon polarity. The gain of this
dependent current source is equal to R so that the diode current has a
magnitude equal to V., the dc voltage developed across the resistor R. In the
diode model, KF is set equal to
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104
Figure4-8 Redgor current noisemodd for SPICE.

and AF isset equa to 2. Then the diode spectral density expression of EQ.
4-3 yields an expression whose first term is that of Eqg. 4-6. For typica NI
vauesof —40 dB < NI < *10 dB, the shot noise term o the diode spectral
dengty is negligible. The magnitude o the diode flicker noise term is the
noise voltage in R caused by resistor current noise. Since the noise element
F e 1S @ current source, the gain o this dependent source must be 1/R
when the noiseis reflected to the main circuit.

Example 4-3 Consider the circuit shown in Fig. 4-9a where the resistor

Rexcess has a noiseindex of 10 dB. Develop anoise model for the excessnoise
in this resistor.

Solution For smplicity, we assume that the excess noises of all the other
resistors are negligibly small. Next we calculate K¥ from Eg. 4-7 to be
4343 x 10~ '2, Finally, we use the excess noise model from Fig. 4-8 to
oroduce the complete circuit of Fig. 4-9b with its associated SPICE code.
Edited SPICE simulation results shown in Fig. 4-10 match the results
obtained by hand calculations using Eg. 4-6.

The excess noise model of Fig. 4-8 must be modified when it is used with
active devices where both dc biasing and ac frequency response simulations
are required. As an example consider the single transistor circuit shown in
Fg. 4-11.

The bias resistor, R, is to be modeled with a noise index of +10 dB
hrough the F, . current-controlled current source (CCCS). The current
shrough R, isreflected to the model circuit of Fig. 4-11b viathe CCCS, Fi,.,
which hasamultiplier of R. Any ac component o FI,_ isshorted to ground

bv Cg. This current flows through one of the D, ..., diodeswhich produces a
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EXCESS NOISE EXAMPLE
VIN 10 DC 10V
R1121K

R3 23 1K

R4302K

R5634 1K

R64 0 2K

REXCESS 41 0 2K

VISENSE 441DC O
FNOISE 41 0 VSENSE 5E-4

FIDC O 100 VISENSE 2K

CEN 100 101 1GF

VSENSE 1010DC O

D1 100 O DEXCESS

D2 0 100 DEXCESS

MODEL DEXCESS D (KF = 4.343E-12, AF = 2)
AC DEC 101100

NNOISE V(41) VIN 10

PRINT NOISE INOISE ONOISE

.END

Figure 4-9 Example of modeling excess noise: (a) example circuit, (5) circuit with
added excess noise source, and (¢) SPICE control file.
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EXCESS NOISE EXAMPLE
SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
(1) 10.0000 (2} 5.000 (3) 2.5000 (4)1.25C0

NOISE ANALYSIS TEMPERATURE = 27.000 DEG C

FREQUENCY = 1.000E+00 HZ
DIODE SQUARED NOISE VOLTAGES (3Q V/HZ)

TOTAL 6.786E-12  0.C00E+Q0

RESISTOR SQUARED NOISE VOLTAGES (SQ V/HZ)
REXCESS

TOTAL 3.315E-17

TOTAL OUTPUT NOISE VOLTAGE = 6.786E-12 SQ VIHZ
= 2.605E-06 V/RT HZ
Figure4-10 Edited SPICE output showing 2.60 uV /Hz'/? excess noise voltage at a
frequency of 1. Hz

I/f noise current. The inductor L, blocks any ac component of the noise
current generated by either D,,.. diode from flowing back through C5 or
FI,.. Therefore, any noise current produced by the diode flows through C,,
and V... This noise current through V... is then reflected back to the
main circuit via F,_ ;.. and a constant multiplier. The value of this multiplier
iscritical to producing an accurate value of excessnoise at Ry. Calculation of
this reflection coefficient, X, is dependent upon the Thevenin resistance at
node 4. Specificdly, this Thevenin resistance is the parallel combination of
the ac input resistance looking into the transistor and the source resistance
R,. Assuming anominal ¥z = 0.7V and B = 100, the emitter current in the
transistor is 0.761 mA. The »_ of @, iscaculated as

The reflection coefficient for F, ... is then found as the reciproca of the
paralel combination o . and R,. Numerically, thisis

The sample SPICE file for the complete circuit is shown in Fig. 4-1lc. The
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circuit was ssmulated and the voltage gain from node 4 to node 5 was found
to be 1735 as shown in Fig. 4-12. Next the total output noise at 1 Hz was
found to be 4.1 mV /Hz'/?, corresponding to a noise voltage at node 4 of
4.1 mV /Hz/?/173.5 = 236 wV /Hz'/2. Furthermore, we see from PSpice
that the dc voltage across R is11.23 V. Relating these ssimulation results to
the design methodology, we use Eq. 4-6 to calculate the excess noise voltage
produced by Ry to be 23.7 uV /Hz'/2. Figure 4-13 is an edited version of the
simulation results obtained from PSpice.

The dependence on the reflection coefficient and the input capacitance
was investigated. At 1 Hz the impedance seen looking back toward the signal
source from node 4 is (5k — j159) Q@ and the contribution from C;, is
negligible with respect to R,. Another simulation was done after changing
C,, t0 220 uF which gave an impedance of (5k — j5k) €, which is no longer
negligiblewith respect to the 5-k{) source resistance. The reflection coeffi-

(b)

Figure 4-11 Example of modeling excess noise with an active device: (a) example
circuit, (b} circuit with added excess noise source, and (¢) SPICE control file.



EXCESS NOISE EXAMPLE FOR ACTIVE DEVICE
VS 10 AC 1V

RS 125K

CIN 2 4 1000UF

Q1540NPNI

.MODEL NPNI NPN

VCC 6 0 12VOLTS

RB 6 411.5MEG

*EXCESS NOISE MODEL

VISENSE 4 1 6 VSENSE 492.611

FIDC 310 O VISENSE 1.5MEG

CB 310 0 1GF

LB 310 300 1GH

CSEN 300 301 1GF

VSENSE 30100

DEXCESS1 3000D1

DEXCESS2 0 300 D1

*MODEL FOR FLICKER NOISE IN DIODE NI =+10 DB
MODEL D1 D (KF=4.343E-12, AF=2)
AC DEC 10 1 100K

NOISE V(5) VISENSE 10

PRINTING NOISE INOISE ONOISE

.PROBE
.END
(e)
Figure4-11 (Continued)
O V(ONOISE)
4.088E-3
1.0 H 10 Hz 100H 10kH 10kH
Frequency

EXCESS NCISE EXAMPLE FOR ACTIVE DEVICE

Figure4-12 Voltage gain and output noise simulation for excess noise model.
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EXCESS NOIStE EXAMPLE FCR ACTIVE DEVICE

e = * * SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.000 DEG C

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
(1) 0.0000 (2) 0.0000 (4)  0.7667 (5)  7.5067
(6)  12.0000 (41)  0.7667  (300) -0.8963  (301)  0.0000

(310) -0.8963
* * * ¢ NOISE ANALYSIS  TEMPERATURE = 27.000 DEG C

FREQUENCY = 1.000€ + 00 HZ
* » » » DIODE SQUARED NOISE VOLTAGES (SQ V/HZ)

DEXCESS1 DEXCESS2
RS 0.000E+00 0.000E+00

TOTAL 8.857E-27 1.671E-05
* * % * TRANSISTOR SQUARED NOISE VOLTAGES (SQ V/HZ)

TOTAL 3.102E - 13

* * * * RESISTOR SQUARED NOISE VOLTAGES (SQ V/HZ)

RS RB RC
TOTAL 4.162E -13 1.389E-15 9.945E - 17

* * « * TOTAL OUTPUT NOISE VOLTAGE = 1.671E - 05 SQ VIHZ
= 4.088E - 03 VIRT HZ

TRANSFER FUNCTION VALUE:

V{(5)VISENSE = 2.363E-01

EQUIVALENT INPUT NOISE AT VISENSE = 1.730E - 02 V/RT HZ

Figure 4-13 Edited PSpice output showing excess noise voltage at a frequency of

1 Hz.
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ient remained constant at 497.2 X 10~%. The output noise was identical to
ha when C;, = 1000 uF. Therefore, the reflection coefficient depends only
pon the real portion of the Thevenin resistance looking back from the
10deled resistor.

To conclude, excess noise can be accurately modeled in SPICE. Both the
cand ac analyses are required. The reflection coefficient is the multiplier on
he F,,..-dependent CCCS and is critical to producing accurate results. This
eflection coefficient is dependent on the Thevenin resistance seen by the
10deled resistor.

-7 RANDOM NOISE GENERATOR

)ccasionally, we may need to test a circuit or system to see how it would
espond to a random input voltage like that produced by Gaussian noise. As
re have just seen, the .NOISE function in SPICE performs an ac anaysisin
he frequency domain, but does not have a built-in way to simulate noisein
he time domain. The transient analysis option ( TRAN) can be used with a
pecidly configured time domain noise generator (TDNG).

The first step for constructing a TDNG is to find some means of generat-
1g aset of random numbers having a Gaussian distribution. If the mean, .,
nd the standard deviation, a, are not predetermined in the selection
rrocess, then calculate them according to

N
o X (4-10)

J

2| B

Mean = & =

j=1

Variance( X1, ...

Standard deviation = a = y/Variance( Xy, ..., Xy) (4-12)

fa*1 and p # 0, perform the following transformation so that a new
lean and standard deviation are found, respectively identified as ¢’ = 0 and
=1

Decide upon the time interval of interest and split it up into a number of
gual segments equal to the number of random numbers in the set. The
~ogram included in App. D can be used to do this [10]. This program
mtomatically produces a set of numbers having an approximate Gaussian
“stribution. Furthermore, the program automatically generates the SPICE
~put filefor the random noise generator. As an example, consider aset of 50
mmbers with a Gaussian distribution spread over a known range. Here we
~1ight beinterested in the time responsefrom 0 to 5 ps. We would divide up
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the segmentsin 100-nsintervals. Finally, we construct a series combination of
three independent, piecewise linear, voltage sources, each having voltage
values at 20 specific instants of time and zero for al other times. The
piecewise linear voltage source model is used as this voltage source. Note
that a single PWL source is limited to a maximum of twenty amplitude-time
data points in SPICE.

Example4-4 Construct a20-nV random noise generator model and show its
simulated output noise over the time interval from 0 to 5 ps.

Solution  Figure 4-14a shows the general approach where PWL source V,
hasits random voltage valuesfor the first 20 time steps, from 0 to 1.9 ws and
then is zero at all other times. The second source, V5, has value for the
second set o 20 time steps and is zero elsewhere. This process is repeated
for the third PWL source up to the 5 ws limit. If more data points are
desired, additional PWL sources as well as additional random numbers need
to be added in the TDNG model.

Over the time interval of interest, the output voltage between node 1 and
ground in Fig. 4-14 will have approximately a zero mean value and a standard
deviation voltage (rms noise voltage) of 1 V. The VCVS E_,., reflects and
scalesthis 1-V noise leve to the desired new level. For example, since a noise
level of 20 nV isdesired as the output level between node 3 and ground, the
multiplier is set to 20N as shown. Figure 4-15 shows the output from the
TDNG model where the timeinterval was the specified 0 to 5 ws and the rms
noise level was 20 nV.

Figure4-14 Time-dependent random noise generator: (a) circuit representation and
(b) SPICE netlist.
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e-Dependent Noise Generator

|1GF1N0310 10(A) ;(A)isthe rms noise level = 20 n v for this example
23017
10 TDNG

mean and standard deviation before transformation are
ean = 1.69325368409091E-0001 rrns = 1.00016888842765E+0000

ibckt TDNG POS NEG
100 NEG pwl(0s O

POS 200PWL(0s 0 3.600E-0006s 0

Figure4-14 (Continued)
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0.Ous 10 pi 2.0ps 30us 4.0ps 50ps
o V(3) Time

Time Dependent Noise Generator

Figure4-15 Output of time-dependent noise generator.

4-8 FINDING NOISE BANDWIDTH USING PSpice

Some extended SPICE simulation programs such as PSpice have built-in
arithmetic postprocessing capabilities. When properly used, these functions
enable quick and accurate determination of critical circuit and system perfor-
mance indexes such as noise bandwidth, noisefigure[11], and total input and
output noises.

Recall from Eg. 1-9, the noise bandwidth was defined as

We can use the PROBE postprocessing capabilitiesin PSpiceto find Af by
integrating the square of the magnitude of voltage gain with respect to
frequency from dc (or some very low frequency) to some large frequency and
then dividing this result by the square of the peak voltage gain. Thisis done
using the PROBE statement.

(17 (A, *A,))*S(VM(output node)*VM(output node))

The Sfunction in PROBE performs numerical integration over the limits as
set by the x-axis, the frequency sweep in this case. Care should be exercised
In how the voltage magnitude is specified. Using VM(node number) appears
to aways give the correct result while just using V(node number) may give
incorrect results especially in 4.03 and later versions of PSpice.
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Figure4-16 Activebandpass filter.

Example 4-5 Find the noise bandwidth using PSpice of the active bandpass
Jlter shown in Fig. 4-16. Assume both op amps are ideal.

Sl ution Regular circuit andysis shows that the first stage produces a
high-pass frequency response with a gain of 26 dB and a single —3-dB
frequency of 1 kHz. The second stageis alow-passfilter with 14-dB gain and
a high-frequency cutoff of 10 kHz. These conclusions about the filter’s
operation are easly verified using the following SPICE or PSpice control file.

YOISE BANDWIDTH FOR X100 AMPLIFIER

.

YIN 1T 0 DC 0 AC 1V
R1 1 2 10K

21 2 3 15.9NF

22 3 4 200K

23 4 5 20K

T2 5 0 796PF

R4 6 7 4K

35 6 0 1K

*0P AMP SUBCIRCUIT
.SUBCKT OPAMP 1 2 3
=IN 1 2 10MEG

=0L 3 0 1 2 100MEG
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20k

o (1/(90.9+90.9))=S(VM(7)+VM(7))
10k m 17.3E3

okhb b
10Hz 10Hz 100Hz 10kHz 10kHz 100 kHz

Frequency

Noise bandwidth for x100 amplifier

Figure 4-17 PSpice simulation results of bandpass filter: (a) frequency response
showing peak voltage gain and () integration to find noise bandwidth.

.ENDS OPAMP
*

X1 0 3 4 OPAMP

X2 5 6 7 OPAMP

.AC DEC 10 1HZ 1TMEGHZ
NOISE V(7) VIN 10

.PROBE
.END

Simulation results are shown in Fig. 4-17a where the maximum voltage gain
IS 909 (39.2 dB) at 3.16 kHz as displayed on the linear voltage axis. (Note
that a smple macromodel for both op amps was used which modeled an
input resistance of 10 M2 and an open-loop voltage gain of 10%.)

Next, the approximate noise bandwidth is found by utilizing the integra-
tion and scaling commandsin PROBE, namely,

Figure 4-17b shows the resulting output plot. The curve approaches an
asymptotic level which is the noise bandwidthfor the bandpass filter, approx-
imately 17.3 kHz. Rigorous mathematical calculations deriving the bandpass
filter’s transfer function and then itsintegration produce an exact determina-
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o noise bandwidth to be

INTEGRATING NOISE OVER A FREQUENCY BANDWIDTH

As discussed in Sec. 4-1, the .NOISE command causes SPICE to calculate
the spectral density noise contribution for every resistor and semiconductor
device in a circuit. However, we often need to know how much wideband
noise would be measured by a true rms voltmeter if it were placed at specific
nodes in the circuit, usualy at the input or output. Again the integration
positprocessor in PROBE furnishes an easy way to find the wideband rms
nois e,

To find the wideband rms noise, include the .NOISE command in the
mput control file and identify the OUTV (output voltage defining the
amming node) and INSRC (independent voltage or current source which is
the input noise reference) nodes. Then simulate the circuit to obtain the ac
frequency response in the normal way. The spectral densitiesfor the input
and output noises can be displayed in PROBE by smply displayingthe traces
V(ONOISE) and V(INOISE) for the output and input noises, respectively.
The rms output and input wideband noises are then found by taking the
square root o the integral of the square o V(ONOISE) and V(INOISE).

mple 4-6 Extend the previous example to determine the equivalent
it and output noise voltages for the active bandpass amplifier shown in
4-16. Neglect the noise contributionsfrom the operational amplifiers and
sider only the noise from the resistorsin the circuit.

Solution After simulating the bandpass filter circuit, the output and input

tquivalent noise spectral density voltages are displayed in Fg. 4-18. The

utput noise follows the bandpass response of the filter and peaks at f, at
roximate 1.2 wV/Hz!/2. The input noise is flat at approximately 12
/Hz'? over most of the useable frequency range. Thisleve is dueto the
<} resistance, R,. The up-turning rises in V(INOISE) at both low and
1 frequenciesis due to the basic definition o E,;, namely,

: the voltage gain of the bandpass amplifier approaches zero at dc and
nite frequency, k£,,; increaseswithout bound at these limits.
[he desired wideband noise voltages are calculated and displayed as in
. 4-19. The output noise voltage approaches an asymptotic value of
rroximately 160 'V which is the voltagelevel a true rms voltmeter with a
dwidth of at least 1 MHz would display. Assuming that R, is the
ninant noise source, the following quick calculation verifies this output
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0 nv L : : : : : |
10 Hz 10Hz 100Hz 10 kHz 10kHz 100kHz 1.0 MHz

O V(INOISE)

Frequency
Noise bandwidth for x100 amplifier
Figure4-18 Output and input noisesmulation resultsd the bandpass filter.

O SQRT (S{V(INOISE)*V(INOISE)))
200 pVv r

100 pV

Ouv
10H 10Hz 100Hz 10 kHz 10kHz 100 kHz 1.0 MHz

0 SORT (S(V(ONOISE)*V(ONOISE)))
Frequency

Noise bandwidth for x100 amplifier
Figure4-19 PSpice smulation of the wideband noise o the bandpass filter.
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wideband noise levd:

vo nt

: 1 .
Wideband E2 =| < E2 A2 df = Az—f A% E2A%df = (A2,)(4KkTR,) Af
0

Wideband £2, = (90.9)*(1.6 X 10720 x 10*)(17.3 kHz)
Wideband E2, =229 X 1078 V?
Wideband E,, = 151 uV (4-17)

Since the wideband input noise voltage is derived from V(ONOISE), E,;
increaseswithout limit at high frequencies due to the gain reduction.

4-10 MODEL REDUCTION TECHNIQUES

The signa and noise levels at the output of a sensor—detector—amplifier
sysem depend on the transfer function o the complete amplifier unit. Often
a postamplifier and equalizer are necessary parts o the total unit. As we
have just seen, it is very easy to use SPICE to smulate a system and
determine the input and output noise levels as well as the noise bandwidth.
Furthermore, the output file (OUT) produced after every SPICE simulation
reveals the noise contributions of every resistor and semiconductor device in
the system. Thus careful examination of the .OUT file will revea the
dominant sources of noise at the frequencies of interest.

Sometimes we may need to reduce the complexity of a sensor—detector—
amplifier system by substituting some simple frequency-shaping models or
macromodels for the postamplifier, equalizer, or other stages. This may be
necessary in order to reduce the smulation time to a reasonable limit or to
permit the system to fit within the memory or device size capabilitiesof the
SPICE program. Common filter stagesused are low-pass, bandpass, high-pass,
lag-lead, and |ead-lag networks.

There are many ways to make these circuit smplifications. One easy way is
to seek out one of the many textbooks providing examples of passive filter
configurations with appropriate equations so that the design specifications
can be used to calculate and denormalize element values. If this easy
approach is followed, one must be very careful in choosing the location and
value o dl resistorsin the circuit as SPICE will calculate and include their
noise contributions. Here iswhere it is important to examine the .OUT file
after simulating the circuit to make sure these resistor noises are not
significant.

Another method for system simulation is to utilize behavioral-level contin-
uous-time macromodels as explained in Connelly and Choi [12]. Here one
begins with the required mathematical transfer function for the smplified
network and synthesizes an equivalent macromodel which produces this
frequency characteristic. Feedback around a basic integrator building block is
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the technique used to produce the required macromodel. The only limit to
the order o the filter produced by this technique is the memory capability
and resolution o the particular version of SPICE being used. If high-order
filters are required (n > 4), it is usualy best to factor and split the transfer
function into two or more separate stages and then cascade them. As with
the passve filter approach, one needs to examine the .OUT file after
simulating to make sure that the noise added by the resistorsin the integra-
tor blocks is insggnificant with respect to the other circuit noises.

SUMMARY

a. Simulation alone without independent " hand calculations™ for verification
invariably leads to disaster.

b. The .NOISE command in SPICE must be used in conjunction with the
AC command.

c. SPICE uses the Norton equivalent representation of the thermal noisein
a resistor. If one resistor is used as a noise reference source and then
reflected to two or more placesin the circuit, all resultant noise sources
will be 100% correlated.

d. Diodes must be used to model 1/f noise characteristicsin SPICE.

e. Excess noisein resistors can be modeled in SPICE. However, the equiva
lent circuit is complicated and should only be used for the dominant
resistive noise source.

f. A random noise generator is useful for modeling noise behavior in the
time domain, but not in the frequency domain.

g. The PROBE postprocessor in PSpice is very useful for finding the noise
bandwidth and equivalent wideband output noise in a circuit.

h. After usng model reduction techniques to simplify a large system, care-
fully examine the .OUT file to make sure that the models added for
smplicity do not contribute significant noise to the total system at all
frequencies of interest.

PROBLEMS

4-1. The E, and |, noise characteristics of a certain op amp are to be
modeled in SPICE. The spectral densitiesdf E, and I, versusfrequency
are given by

E2 = (9 nV/Hz'/?)°[1 + (200/1)]
and
I? = (015 pA/Hz'/2)[1 + (500/f)]
where f isthe frequency in hertz. A partial SPICE input file follows.
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*NOISE SOURCES

IREFI O 100 3.125UA

CNE 100 101 1GF

VESEN 101 0 DC O

DEN 100 O DMODE

.MODEL DMODE D (KF=___ 5, AF= )
HVIF 2 3 VESEN____

*

IREF2 0 200 0.280%UA

CNI 200 201 1GF

VISEN 201 0 DC O

DIN 200 O DMODI

.MODEL DMODI D (KF=___ , AF= )
FITF 3 4 VISEN

(@ Add the missing information where the blanks appear to the input
SPICE file.

(b) Simulate the noise characteristics o this op amp and verify that it
produces the correct EF and I? noise characteristics with respect
to amplitude and frequency.

The E, and I noise characteristicsof an op amp are modeled in SPICE
by

*NOISE SOURCES

IREFI 0 100 12.48UA

CNE 100 101 1GF

VESEN 101 0 DC O

DEN 100 O DMODE

.MODEL DMODE D (KF=6.408E-17 AF=1)
HVIF 2 3 VESEN 5K

*

IREF2 0 200 0.2809UA

CNI 200 201 1GF

VISEN 201 0 DC ©

DIN 200 0 DMODI

.MODEL DMODI D (KF=3.204E-16 AF=1)
£I1F 3 4 VISEN 4

Determine the numerical valuesof E, and I, aswdll astheir associated
noise corner frequencies which are being model ed.
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4-3. Refer to the excess noise resistor example (Example 4-3). What value o
noise index must R.,.... have in order to contribute equal thermal and
excess noises over the frequency range from 1 to 10 Hz?

4-4. Change the value o the base biasing resistor, R,, in Fig. 4-11a so that
the collector current in the transistor doubles. Determine the effect this
will have on the excess noise contributed by R, Verify your conclusion
by simulation.

4-5. Drivethe transistor amplifier circuit of Fig. 4-11 with the 20-nV random
noise generator shown in Fig. 4-14. Perform a transient analysis of the
output voltage and compare the source and output noise waveforms.

4-6. Repeat Prob. 4-5 usng the active bandpass filter as the test circuit.
Simulate so that the output voltagesfrom both X1 and X2 op amps can
be displayed in the time domain. Study these outputs and compare them
to the random noise generator source.

4-7. The circuit shown in Fg. P4-7 provides RIAA equalization for a
preamplifier. Simulate this circuit and determine the noise bandwidth.
Model the op amp to have an open-loop voltage gain o 2 X 10° and an
input resistance of 10 M (2. Let the op amp be ideal otherwise.

Figure P4-7

4-8. Use PSpice to determine the wideband output noise for the circuit in
Fig. P4-7. Use the same op amp characteristics as given in the previous
problem.

(a) First neglect al noise contributionsfrom the op amp in finding the
wideband E,_ .
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() Now give the op amp noise characteristicsd E, = 20 nV /Hz'/2,
foee =200 Hz, I, =05 pA/Hz'?, and f, ;=1 kHz. Place a
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Position the current source between the inverting and noninverting
inputs to the op amp.
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The power content of 1/f noise in each decade of frequency is equal, as shown in
these traces. Top waveform, Af = 20 Hz, horizontal 100 ms/cm; center waveform,
Af =200 Hz, horizonta 10 ms/cm; bottom waveform, Af = 2 kHz, horizontal
1 ms/cm.



IOISE IN BIPOLAR TRANSISTORS

1e objective of this chapter is to determine E,;, E,, and |, for a bipolar

nction transistor (BJT). In so doing, we will define and identify the noise

urces contributingto E,, and I,, in the device noise model. Specificaly, we

1 show that the BJT noise parameters are functions of the operating
Q-point, and this operating point can be selected for reduced noise contribu-
tions.

The bipolar junction transistor (BJT) contains sources o thermal noise,

‘f noise, and shot noise, which are discussed in this chapter. The widdy
ed hybrid-r small-signal equivalent circuit [1] is modified to include noise
urces to represent transistor noise behavior.

From the noise circuit model, we determine the equivalent input noise
parameter £,; for the BJT. The resulting expression is used to predict noise
versus frequency behavior and forms the basisfor the derivation of expres-
gbns for E, and I,.

The conditions necessary for minimizing the noise figure are considered.
pecause Noise relations are expressed in terms of operating point currents,
transistor parameters, temperature, and frequency, the circuit designer can
apply the results to create low-noise electronic circuits.

Comparisons of various transistor types are made and results are pre-
sented that suggest the correct type for a given application.

5-1 THE HYBRID-w MODEL

The hybrid-w transistor model represents the small-signal behavior of the
Sipolar junction transistor. The parameters of the hybrid-= are generally not
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Figure5-1 Hybrid-= bipolar transistor small-signal model.

frequency dependent, so the model can be used over a wide band o
frequencies. Although the hybrid-rr is best suited for the common-emitter
(CE) configuration, the model is still accurate and can be rearranged for
either the common-base (CB) or common-collector (CC) configurations. The
basic model contains seven components shown in Fig. 5-1 and is the same
whether the BJT isthe npn or pnp type. Between the external base terminal
B and the internal terminal B' is the base-spreading resistance r,. The
elements r_ and C,, represent the significant portion of the input impedance
of the transistor.

The amplification property of the device is represented by the dependent
current generator g, V._, where ) isthe signa potential between B' and the
emitter terminal E. The elements r, and C, are caused by the base-width
modulation effect and by depletion-layer capacitance. These internal feed-
back mechanisms within the transistor often can be omitted in developing a
smplified low-frequency moddl. The element r, represents the dynamic
output resistance d the transistor.

The more important parameters of the hybrid-rr model can be expressed
in terms of easily measured quantities. The short-circuit current gain, caled
hs Or B,, isnot a parameter of the hybrid-w. However, if we assume a short
circuit between C and E in Fig. 51 and consider low-frequency operation
where capacitancesmay be neglected, the low-frequency current gain g, can
be expressed as

Equation 5-1 assumes that r,, isvery large.
The parameter g,, can be derived from the diode equation relating /. and
Var (1]
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At room temperature g /kT = 40/V. Note that Eq. 5-2 relates a small-signal
ac parameter to the dc collector current.

Another parameter useful for noise analysis is the so-called Shockley
emitter resistance r, which isthe reciprocal o g,.. At room temperature,

1 0.025

r, = = 5-3
€ gm IC Q ( )

The base-emitter resistance can also be expressed in terms of 1,. Substi-
tuting Eq. 5-3 into Eq. 5-1yields

The gain—bandwidth product f; isthe frequency at which the short-circuit
current gain equals unity. This parameter is related to the hybrid-w parame-

ters by

The beta-cutoff frequency, f,;. or fg, is the frequency at which beta has
declined to 0.707 of its low-frequency reference value, B,. It can be shown
that

A typical set of hybrid-= parametersis

r.=2780Q r, =15MQ

These values are typical for a small-signal, high-frequency discrete pnp
trangstor similar to the 2N4250 transistor at an operating point of 1, = 0.1
mA and Vg = — 5V.
The basic hybrid-= model is dightly modified for monolithic integrated
cuit transistors. Because of the greater distancefrom the collector junction
the external contact, a small resistance may be added in series with the
lector. Adding a buried layer between the substrate and the epitaxial
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collector region can dramatically reduce this series collector resistance. An
npn |1C transistor is fabricated on a substrate of p-type semiconductor. The
collector-to-substrate junction is reverse-biased. The capacitance associated
with that junction can be added in the equivalent circuit between the
collector and a separate substrate terminal. The substrate terminal is amost
adways connected to the lowest dc potential which makes the substrate ac
ground.

5-2 NOISE MODEL

The noise mechanisms o bipolar transistors have been widely investigated
and the results are well defined [2]. Let us start by looking at the cross
section of a diffused mpn transistor as shown in Fig. 52 to visualize the
location o the transistor noise mechanisms. In Chap. 1 we defined the three
noise mechanisms. thermal, shot, and 1/f. From the transistor model, the
real resistances generate thermal noise and the diode junction currents give
rise to shot noise. Current flow generates I /f noise.

The base-spreading resistance r, is the ohmic resistance of the lightly
doped base region between the external base contact and the active base
region. This is a true resistance, and therefore exhibits thermal noise. The
base current 1, and the collector current /. generate shot noise at their
respective junctions. The flow of base current 1, through the base-emitter
depletion region givesrise to 1/f noise[3]. Therefore, four noise generators
and the thermal noise d the source resistance are shown in the hybrid-r
noise model o Fig. 5-3. Dynamic resistances r,. and r, do not generate noise
since they are nonohmic, ac resistances.

B-E
Is_olat_ion Base depletion Emitter Collector
diffusion contact | contact contact
n+ Buried Layer ] ‘ , |

Figure5-2 Cross-sectiondiffused npn transistor.
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E
Figure5-3 Hybrid-7 bipolar transistor noise mode.

Feedback elements C,, and r,, have been removed for clarity, which limits

plication of this equivalent circuit to frequencies less than f;/BL/%. At
frequencies above f, the noise mechanisms are partialy correlated and the
total noise is dightly larger than predicted by this model. Generdly, a
transistor will be operated at lower frequencies to have better gain.

The E, noise voltage generator is caused by the thermal noise of the
base-spreading resistance. The noise current generator 1,, is the shot noise
d the total base current, and I, is the shot noise of the collector current.
The noise spectral density of these generators may be predicted theoretically
from the discussions given in Chap. 1:

e thermal noise voltage of the source resistance R, is EZ? = 4kTR,.

The 1/f noise contribution is represented by a single noise current
generator [, connected asshown in Fig. 5-3. It has been observed experimen-
tally that the 1/f noise current flows through the entire base resistance in
alloy-junction germanium transistors, but a reduced value o r, is necessary
to model correctly silicon planar transistors.

Following the discussion given in Sec. 1-10, the spectral density of 1/f
noise current can be given by

The exponent y rangesbetween 1.and 2, but often can be taken as unity. The
experimental constant X takes on values from 1.2 x 107" to 22 x 102,

This constant can be replaced by 2gf,, where q is the electronic charge,



114 NOISE IN BIPOLAR TRANSISTORS

1.6 X 10° C, and f, is a constant having values from 3.7 kHz to 7 MH
Thevauefor f; isarepresentation of the noise corner frequency. Its vah
does not match the corner frequency, but there is gross correlation. Tt
exponent a is usualy unity. Thustheform for I/f noise used in this chapt
IS

The I/f noisevoltage generator is the product of the noise current givenl
Eqg. 5-11 and the net resistance shunting Ifz. Because the r, contribution
1/f noiseisless than theory predictsfor planar transistors, it is necessary
defineanew 7., smaler than thevaue o r,, to match the experimental dat
Unless this change is made, calculations predict excessve 1/f noise. Tt
effective r.. is approximately one-half o r,. An expression for the I/f noi
voltage generator is

wherer, =r,/2

The I/f noise results from the trapping and detrapping of carriers in
surface and bulk energy states. Thisis a process-dependent noise mechanisin.
It can be caused by defects such as impurities and dislocations. Transistors
that have a high beta at very low collector currents seem to have little 1/f
noise perhaps because these trapping centers are also recombination centeis
The I/f noise is strongly affected by surface properties. Planar transistors
are passvated so their surfaces are fairly well protected. There are epoxy-
encapsulated devices with a low level o 1/f noise, but for the most critical
applications it is desirable to use a hermetically sealed package.

5-3 EQUIVALENT INPUT NOISE

To determine an overall signal-to-noiseratio, al transistor noise mechanisr
are referred to the input port. To derive the equivalent input noise E,,;, 0
method is to calculate the total noise at the transstor output, the gain fro
source to output, and then diuide the output noise by the gain.

If the output is shorted in Fig. 5-3, then the output noise current is
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an input signal V,, the output short-circuit signal current is

ASiransfer gainis

can now calculate the equivalent input noise E, ; astheratio of Egs. 5-14
j-16 according to

erms Of impedances and noise generators, E,; is

slsstituting the values for the noise generators (Af = 1 Hz) into Eq. 5-18
s the equivalent input noise:

» effective value of the base resistance r, isused in the | /f term. Note
. the last term contains Z_ which is frequency dependent. At low
uencies this term can be smplified to

-~ Nigh frequencies, up to about f,./BL/?, thisterm can be smplified to
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Thefinal expresson for equivalent input noisein terms d transistor parame-
ters, temperature, operating-point currents, frequency, and source resistance
IS

This form for EZ is an approximation. In the model of Fig. 53 the
feedback capacitance C, has been omitted. This assumption may result in
the actual noise at high frequencies being greater than the noise predicted by
the equation. Nevertheless, Eq. 5-22 is a good engineering approximation to
actual behavior. The errors are primarily at high frequencies, beyond transis-
tor cutoff.

The first three terms in Eq. 5-22 are not frequency dependent and
therefore form the limiting noise of any transistor. The first term 4k7r, isthe
thermal noise voltage of the base resistance. The term 24I;(r,)? is the shot
noise voltage associated with the base current and can usualy be neglected
since the source resistance is usually larger than the base resistance and E,
will dominate. The term 2ql(r_)?/BZ is the collector current shot noise; it
can be rearranged to the more useful form 24/-72. Another form for this
voltage is 2k7r, or hdf thermal noise. It should be emphasized that r, is a
dynamic resistance; therefore, it does not produce thermal noise in the BJT.

The transistor parameters for 12 types of transistors are given in Table
51. These vaues result from independent testing and do not necessarily
agree with those avallable from manufacturers specification sheets. Of
gpecificinterest isthe variation of f; with I,

5-4 NOISE VOLTAGE AND NOISE CURRENT MODEL
We now modify Eq. 5-22 to write the total expressionfor E2, of the transistor

with a zero source resistance. By definition, this yields the noise voltage E?>
of the transistor noise model

| : 2 2
Sincer,. = pB,r, and since r: is usualy < B, rZ,




TABLE5-1 Transistor Parameter sand Noise Constants

B, at I = frinMHzat I, =
Transsor 10 1 100 10 1 10 1 100 10 1 ¢, r r § Iy (max)
Type mA mA pA A pA mA mA pA uA pA GF) (@ (@) MHz) y (A
2N930 355 202 200 125 77 129 107 325 54 049% 80 750 350 17 13 1
IN2484 400 353 322 277 180 132 101 322 48 0475 60 380 200 16 15 1
IN3117 714 662 535 417 130 163 141 375 564 0566 45 1000 130 70 15 1
IN3391A 704 510 345 196 111 122 674 132 161 0162 70 800 200 02 12 10
IN3964 389 373 347 290 150 160 792 164 264 0194 40 150 65 0005 1.2 1
IN4058 201 250 235 192 120 106 106 432 7.02 0759 50 280 100 018 14 10
IN4124 418 299 200 114 60 360 172 397 49 049 40 110 40 0011 11 5
IN4125 170 144 118 87 45 255 101 220 363 0302 45 50 48 0004 12 5
IN4250 389 373 347 290 150 160 792 164 264 0194 40 150 65 0005 12 1
ON4403 278 200 136 80 48 182 686 119 134 0133 85 40 8 0010 11 10
IN5086 357 279 183 105 45 224 133 273 381 0348 40 180 30 0016 11 1
IN5138 215 154 77 55 29 131 642 142 214 0169 50 100 20 125 13 1
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The I, noise current parameter of the model is obtained from Eq. 5-22 by
assuming that R isvery largevalued, specifically 2gl, > 4kTR, asdefined in
Sec. 15-2-1. After dividing each term by R? and taking the limit as R, — «,
we obtain the I," parameter

Since I./B% < I, the second term in Eq. 525 is usually negligible. The
noise current I, becomes

Example 51 Determine the mean square equivalent input noise voltage,
EZ, for a 2N4250 BJT operating at a collector current of 1.0 mA, with a
source resistance of R, =10 k{ in a Af =10 Hz band of frequencies
centered at 1 kHz. Noise data for the 2N4250 transistor are shown in Fig.
5-9.

Solution There are two calculation methods possible. We will do both to
Illustrate the approaches and compare results. Thefirst and easiest approach
is to read the E, and I, from Fig. 59 as E, = 2 nV/Hz'/? and I, =
1 pA/Hz!/? both read at 1 kHz. Then we calculate EZ using the equation

I n this example, the dominant noise contributions are from the thermal noise
of the source resistance and the I7R? term. The E? term is negligible here,

The second calculation method is to use the 2N4250 transistor data in
Table 5-1 plus Egs. 5-24 and 5-26 to determine the EZ and 1," values
directly. Thisis instructive because it reveals which noise mechanismsin the
2N4250 transistor are the dominant sources of noise. At /- =10 mA,
r, = 25 Q. Using Eq. 524, we obtain E?/Af = 263 x 107!8 V2/Hz. The
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first term in this equation, due to the base resistance of 150 ), dominates.
Equation 5-26 gives a numerical valuefor 12/Af = 118 x 1072 A?/Hz. The
shot noise of the base current is the largest contributor to I? with the 1 /f
term adding a significant amount o noise as well. Using these valuesd E?
and I? in the defining E2 expression with a 10-Hz bandwidth produces

The importance o this example is to show that close agreement between
these two methods is possible even though it is somewhat difficult to read
accurate data from the typical E, and I, curves.

5-5 LIMITING CASE FOR MIDBAND NOISE

Removing all frequency-dependent terms and the 1/f contribution from the
expressionsfor E, and I, givesthe limiting noise condition for the midband
region. Thisistermed the " shot noiseregion' because the shot noise current
sources dominate in a well-designed circuit. Equations 5-24 and 5-26 become

and

Two mechanisms limit £, the thermal noise o the base resistance and the
shot noise of the collector current times the emitter resistance. For low
values of source resistance, where E, dominates, it is desirable that the
transistor have a low base resistance, and that the collector current be high.
The I, noise current generator is determined by a single noise mechanism,
the shot noise of the base current. For high values of source resistance,
where I, dominates, it is desirable to operate with a low-leakage, high-beta
transistor at alow level of collector current.

Plots of E, and 7, versus collector current and transistor parameters are
shown in Fig. 54. The E, curve has a minimum value at high collector
currents determined by the thermal noise of the base resistance. The noise
voltage rises steadily with decreasing collector current. The magnitude o the
noise current generator I, decreases with decreasing collector current and
with increasing B,. This illustrates the minor effect of beta and the strong
dependence on collector current.
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dc collector current

1 pA 10 nA 100 . 1mA 10 mA
dc collector current

Figure5-4 Limiting noise voltage and noise current.

5-6 MINIMIZING THE NOISE FACTOR

The optimum noise factor was defined in Chap. 2. The discussion resulted in
the following expression:

F,,; can be obtained only when R, = R, = E, /I . The lowest noisefigure
is obtained when the E, I, product islow. F,, isauseful number because it
defines the best performance obtainable when the source resistance can be
selected to match R,. Thevaluesfor E, and I, from Egs. 5-27 and 5-28 can

be substituted into Eq. 2-14, and the result is an expressionfor the optimum
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< factor of a BJT:

I“rom this expression for the optimum noise factor in terms of the base
resistance, emitter resistance, and transistor beta, we observe that increasing
beta reduces the minimum noise factor; smilarly, reducing the base resis-
tance and/or collector current reduces the noise factor. The lowest noise is
obtained at low collector currents because the levd is limited by the shot
noise of the collector current and not by the thermal noise associated with
the base current. Typical numerical calculationsfrom Eq. 5-29 indicate that
the best noise performance is usualy obtained when the input transistor is
operated at a collector current of less than 100 g A.

I'o design for the lowest noise figure, we require that the first transistor

‘rate in the shot noise limited region. Minimum noise is highly dependent

a large transistor beta. When the collector current is smal, the limit on

IS

]

Fot:1+_
iy ‘/E

The optimum value of the noise factor is only obtained when the source
Istance is optimum

sstituting the values from Egs. 5-27 and 5-28 gives

A plot of thisequation versus |, for variousvaluesof B, and r, isgivenin
. 55. It is clear from the figure that decreasing the collector current
reases the required optimum source resistance. Transistor beta and base
istance have only a dight effect on R,. In the limiting case when the base
istance is negligible, the optimum source resistance is linearly related to
: collector current. Decreasing the collector current linearly increases the
Hmum source resistance according to
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10-6 10-5 104 10-3 10-2
Collector current I in amps

Figure5-5 Graph of optimum source ressanceversus /.

The preceding discussionsindicate that the lowest noisefigure is obtained
at low collector currents and source resistancesdf afew thousand ohms to a
few hundred thousand ohms. The lower impedance limit is set by the base
resistance. A low-noise transistor should have a small base-spreading resis-
tance and a high 3,

5-7 THE 1 /f NOISE REGION

Special consideration must be given to operation in the 1/f noise region.
The same general design criteria gpply, but different conditions exist for
optimization. From the theoretical equations for £, and 1,, the I/f compo-
nents can be extracted. They are

These two expressions differ only in the I/f base resistance r,. The
optimum source resistance is E, /I,. In this case, R, equals the base resis-
tance and is not dependent on the operation point.
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The minimum noise factor F,

opt

obtained at source resistance R, is

The minimum noisefactor is directly related to the base current and base
resistance. To minimize the noise factor in the I/f region, we select a good
low-noise transistor with a small base resistance, operating at the lowest
possible collector current. Aswe have seen, this criterion aso giveslow-noise
peformance in the midband region; however, it does not assure good
high-frequency performance.

5-8 NOISE VARIATION WITH OPERATING CONDITIONS

It has been shown in Chap. 2 that equivalent input noise is dependent on
three components

We now wish to investigate the effect of static collector current on this noise
equivalence. In FHg. 5-4 plotsare shown for E and I, versus I,. Therelative
effect o I, isdependent on R. Thermal noise £ isconstant with 1, When
these three terms are squared and added to form aplot of EZ versus |, it is
dear that the total noise will be high at both extremes of 1, and that for
intermediatevalues of 1, the curve will perhaps experience a minimum.
The effect noted in the preceding paragraph is apparent in the plot o NF
versus |, shown in Fig. 5-6. It is seen that minima exist for al valuesdf R,.
There is only one value o collector current and source resistance for the

1 uA 10 A 100 uA 1 mA 10 mA

Collector current (I}

Figure5-6 Effect of collector current and source resstance on noisefigure.
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100 1000 10 k 100 k 1M
Source resistance (R )

Figure5-7 Noisefigure variaion with source resstanceversus collector current.

lowest noise figure, Since published noise data are often given for one source
resistance only, it is well to consider this curve when designing an amplifier
for a different source resistance.

Test data on a 2N4250 transistor form the basisfor the plot of noisefigure
versus source resistance shown in Fig. 5-7. Observe that the optimum source
resistance decreases with increasing collector current. At a fixed value o
collector current, the noise is higher for any other source resistance. A
minimum value of noisefigure resultswhen the £, noiseis equal to the I, R,
noise. Below the optimum source resistance the amplifier noise E,, is con-
stant even though the source noise is decreasing. Above the optimum vaue
the I, R_ noise is increasing faster than the thermal noise. Both of these
conditions cause the ratio of total noise to thermal noise to increase, and
result in the minimum in the noise figure curve.

An alternate method of presenting noise figure data is shown in Fig. 5-8.
These plots are referred to as contours of constant noisefigure. Each of the
graphs in the figure shows data taken at a different frequency. These data
pertain to a 2N4250 slicon transistor at 10 and 100 Hz, 1, 10, and 100 kHz,
and 1 MHz.

These contours of constant noise figure are convenient for analyzing noise
performance. The best transistor selection will be the device with the best
noise performance over the widest range of operating point. Select the
transistor type with the largest noise contour below 1 dB.

The mgor limitation in noise contour use arises in broadband applica
tions. For examination of frequency effects, plots such as those shownin Fig.
59 are more useful. We see E, and I, behavior for the frequency range
from 10 Hz to 1. MHz. In both curves there is a flat frequency-independent
region with noise increasing at both low and high frequencies. At low
frequenciesthe slopeis proportional to 1 /£1/2; at high frequencies the slope
Is proportional to the frequency.
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0.001 0.01 01 1.0 10 0.001 001 01 1.0 10
Collector current in mA Collector current in mA
Collector current in mA Collector current in mA

0.001 0.01 01 1.0 10 0.001 0.01' 0.1 1.0 10
Collector current in mA Collector current in mA

Figure5-8 Contoursad constant narrowband noisefigure.

There is a smal amount o 1/f noise at the highest collector currents in
the E, curve. The high-frequency break islocated at f,: therefore, the best
performance can be obtained at high collector currents where f,. is greatest.

The I, curves show midband noise increasing with increased collector
current. The 1/f noise component is more prominent. For low-frequency
operation it is clear that a low collector current is desirable. The high-
requency corner is approximately f./8,. The high-frequency portion of the
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10 100 1000 10kHz 100kHz 1 MHz

Figure59 E, and I, performance of a2N4250 transistor.

plot is based on calculations using the smplified hybrid-r version of Fig. 5-3.
If the feedback capacitor C, were included in the model, the noise may be
larger than indicated.

5-9 BURST OR POPCORN NOISE

Popcorn noise, aso referred to as burst noise, was first observed in point
contact diodes. It has since been found in tunnel diodes, junction diodes, film
resistors, junction transistors, and integrated circuits. The name " popcorn™
originated when the source was connected to a loudspeaker, the result
sounded like corn popping.

Popcorn noise waveforms are shown in Fig. 5-11. Obvioudy, this is not
white noise. The power spectral dendity of this noiseisa 1/« function with
1<a< 2 Itisoften found to vary as I/f . The noise—frequency plot has a
roller-coaster effect with one or more plateaus. The noise is masked by other
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.chanisms such as shot noise, unless frequency-sel ective networks are used
filter out higher-frequency noise.
For a pn-junction diode, the amplitude o popcorn pulseswas found to be
higher than a few tenths of a microampere. The pulse widths are a few
croseconds or longer [4, 5].
A typica noise burst of 1078 A with a duration of 1 ms represents some
3 charge carriers. It is doubtful that such alarge number of carriers would
directly involved in the process; it seems more likely that a modulation
:chanism is present, and therefore small numbers of carriers are control-
gthelarger carrier flow. A physical model for burst noise in semiconductor
ictions has been proposed that is based on the presence of two types of
fects. Suppose that a metallic precipitate were to exist within a metallurgi-
pn junction, and in the space charge region adjacent to that defect a
1eration—recombination center (G-R) or a trap were located. It can be
sued that if the occupancy o the generation—recombinationcenter changes,
> current flowing through the defect is modulated. Thus the G-R center
atrols the current acrossthe potential barrier and therefore the generation
burst noise.
If we consider that the noise power spectral density of popcorn noise is
inversely proportional to f 2, the equivalent noise current generator has the
form

where K' is a dimensional constant having units of amperes®. Studies have
rfined Eqg. 5-37 to

ere K is a constant having units of amperes per hertz and the constant a

resents the number o bursts per second. Equation 5-38 predicts a

rding-off of popcorn noise at very low frequencies.

The total base resistance r, of aBJT can be considered to be composed of

0 sections: the relatively small resistancefrom the base contact to the edge

the emitter junction and a larger resistance lying beneath the emitter.
1nese have been called inactive (r;) and active (r,) base resistances, respec-
tively. The total resistance r, = r; T r,. It has been reported that | /f noise
attributable to surface recombination effects should be affected by r;, whereas
1/f noise caused by recombination in the active base region should be
2ffected by the entire base resistance[6]. It is also found that popcorn noise
is associated with the value of inactive base resistance.

A 1/f noise equivalent circuit for a common-emitter-connected transistor
that has 9x noise sources, including popcorn noise, two 1/f noise sources,
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Figure5-10 Expanded hybrid-= bipolar modd with excess noise mechaniams,

two shot noise sources, and thermal noise, is shown in Fig. 510. The noise
power spectral density of the noise generators are

Shot: 12, = 24l
Shot: 12 =24ql,
Thermal: EZ? = 4KkTr,
Burst:

where X, and K, are dimensional constants having units of amperes.

Broadband noise is obtained by integrating each of these terms over
frequency. For the shot and thermal noise terms, which are white noise,
simply multiply by noise bandwidth Af to obtain 72, I2 and EZ. Intergra-
tion of 1/f noiseis described in section 12-1.

This noise equivalent circuit can be used for noise anaysis. The constants
present in the expression for 1/f and burst noise sources must be determined
experimentally for each transistor.

Microplasma noise has been reported to be present in 1C operational
amplifiers [7]. The amplitude of microplasma noise can be severa orders of
magnitude larger than popcorn noise, whereas the pulse width can be
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Figure 5-11 " Popcorn noise™ is shown in the oscilloscope traces. The top trace is
considered to represent a moderate level of this noise. The bottom trace is a low
level. Some devices exhibit popcorn noise with five times the amplitude shown in the
top trace. Horizontal senditivity is 2 ms/cm.

extremey small. Microplasma noise is a local surface high-field breakdown
phenomenon at the collector—base junction. It often can be traced to an
input stage, but if originatingin a later amplifying stage, it will still serioudy
degrade performance.

5-10 POPCORN NOISE MEASUREMENT

Popcorn noise becomes important in high-gain op amps which work in the
1/f noise frequency spectrum covering the audio frequency range (20 Hz to
20 kHz). Typical tests used to determine either narrowband or wideband
noise provide only indications of the average noise power at the measure-
ment frequency and do not revea the "burst” noise. Analog or digital type
metering circuits usually cannot respond fast enough to measure these
tffects. Typically, popcorn noise demonstrates a random abrupt output noise
change that lastsfrom 05 msto aslong as several seconds[8-10] asshownin
Hg. 511. Also the random rate at which the bursts occur ranges from
approximately several hundred per second to less than one per minute. These
rates are not repetitive or predictable. Therefore, conventional testing tech-



niques will not work and a new procedure must be developed which counts
individual bursts in periods from approximately 10 s to 1 min.

When considering how to characterize popcorn noise, one must consider
these mgjor questions:

What characteristics of popcorn noise should be measured?
What are reasonable" pass-fail" criteria?
What type of test configuration should be used?

Absolute measurement of the burst duration is not considered as impor-
tant as the burst amplitude and frequency. However, the rate of occurrence
as monitored by the number of counts per unit time is sgnificant. For
example, one hundred occurrences per second would be objectionable in any
low-level, low-frequency application, whereas one occurrence in one minute
might be perfectly acceptable. Therefore, we need a counter, timer, and
threshold detector arrangement.

The bandwidth of the test system is very important. If we have excessve
bandwidth to " capture™ these sudden perturbations, the white noise of the
various resistors and amplifier can obscure,the burst noise occurrences and
does not simulate realistically the low-frequency applications where popcorn
noise is particularly objectionable. On the other hand, a test circuit with an
excessvely narrow bandwidth prevents detection of short duration bursts
(approximately 05 ms) even if the amplitudeis relatively large. Therefore, a
compromise is realized where the test system's rise time permits a burst d
minimum duration to reach essentially full amplitude. For a single pole
system,

Assume that we require being able to count short bursts havingarise time d
0.5 ms meansthat we need a — 3-dB bandwidth of 700 Hz, producing a noise
bandwidth for the system of 1100 Hz

Burst noise causes effects which are similar to a spurious noise current.
Therefore, we should select a measurement configuration where the equiva
lent input noise is dominated by the I, R, product. Thus we will make R,
aslarge as possiblewithout causing the thermal noise of the source resistance
to be too large. Popcorn noiseis most present in BJTs, and so the input offset
current multiplied by a large source resistance may produce too large an
offset voltage. With R, = 100 kQ) and an input offset current of 0.1 mA, the
input offset voltageis 10 mV which is probably acceptable. With R, = 1 M},
an offset o 0.1V is probably too large.
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— Pass-fail

Counterl=——I Latch ras
indicator

" Timer Counterl

Figure512 Block diagram of sysem for measuring popcor noise,

Consider the popcorn noise test measurement system shown in Fig. 5-12.
The two source resistors help to reduce the input offsetvoltage due to bias
current. Together they increase the therma noise by a factor of v2. The
thermal noisein asingle 100-k ) resistor with Af = 1100 Hz is1.33 wV. The
total E, due to both source resistorsis 1.88 uV.

Now suppose that the DUT amplifier has a wideband noisefigure of 4 dB
0 that E,; can be found from

If we assume a +3¢ Gaussian distribution, the peaks of this background
thermal noise will be approximately 3(2.98 uV) = 9 wV. This represents a
lower limit of the burst amplitude which can be detected. A reasonable
threshold for burst detection is 50% to 100% larger than this 9 wV. Suppose
we set the +V7 threshold to detect popcorn noise amplitudes of +15 pV.
With 80 dB o voltage gain split between the DUT and postamplifier, we
obtain I, = 150 mV.

Achieving the 80-dB voltage gain from the DUT and high-gain amplifier
can be accomplished using the circuit shown in Fig. 5-13. Gain is distributed.
We need sufficient gain in the DUT stage to eliminate any noise contribu-
tionsfrom the second stage while simultaneoudy alowing adequate loop gain
In each stage so that accurate gain setting is possible with the external
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High-gain amplifier

| 3.6k | 1M
120 3.15k

Figure5-13 Amplifiersused in system for measuring popcorn noise.

resistors. Low-pass filtering can be done by paralleling a 230-pF capacitor
with R, to set the —3-dB corner frequency to 700 Hz.

5-11 RELIABILITY AND NOISE

The noise mechanisms within a transistor have been attributed to thermal
and shot noise effects, and, in addition, we have noted the presence of 1/f
noise. It has been shown that a correlation exists between high values o
I/f noise and poor reliability. This correlation follows from the fact that 1/f
noise is very sensitive to changes in a transistor's surface conditions and
defects and these changes, if significant, result in device failure.

Two types of reliability testing programs can be performed using noise
data. Routine noise tests on each transistor constitute one approach. An-
other means of study involves tests on a device over a period of time to
determine changes in behavior. Noise tests require that some definition of
normal noise levels be made. A normal levd o 1/f noise varies among
transistor types. A number of units must be tested to establish the norm.

Surface contamination can be detected by testing for I/f noise current,
l,, at afew hundred microamperesdof collector current and gradually increas-
ing the collector voltage. If the noise current increases in proportion to the
applied voltage, surface contamination is most probably present and is acting
as a semiconductor resistor across the collector—base junction.

Faults such as defective contacts, fractures, or irregularities at the emit-
ter—base junction can be detected by measuring the noise voltage, £, , with
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e transistor operating under high-current conditions. These conditions are
dicated by an abnormally high level of 1/f noise. A test o 1/f noise
rrent 1, made at an intermediate value o collector current can indicate
se region defects.

12 AVALANCHE BREAKDOWN AND NOISE

wition! A circuit designer, evaluation engineer, or inspector making routine
ds or adjustments can inadvertently ruin a perfectly good low-noise,
gh-gain transistor. This can happen when the base—emitter junction of a
IT (discrete or IC) is reverse-biased beyond its avalanche knee. The
w-frequency noise of the device can be increased by 10 times because of a
‘cuit turn-on transient, an overload signa transient, or the testing of Vzz
L].

When a base-emitter injecting junction is reverse-biased, the junction will

be damaged. This damage Wl decrease 8, dightly and increase I/f noise
drastically [12]. The damaging effect is observed to be proportional to the
total charge flow and the logarithm of time [13]. During an avalanche
breakdown there is sufficient energy in the carriers to create dislocationsin
the lattice structure. These crystal defects are minority carrier trapping
centers and cause recombinationin the base region and reduced current gain
B..- A small increase in recombination centers in the base region caused by
the avalanching decreases gain dightly but significantly increases noise. Noise
IS probably the most sensitive measure of the quality o a transistor.

2N4250 Reverse | Anneal with
IB =400 mA

I l I l I _ ] l | I
10 100 1E3 1E4 1E5 1 10 100 1E3 1E4

Seconds | . Seconds
Pulsed reverse base current Continuous forward base current

gure 5-14 Increase in noise current with avalanching and the decrease resulting
ym current annealing.
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Figure5-15 Demonstration of avalanching problem.

Although the noise observed is mainly excess I /f noise, the #zz and noise
degradation can be a concern at RF [12]. Frequently, it includes " popcorn™
noise. The equivalent noise voltage E, can double in value, whereas the
noise current |, increases perhaps 10 times.

Figure 5-14 shows the progressive increase in noise current 7, caused by
pulses of reverse-bias current applied to the emitter—base diode of a type
2N4250 silicon BJT. In normal operation the base—emitter diode is forward-
biased, the pulses are avalanching the junction. To minimize heating, a 10%
duty cycle was used. On the right side o Fig. 514 is shown the result o
passing a large annealing current through the base-emitter junction. It was
found that the avalanche-induced damage can be largely repaired. McDonald
reports that heating the chip to approximately 300°C returns the noise to
near original values[14]. The annealing was accomplished on the unitsin Fig.
514 by passing a continuous 400-mA forward current through the
emitter—base junction. Although thismeans of repair is of interest, it isnot a
practical way to overcome the avalanche-caused damage. The solution is to
design the circuit so that the damage cannot occur.

Avalanching can occur when operating from a biased source as shown in
Fig. 5-15. When the 100-V supply is turned on, capacitor C is charged to a
highvoltagethrough R, Now if point A isgrounded or the circuit is turned
off, the voltage on C can avalanche the input transistors of the amplifier.
Diodes D, and D, are added to protect the base junctions from this
problem.

When an ac-coupled amplifier is turned on, it may experiencewild voltage
variations as the coupling and bypass capacitors charge, and there may be
avalanching. To examine the conditions that spawn a turn-on transient, we
consider the common direct-coupled complementary amplifier shown in Fg.
5-16. When the circuit isfirst turned on by connection to V., transistors Q,
and @, are fully on while they charge C, and C,. Although insufficient to
bum out Q,, this transient can result in a significant increase in the excess
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Figure5-16 Direct-coupled complementary amplifier with single supply.

(b)
Figure5-17 Solutions to the avalanching problem noted in Fig. 5-16.
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noise current 1,. Since Q, usually operates from a large source resistance,
R,, the avalanching can significantly increase the total noise of the amplifier.
A similar effect can result when a signal transient overloads an amplifier.

Three solutions to the turn-on problem are shown in Fig. 5-17. In Fg.
5-17a, C, is connected to bypass R, to ground instead of V... A second
solution is to place a reverse diode D, across the base-emitter junction d
Q, and add a series limiting resistor R,. The charging transient passes
through D,. In normal operation, D, has no effect on the gain or noise. In
Fig. 5-17b the npn Q, is replaced by its pnp complement. The transient
simple tries to turn on O, harder, and the avalanching problem is therefore
circumvented.

Measurement of Vg, the emitter—base breakdown voltage of a transis-
tor, is generally considered nondestructive as long as the current is limited.
I n actual fact, damage may go unnoticed since a 1-s, 1-mA pulse only reduces
h g by about 20%. The increased noise, however, is a significant problem in
low-level circuits. There are two ways to measure V5. One is to avalanche
the base—emitter junction and measure the voltage drop. A better method is
to specify a minimum acceptable Vgz,, then test for current flow (or
breakdown) at that voltage. Frequently, it is not necessary to measure Vi
especially for low-level linear circuits.

SUMMARY

a The hybrid-r model provides a good representation of the bipolar
transistor noise.

b. The BJT contains noise sources whose spectral densities are given by

' =K(Iz)"/f |/ noise

I3, =24ql, shot noise
E? = 4kTr, thermal noise
12 =24l shot noise

Cc. Relativeto the midband reference, the parameters E, and |, increase at
low frequencies because of the |/f noise source and increase at high
frequencies because of reduced gain.

d. Both E, and I, are highly dependent on the collector current. E,
decreases with increasing current, while |, increases with collector cur-
rent.
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At midfrequencies the noise parameters o a BJT are

The optimum noise factor is

The optimum source resistanceis

The best noise performanceis obtained for 10 k2 < R, <100 k2 and
1uA <I-.<100 pA.

The noisefigure isindependent of the transistor configuration.

Popcorn or burst noise is found in some integrated circuits, bipolar
transistors, and junction diodes. It is highly process dependent and is
caused by trapping centers.

Integrated circuitswith unusually highvalues o 1/f noisetend to be less
reliable than low-noise units.

Avalanche damage can occur in development or inspection testing, or it
may result from turn-on or turn-off transients in a circuit.

After avalanche breakdown the emitter—base junction exhibits a large
amount of I/f noise, especialy 1, noise.

Avalanche damage reduces the current gain parameter, A g.

OBLEMS

A 2N930 transistor is biased with a dc current of 100 nA. The source
resistanceis 1 k2. Consider a 10-Hz noise bandwidth centered around
an operating frequency d 3 kHz. Determine theindividual contributions
to E2 due to the source resistance, the BIT’s equivalent input noise
voltage, E2, and the transistor's equivalent noise current, 12,

. Consider the same conditionsasin Prob. 5-1. A 10-k{} |load resistanceis
placed between the collector and emitter in the noise model o Fig. 5-3.
Let r, = 40 k). Determine the contribution to EZ2 from the load
resistor.
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5-3. A small-signal equivalent circuit model for a BJT amplifier is shown in
Fig. P5-3.

(a)

(b)

In this model, determine a numerical value for each noise source.
Let v = 1 as the exponent for the noise current calculations, and
assume the I/f noise comer frequency for I, to be at 1 kHz.
Assume a 1-Hz bandwidth centered around an operating frequency
of 100 Hz. Be sure to specify proper units on al answers. Let
g, =57l mA/V.

Determine the contributions to E% and E?, due to each of the
noise sources in Fig. P5-3. Specifically identify the dominant noise
sources.

FigurePs-3

5-4. One stage of a low-noise amplifier is to be designed with a BJT
operating with a collector current of 100 A at a frequency of 1 MHz
with a source resistance of 100 k(2.

3-8,

(a)

(b

From the device data in App. C, determine which device to select
to produce the lowest NF.

Which device would you definitely avoid specifying for the same
conditions?

The noise figure of an amplifier is 5 dB with a source resistance o
10 kQ.

(a)
(b)

(c)

Determine E,; as a spectral density for this amplifier.

Determine the noise temperature in degrees celsiusfor this ampli-
fier.

Determine the noise resistance for the amplifier.
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.. When the source resistance is equal to the optimum source resistance,
then what is true? Be very specific.

. Consider mpn and pnp transistors with virtually the same terminal
parameters. Which transistor type will more likely have the smaller
equivalent input noise? Explain your reasoning.

. What are the three most important factorsworthy of measuring related
to popcorn noise?

). One stage of an amplifier has been designed with a 2N4250 BJT
operating at I. =100 pwA at a frequency of 100 Hz with a noise
bandwidth of 3 Hz. Determine E,, I,, R, and F_; for this device.
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CHAPTER 6

NOISE IN FIELD EFFECT TRANSISTORS

The basic operating principle of a field effect transistor (FET) has been
known since J. E. Lilenfidld's patent in 1925. In 1952, Schockley provided a
theoretical description of a FET which led to the practical development of
this electronic device which is routinely used to perform a wide variety o
separate and useful circuit functions [1]. For example, FETs are used
routinely as amplifiers, voltage-controlled resistors, switches, and capacitors.

The FET can be fabricated in two distinctly different ways. The insulated-
gate FET (MOSFET) accomplishes control of current flow by a capacitor
type of action. Charge in the conductive channel in the vicinity of the gate
(input) electrode is attracted or repelled by the potential applied to the gate.
This charge accumulation can discourage current flow through the channel.

Inthe junction FET (JFET), the voltage applied to a reverse-biased silicon
pn junction modulates the conductivity of a channel below the junction by
varying the size of the depletion region. A smilar control mechanism occurs
in gallium-arsenide FETS (GaAs FETS).

All three types, MOSFET, GaAs FET, and JFET, can be fabricated in
either conductivity type depending on whether the channel is p- or n-type
glicon or galium arsenide. Most 1IC GaAs FET processes produce only
n-channel type devices. The output characteristic curvesfor al FET typesare
smilar to the corresponding curves for bipolar transistors. However, the
important input quantity is the gate-to-source voltage instead of the base
current. The input impedance of the MOSFET is due to parasitic leakage
current and the capacitance associated with a silicon-dioxide dielectric. The
input resistanceis normally exceptionally large, on the order of TR. The sze
of the input capacitanceis area dependent as set by the gate width and the
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length of the lateral moat diffusion under the gate. The input impedance of
the JFET is due to a reverse-biased pn junction of a diode. The leakage
current is considerably larger giving rise to a much smaller input resistance
on the order o G{. The input capacitance is both area and voltage
dependent. Additional information about these structures and the operation
d FETs is available in the literature [2, 3].

In this chapter we will concentrate on the important noise characteristics
d FETs and their use as a gain stage in low-noise amplifier applications.

6-1 FET NOISE MECHANISMS

The noise equivalent circuit for the common-source operation shown in Fig.
6-1 applies to dl fidd effect type devices. The noise current generator |, is
the result of two physica processes: shot noise of the leakage current flowing
through the gate and therma fluctuations in the drain circuit that are
coupled into the gate circuit. The noise generator |, istheresult of thermal
excitation of carriers in the channel of the device and excess or I/ noise
caused by trapping and detrapping o carriers. Generators 1,,, and I,, are
found to be correlated at high frequencies since they both result from the
thermal noise of the channel.

The E-I, representation is applicable to al FET types. The curves
ghown in Fig. 6-2 are typical. Figure 6-2a shows the characteristic low £,
noise at high frequencies (region 2) and an increase in noise at low frequen-
cies from excess or 1/f noise (region 1). The behavior of the open-circuit
noise current |, isgivenin Fig. 6-2b. The noise current islow in region 3 and
increases linearly with frequency (region 4).

The observed behavior in region 2 is due to the thermal noise of the
channel. This has been shown by van der Ziel [4, 5] to be dependent on the
resistance of the channel. Thisthermal noise current in the channel noise can
be reflected to the gate input as an equivalent input noise voltage produced
by a resistance having a value given by

3

Figure6-1 Small-sgna noiseequivalent circuit for aFET.
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Log frequency
(a)

Log frequency
(b)

Figure6-2 Typicd noisebehavior of aFET.

This value o the noise resistance R, is related to E, according to the
thermal noise equation

To minimize the region 2 noisg, it is necessary to operate the FET where its
g, 1Slarge. Thelargest g,, valuescan befound at high values of static drain
current. Usudly g, is highest in the vicinity of I, thevalue o I, where
the gate-to-source bias voltage V;¢ is zero. Usng a large-geometry device
with a large W/L ratio will give lower E,, as discussed in the next section.

At the lower frequenciesin Fig. 6-2a (region 1), thereis excess I /f noise.
This noise arises from the trapping d carriersin trapping centersin the gate
region [6]. For the MOSFET, these centers are at the silicon /silicon-dioxide
interface and in the oxide layer. p-Channel enhancement-mode devices will
have lower noise because carriers do not flow through this region. JFETS
have trapping centers in the depletion region. Trapping centers aternately
emit a hole or an electron, and smultaneoudy fluctuate between a charged
and neutral state. This fluctuating charge looks like a change in gate voltage
or atrue input sgna. Thus the channel current varies or "flickers. These
fluctuations are the principal source o 1/f noisein the FET.

We now refer to the curve o the equivaent open-circuit noise current 1,
in Fig. 6-2b. At low frequencies (region 3), the noise current is attributed to
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Figure6-3 Circuit to determine high-frequency 7, noise of a FET.

the shot noise of the dc reverse saturation gate current for JFETs and to
parasitic shot noise leakage current in MOSFETs. This noise is "white'" and
usually does not have 1 /f noise. It is calculated as

The higher-frequency 1,, in region 4 o Fig. 6-2b is caused by an interest-
ing mechanism. This is the thermal noise o g, the real part of the input
adinittance. In FETs, the noise of the channel is conducted to the input at

h frequencies by the gate-to-drain capacitance. This appears as a shunt
resstance in parallel with the input capacitance, C,, in the equivalent
electrical circuit. To illustrate this, we use the small-signal model given in
Hg. 6-3 with load quantities R; to represent the parallel combination of 7,
and R, and C, to represent the sum of C,, and Cp.

The capacitance C,, is a feedback capacitance whose effect can be readily

slained by making use of Miller's theorem [7]. Referring to Fig. 6-4, if the

plifier has avoltagegain of A,, thefeedback element Z can be separated

o the two impedances Z; and Z, in the lower circuit and given by

Z Z

Zl:l—AU and Zz=m

Making the comparison between Figs. 6-3 and 6-4, we see that the following
relationships hold:

ere

ing Eg. 6-4, it can be shown that
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The input admittanceis the reciprocal of Z,, or

Thereal portion of Y, is

Thus there is an equivalent "real" reflected resistance present between the
gate and source whose value is

Since w?R?C} < 1 at most frequencies of interest, this reduces to
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The imaginary portion o Y, is

This forms an equivalent shunting capacitance of

Again, SiNCe w?R2C} < 1 at most frequencies of interest, this reduces to

The real "reflected” resistance in Eq. 6-11 decreases with the square of
ncreasing frequency. The resistance R, is a real resistance and will con-
ribute full thermal noise current (4kT/R.)"/* in parallel with the input.
Che amplifier noise current I, increases proportionally to frequency as
[lustrated by the noise of region 4.

The noises of E, and [, at high frequencies in regions 2 and 4 are
:orrelated since they both originate from the thermal noise o the channel
esistance. This results in an additional noise correlation term as shown in

1 10 100 1000 10000
Frequency in kHz

Figure6-5 Calculated input conductance of a FET amplifier.
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1 10 100 1000 10000
Frequency in kHz

Figure6-6 Calculated equivalent input noise current of a FET amplifier.

Example 6-1 What would the input conductance G; and the noise current
|, be for an integrated FET amplifier whose input stage has g,, = 500 uS,
C.,=1pF, C;, =3pF,and R, = 200 k()

Solution The input conductance G; versus frequency can be calculated
using Eg. 6-9. A plot of the conductance is shown in Fig. 6-5. The equivaent
input noise |, can be calculated as the thermal noise current (4kTG,)Y?* o
the input conductance G; from the plot of Fig. 6-5 and plotted as shown in
Fig. 6-6.

6-2 NOISE IN MOSFETs

The physical operating principles of the MOSFET are well understood and
described extensively elsewhere [8, 9]. They will not be further developed
here. Instead we will build upon the existing dc and ac MOSFET models to
include the sources of noise. To begin, consider using the "metered"” test
circuit of Fig. 6-7a used to produce the typical output characteristics of an
n-channel MOSFET as shown in Fig. 6-7b.

When the MOSFET operatesin its saturation region, the dc drain current
is related to the dc gate and drain voltages according to

where h is the channel length modulation parameter, 7. is the threshold
voltage, and W and L are the gate width and length dimensions. The
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e f——
-~
Below threshold | Above threshold Vgg=0
Ohmic
(linear) region
region
0 Vr Vbs

()

Figure 6-7 Determination of n-channd MOSFET V-l characterigtics. (a) test
ireuit and (b) output characteristics.
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transconductance parameter, K, is defined as

where ., is the mobility of the n-channel region in units of square centime-
ters per volt-second and C,, isthe capacitance per unit areaof the gate oxide
in units of farads per centimeter?. The units for K, are amperes per volt.

To give us some typica working values, let us assume some typica
MOSFET model parameters as follows:

n-Channel p-Channel Units
Kp 418 155 o A/V
Vr 0.79 —093 \Y
A 0.01 0.01 v

The ac, small-signal equivalent circuit model for a MOSFET was previoudy
shown in Fig. 6-1. The conventional transconductance and output conduc-
tance in the model are found by differentiation o Eq. 6-15 and evaluation at
the operating point. Stated mathematically,

The two model capacitances are calculated according to the following
formulas:

Region
Cutoff Ohmic Saturation

C.. Is the gate oxide capacitance per unit area in units of farads per
micrometer?. Alternatively, C,. can be defined as

c €0€sio,
oxX — ¢
(8).4

where ¢, and eg;o, are the permittivitiesof free space and the silicon-dioxide
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dielectric, respectively, and 7, is the oxide thickness. L, is the distance of
the lateral moat diffusion under the gate.

Example 62 Let WL = 50 for an n-channel MOSFET. At an operating
point of Vg =1V and Vs =5V, determine the dc drain current and the
ac small-signa model conductance parameters in Fig. 6-1.

Slution First we utilize the typical parameters in the table and check to
make sure the MOSFET is operating in its saturated region.

Since V=5V =V, — Vp=1-079 =021V, the FET is saturated.
Next use Eq. 6-15 to calculate I, accordingto

Equations 6-17 and 6-18 are used to calculate g,, and r,, according to

There are three principal sources of noisein a MOSFET identified as 1,,,
l,, and I, inFig. 6-1 The l,, source (low-frequency |, asshownin region 3
d Fig. 6-2) is shot noise due to leakage current through the SiO, gateto the
source and is calculated according to

The noise current I, at high frequencies (region 4) is caused by the Miller
effect coupling of the channel resistance noise to the gate through C,,. The
thermal noise in the drain-source channel materializes as 17, and is cacu-
lated according to

Thisis the same amount of noise as would be produced by a smple ohmic
resistor located in the drain—source channel and having a value given by
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The third noise source is a flicker or 1/f noise current also in the
drain—source channel and is given by

where K, isthe flicker noise coefficient, 1, is the quiescent drain current,
A, isaconstant, f isthe frequency o operation in hertz, W is the channel
width, and L., is the effectivechanncl length.

Inthe MOSFET, | / f noiseis caused by trapping centers in the gate oxide
or at the boundary between the slicon and the slicon-dioxide interface.
These can trap and release electrons from the channel and introduce | / f
noise[10]. The mean square noise increaseswith temperature and the density
of the surface states. It decreases with the gate area W X L and the gate
oxide capacitance per unit area C_,. Trapping centers in the oxide cause
popcorn noise because of their longer trapping time constant.

The total noise current at the output drain—source channel is

We reflect this noise current to the gate as an equivaent input noise voltage
using the K, reflection coefficient defined as

Note that thefirst term d Eg. 6-30 is equivaent to a single resistor of value

connected between the gate and source producing an equivaent white-noise
voltage, E,,.

Example 6-3 Calculate the noise model parameters shown in Fig. 6-2. Use
the same MOSFET parameters and Q-point given previoudy in Example6-1.
Evaluate these noise parameters in a 1-Hz bandwidth centered at 1 kHz.
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ssume the gate leakage current is 100 fA, C,, = 07 fF/um?, K, =
X107 s/V, A =1, and

Lett = Larawn — Ly, = 3(1.2 pm) — 0.365 um = 3.235 um

lution  The gate noise current is calculated as

1e drain—source thermal noise current isfound as

1e equivalent drain resistanceis

1e gate width is W = 50(3.6) = 180 pm, and the flicker noise current is
und by

I = 69 pA/Hz'/?
The total noise current at the output drain—source channel is
If, = Ly T I}
I’ =(9.88 X 1072 + 477 X 107%) A’2/Hz
I2, — 576 x 10~2 A?/Hz

l, =759pA/ 12
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Reflecting these noise currents to the input gate as an equivalent noise
voltage gives

Note that the flicker contribution at 1 kHz is the dominant source of noise.
The portion of the E2 noisedueto I,, is equivaent to placing a resistor at
the gate of value calculated by

Equation 6-30 shows that low-noise performancein a MOSFET requires a
large value of transconductance, g,,, which, in turn, meansthat the transistor
should have alarge W/L ratio and be operated at a large quiescent current
level. Making the transistor physcaly very large with a large perimeter
reduces the contribution of the I/f flicker noise. This also reduces the noise
corner frequency, f,, the frequency where there are equal mean square noise
contributionsfrom the two termsin Eg. 6-30.

Example 6-4 Determine the noise corner frequency for the same MOSFET
used in the previous two examples.

Solution At the noise corner frequency,

Substituting in numerical values gives

6-3 NOISE IN JFETs

A noise equivalent circuit for the common-source operation of a JFET
(junction field effect transistor) device was developed in Sec. 6-1 and shown
in Fig. 6-1. Thecurves of Fig. 6-2 are typica for a JFET. Fig. 6-2a showsthe
typical characteristic of low E, noise voltage at high frequencies (region 2)
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withincreasing | / f noise at low frequencies(region 1). Behavior of open-cir-
cuit noisecurrent |, isgivenin Fig. 6-2b. Noise current I, isminimuminthe
low frequencies d region 3 and increases with frequency. Noise current at
high frequencies (region 4) is caused by Miller effect coupling of the channel
resistance noise to the gate through C_,.

For the JFET, the open-circuit noise current generator I, resultsfrom two
physical processes. shot noise I,, o the reverseleakage current of the gate,
and thermal noise fluctuations of the drain circuit conductance that are
capacitively coupled into the gate circuit. Noise current |, at low frequencies
(region 3 of Fig. 6-2b) iscaused by the shot noise of the dc reverse saturation
gate current |,

This noise current is white and does not usudly have | /f noise.

Noise current I, at high frequencies (region 4 of Fig. 6-2b) is caused by
the thermal noise of the input conductance as derived in Eg. 6-11. In effect,
the thermal noise of the drain channel resistance is capacitively conducted
to the gate at the input. Note that noise generators E, and |, are correlated
at high frequencies because they originate from the same noise source, the
thermal noise of the channel resistance.

The noisevoltage E,, at midfrequencies (region 2 of Fig. 6-2a) is caused by
the thermal noise of the channel resistance. As shown by van der Ziel [ 4,5],
E, is dependent on the resistance of the channel. The channel resistance
noise is reflected to the gate input as an equivalent input noisevoltage E,, by
the expression

where the noise resistance R, is experimentally determined in Eqg. 6-1,

As with the MOSFET, to minimize the midband E, noise operate the FET
where its g, islarge. Since g,, increases with static drain current, g,, is
highestinthevicinityof I,  Thisisthevaluedf |, wherethe gate-to-source
biasvoltage\, iszero. A large g,, can be obtained for a FET designed with
alarge gate W/L ratio, but this also results in a large geometry device.

At the lower frequencies of E, in Fig. 6-2a (region 1), there is excess
| /f noise. This noise arises from the trapping of carriers in the so-called
Shockley—Read-Hall (SRH) generation—recombination centers in the junc-
tion depletion region [6]. These centers arethe main sources of reverse-bias
leakage current in silicon diodes. A diagrammaticcross section of a JFET is
shown in Fg. 6-8.



154 NOISE IN FIELD EFFECT TRANSISTORS

Source Gate Drain

Channel O -

Substrate (tied to gate)
Figure6-8 JFET Cross section.

Generation centers, represented by the symbol O, alternately emit a hole
and an electron, and smultaneoudly fluctuate between a charged and neutral
state. This fluctuating charge looks like a change in gate voltage or a true
input signal. Thus the channel current varies or "flickers." These fluctuations
are the principal source d | /f noisein the JFET.

The generation centers are due to crystal defects or impurities. Since these
centers are one of the sources of reverse-bias current, it is obsarved that
devices with exceptionally low gate leakage current (I5ss) have low 1/f
noise. High gate leakage does not dwaysimply a high-noise device since the
currents can be of surface origin. Charge fluctuations at the surface do not
modulate the width o the channel nor do they necessarily give the type o
noise being discussed here.

Low-frequency E, has bumps or a roller-coaster effect in some older
devices. This is due to a distribution of generation—-recombination centers
with characteristic time constants.

There does not appear to be any theoretical way of reducing this 1/f
noise. Several methods that increase | /f noise, such as gold doping, are
known. The noise is quite process dependent and varies from run to run and
supplier to supplier. To select aFET for a1/f application, it is necessary to
measure the characteristicsof a sample of devices.

6-4 NOISE IN GaAs FETs*

FETs can be fabricated using other semiconductors besides silicon. In partic-
ular, ITITI-V compounds such as gdlium arsenide (GaAs), indium phosphide
(InP), and indium galium arsenide (InGaAs) are becoming popular for
fabricating very high performance FETs. These materials offer more desir-
able electronic properties, for example, higher carrier mobility and velocity,

*
This section on noise in GaAs FETs was contributed by Steve Baier of Honeywell Inc., System
and Research Center, Bloomington, Minnesota 55420.
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lower saturation voltage, wider bandgap, and a semiinsulating substrate.
Compared with identical silicon devices, these properties enable GaAs FETs
to switch faster, amplify signals at higher frequencies, and operate at lower
voltages and in harsh thermal or radiation environments. Consequently,
GaAs FETs are utilized for specialized applications such as microwave
communication, military weapons, supercomputers, and high-speed instru-
mentation. GaAs technology is also spurring the development of optoelec-
tronic systems (e.g., fiberoptic communications and optical computing) due to
the ability of GaAs to perform both electronic and optical functions on the
same chip.

The noise characteristics of GaAs FETs are important for a variety of
electroniccircuits, including low-noise gain stages, wideband op amps, analog
multiplexers, high-speed voltage comparators, optical receivers, and mi-
crowave oscillators (where upconverted I/f noise can generate near-carrier
phase noise).

6-4-1 GaAs FET Structure and Fabrication

To understand the noise characteristics of GaAs FETS, it is important to
discuss severa fabrication techniques and device structures that are com-
monly employed. These are illustrated in the tree diagram in Fig. 6-9.
Basicdly, two types o GaAs FETs are commercially available: bulk GaAs
FETs (e.g., MESFET and JFET) and heterostructure FETSs (e.g., HEMT).
Each type of device can be fabricated in several different ways, depending on
the intended use. These fabrication options dramatically affect the resulting
noise performance and this should be carefully considered when selecting
discrete GaAs devices or | C technologies for low-noise applications. The
Important device types and process options are described next.

Self-aligned gate

GaAs MESFET

Bulk GaAs FETs Recessed gate

GaAs JFET

~  High electron mobility transistor (HEMT)

Heterl(:)étTrgcture Heterostructure insulating gate FET (HIGFET)

Doped channel heterostructure FET (DCHFET)

Figure6-9 Family tree of GaAs FET processes.
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6-4-1-1 GaAs MESFET The GaAsmetal—semiconductorFET (MESFET)
Isthe most common type of GaAs FET available today. It was thefirst GaAs
FET to be invented and it is aso the simplest to fabricate. The MESFET
uses a Schottky metal—semiconductor contact as the gate junction. The
applied gate bias controls the depth of the depletion region underneath the
gate, which changes the effective channel thickness and modulates the drain
current. GaAs MESFETsareonly availableas n-channel devices, the Schottky
barrier height o p-channel GaAs MESFETSs s too small to be useful. Even
in the n-channel MESFET, however, the forward gate voltage cannot exceed
~ 07 V or the Schottky junction begins to conduct, resulting in loss o
transconductance. Thus the useful gate swing of a GaAs MESFET is limited
by forward gate turn-on at the high end and by the FET threshold voltage V-
at the low end. V. is determined during fabrication by adjusting the channel
thickness and/or doping concentration. GaAs MESFETs can be either
depletion-mode (normally on) or enhancement-mode (normally off). En-
hancement-mode devices are used mostly for digital logic in order to mini-
mize power consumption. Linear and microwave circuits generally use deple-
tion-mode devices because of their wider gate swing.

One critical difference among GaAs MESFETSs is the method used to
minimize the parasitic source and drain resistances. Recessed-gate MESFETSs
accomplish this by sdlectively removing the heavily doped N* contact layer
and then depositing the gate contact as shown in Fig. 6-10. This approach
permits use of low-resistivity Au-based gate metals but results in a nonplanar
wafer surface. I n the self-aligned process, the gate is deposited first followed
by a heavy dose N* implant using the gate as a mask. This maintains a planar
wafer surface and reduces the effect of lithographic misalignment. However,
to survive the postimplant anneal (~ 850°C), refractory gate metals such as
tungsten-silicon are necessary and these have high resigtivities(> 1 ohm per
square). Consequently, recessed-gate FETs are used mainly for microwave
and millimeter-wave applicationswhere low gate resistance is mandatory for
minimum noise figure. Self-aligned GaAs MESFETs are most appropriate
for digital and mixed-mode circuits where high device uniformity, integration
dengity, and circuit yield are more important.

6-4-1-2 GaAs JFET The GaAs junction FET (JFET) isvery similar to its
silicon counterpart, as illustrated previoudy in Fig. 5-8. It Smply uses a pn
gate junction in place o the MESFET’s Schottky gate. The GaAs JFET’s
advantage over a MESFET is that it can tolerate larger forward gate biases.
The effective barrier height of the pn junction is approximately twice that of
the Schottky junction in GaAs (14 eV versus 0.7 eV). However, the JFET
fabrication process is somewhat more complicated. Also, the threshold volt-
age V7, uniformity of JFETs suffers because it is determined by two dopings
rather than one. Both n-channel and p-channel GaAs JFETs have been
produced, although the p-channel JFET has much poorer transconductance
and is normally used as a load device only.
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Figure6-10 Compaison of GaASFET process techniques

It is important to note that the channel region of GaAs MESFETs and
JFETs can be fabricated two different ways (1) by implanting dopant atoms
In the semiinsulating GaAs substrate or (2) by epitaxially growing a doped
GaAs layer on top of the substrate. GaAs FETs using epi channels are
generally preferred for low-noise applications because of their superior
crystalline quality [11]. lon implantation is cheaper than epi growth but
creates damage that is not totally annealed out by subsequent processing.
The residual damage-induced defects degrade channel mobility, which in-
creasesthermal noise. Also, the defects can act as generation-recombination
(G-R) sites which randomly trap and detrap charge carriers, creating low-
frequency noise. The epi doping process avoids this type of damage because
the dopants are incorporated during epitaxial growth.

6-4-1-3 Heterostructure FETs Heterostructure FETs (HFETSs) are actu-
dly a family of related GaAs devices. HFETs are essentially similar to the
MESFET and JFET presented earlier, except that the bulk doped channel is
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Figure6-11 Crosssection and band diagram of AlGaAs/GaAs HEMT.

replaced with a thin heterostructure sandwich containing multiple layers o
various semiconductors and dopings. The heterostructure layers are carefully
selected so that the energy band structure in the active transistor region is
modified to enhance desirable physical effects or to suppress undesirable
ones, for example, tunneling, real-space transfer, and impurity scattering.
The heterostructure is deposited on a GaAs substrate using sophisticated
epitaxial growth techniques such as metal-organic chemical vapor deposition
(MOCVD) in which semiconductor composition and doping can be changed
abruptly during deposition with atomic layer resolution. This ability to tailor
the semiconductor lattice to particular device requirementsis euphemistically
called “bandgap engineering.” It gives the device designer additional degrees
of freedom in optimizing transistor performance. Research and development
of these devices has been going on since approximately 1980, although GaAs
HFETs have only been commercially availablefor the past severad years.

The major type o GaAs HFET that is commercidly available is the high
electron mobility transistor (HEMT) in Fig. 6-11. The details of HEMT
operation are quite involved. Essentially, the heterostructure is designed to
gpatially separate the channel charge carriersfrom their parent donorsin the
AlGaAs layer, dlowing them to move from source to drain in pure GaAs
where they have substantially higher mobility. Forward gate leakage is aso
reduced because the gate junction is formed on a wide bandgap material,
typically Al,.sGa¢sAs.

For the circuit designer, GaAs HFETSs offer state-of-the-art transconduc-
tance, power gain, current drive, and the lowest therma noise and noise
figure. Compared with GaAs MESFETs and JFETs, however, HFETSs are
generally more expensive, available from fewer vendors, and have more
lot-to-lot variations. The characteristics of these devices are described next.

6-4-2 Noise Characteristics of GaAs FETs

Broadly speaking, GaAs FETs tend to be less noisy than silicon FETs at high
frequencies but more noisy at low frequencies, with 10 MHz being a rough
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Figure 612 Drain current noise data for a GaAs MESFET [13]. (©1985 YEEE)

dividing line. The reasons behind this are both technological and historical.
Only the mgor trends will be discussed here, since the understanding of
noise in GaAs FETs continues to evolve. For more detailed information,
see [12].

The noise equivaent circuit for GaAs FETs is somewhat more compli-
cated than for dlicon FETs because GaAs FETs are typicdly used over a
much wider frequency range. The noise model shown previoudy in Fig. 6-1
can be used to model the intrinsic GaAs FET. In addition, two externa noise
voltage generators E; and E, are added in series with the source and the
gate bias resistors to represent the thermal noise d these externa resis
tances. The extrinsic noise sources are required to calculate noise parameters
(e.g., noise figure, noise temperature, and noise resistance) for microwave
and millimeter-wave amplifiers as defined in Chap. 2.

A typica spectrum of drain current noise 1,, for a GaAs MESFET is
shown in Fig. 6-12. A comparison of transistor typesisshownin Table 6-1. In

TABLE 6-1 Noise Comparisonfor GaAs FETs {131

White Noise Noise
Device Current 12, Coefficient
Number M anufacturer Technology (A’/Hz) P
1 Gigabit logic lon-implanted 1.08 X 1022 0.09
2 Gigabit logic lon-implanted 0.78 x 10~* 0.07
3 Gigabit logic lon-implanted 1.3 x 107% 0.11
4 Gigabit logic lon-implanted 0.83 x 10~ 0.07
5 AT&T WE 0.93x 10~ % 0.1
6 AT&T WE 19 x 1072 0.06
7 NEC W E 1.2 X 10 % 0.05
8 NEC VPE 13 x 107% 0.05
9 Plessey WE 24 X 10~% 0.08
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GaAs FETs, [,;, is made up of thermal noise from the channel plur
low-frequency noise (mainly G-R noise) from defectsin the channel and the
substrate buffer. For frequencies above several megahertz, the midbanc
region, 7., is independent of frequency which is indicative of white noise
There are two sources of this white noise: (1) thermal noise from the
low-field ""ohmic" portion of the channel and (2) thermal noise from the
velocity-saturated portion of the channel, which is sometimes interpreted a
diffusion noise [14]. This midband noise in GaAs FETSs is usually expressec
using van der Zid's formula[15]:

Gradual channel theory

' I : | , I
0.¢ 1 2 3
Drain-source voltage (V)
(a)

Gate-source voltage
(b)

Figure 6-13 Bias dependence o the therma noise coefficient P for 1-um GaA:
MESFET [13]. (©1985 IEEE)



where G, ischannel conductanceand 7 is a bias-dependent noise coefficient
-aking into account the effects of nonuniform channel conductance. This
=xpression has been extended [14] to include high field effects such asve ocity
saturation and carrier heating which occur in modern submicron gate length
T *_ FETs. Thus P gives the relationship between measured conductance
G, and the generated thermal noise. The white-noise coefficient P isstrongly
“ependent on drain and gate bias, as shown in Fig. 6-13.

GaAs FETs have extremely low noise at high frequencies and conse-
mently are widdly used for microwave and millimeter-wave circuits as illus-
Tated in Fg. 6-14.

Their attractiveness can be understood by examining how important
microwave properties such as the transistor cutoff frequency f, and the
minimum noise factor F,., defined by Fukui [16] are related to device
Darameters

GaAs FETs are the best choicefor these applicationssince their transcon-
ductance g, isintringcally higher than for other devices (due to the larger
electron mobility and saturation velocity of GaAs), and C,, is very small
because the GaAs substrate is semiinsulating. However, good high-frequency
operation alsO requires special device design to minimize the parasitic gate
and source resistances R, and R,. Asmentioned earlier, recessed-gate FETs
are best suited for these requirements.

Below approximately 100 MHz, the white thermal noisein GaAs FETs is
overwhemed by frequency-dependent “1/f noise. The magnitude o this

0 10 20 30 40 50 60 70
Frequency in GHz

Figure 6-14 Reported HEMT noise performance at room temperature [12]. (01988
TEEE)
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Figure 615 Gate-referred noise voltage characteristics for GaAs MESFETs:
(a) noise spectrum for a 1-mm gate length device and (b) dependence of 1-kHz noise
on gate length L,. All measurementswere made at room temperature with the drain
biased into saturation [17]. (01983 IEEE)

noise is substantially higher than in slicon FETs (see Fig. 6-15). Often, this
noiseisnot true I/f noise but rather is asummation of generation—-recombi-
nation (G-R) noise from trapping centers with various activation energies.
G-R noise has a Lorentzian frequency dependence given by

where 7 is the time constant of the trap. Hence G-R noiseisflat up to a
characteristic comer frequency 277)~! and fals off as f~* beyond. The
characteristic time constant r is strongly dependent on the activation energy
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_, o the particular trap and the loca temperature T:

In many GaAs FETs, there appears to be a distribution of either activa-
“ion energiesor temperature (or both) which causes multiple G-R **bumps™
w0 appear in the low-frequency noise spectrum. If the traps are sufficiently
zlose in energy, the bumps can smooth together and resemble a traditional

i/f spectrum [18). G-R effects can be included into Eq. 6-35 by adding the
“ollowing term [19]:

Here p, is the equivalent gate resistance when f = f,, p, is a smilar
resistance for the rth component of the G-R noise, 7, is the time constant
for each active trapping center, and 7, is a reference trapping time constant.
Also, note that Eqg. 6-40 is expressed as a gate-referred noise voltage as is
cusomary for dealing with low-frequency noise. As predicted by Eqgs. 6-38
and 6-39, lowering the temperature of the GaAs FET to cryogenic tempera-
tures will dramatically reduce the 1/f noise as shown in Fig. 6-16.

. | | r r
1 10 100 1000 10,000 10, 0000
Frequency in Hz

re 6-16 1/f noise spectral density for a 20,/2 (W /L) enhancement-mode GaAs
SFET [20]. (©1988 |EEE)
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Two factors exacerbate the low-frequency (LF) noise problem in Gat
FETs. First, GaAs processes have to date been optimized only for digit
and microwave operation, where 1/f noise is o little concern. Secon
these same applications have driven GaAs processes to short gate lengt
(< 1 um), which worsens I/f noise as shown in Fig. 6-155. Thus the circt
designer concerned with LF noise in GaAs FETs must either put up wi
unoptimized devices or pay for specialized device Sizes and processes.
addition, there is wide variation in 1/f noise for each type of Gas
FET —MESFET, JFET, HEMT. None stands out as having inherently low
noise than the others.

Gate current noise 1,,, is the other intrinsic noise generator in the Gat
FET equivalent circuit. Gate current noise in GaAs FETs is not we
understood and while it continues to be o great research interest, the 1
noise is normally not a significant concern for circuit designers since sour
resistances are generaly small. Two sources in the device contribute to I,
shot noisefrom the gate barrier, {211, and noise capacitively coupled from
drain as described in Sec. 6-1. The biasing condition determines whi
mechanisms dominate as well as the degree of correlation between ti
intrinsic noise sources 1,, and 1, [12].

6-5 MEASURING FET NOISE

FET noise measurements cover such wide ranges of impedance and fr
guency that four separate measurement methods are used. The noise volta;
E at low and high frequencies can be measured directly as de
cribed in Chap. 15. To determine low-frequency noise current 1,, tv
methods are used. The I, noise can be measured directly using alarge sour:
resistance, or the gate leakage current can be measured and the noi
calculated. High-frequency 1, noise need not be measured directly. Instea
the shunt input resistance can be measured and the I, therma noi
calculated. At midfrequencies, accurate measurement of |, is difficult.

The noise voltage E,, o a FET can be measured using the method shov
in Chap. 15, Sec. 15-2 with the noise measurement instrumentation describs
in Sec. 15-3. A diagram o the noise measurement instrumentation
shown in Fig. 15-2. The device under test (DUT), such as an op amp with
FET input stage, is connected as a gain stage using feedback to set the ga
Since the noise levels are low, it isa good idea to use again of 100 X in
device under test to dominate the noise o the next stage or the instrumenta-
tion.

The amplifier noise voltage E, and noise current I, parameters are
calculated from the equivalent input noise for two source resistance vaues.
As defined in Chap. 2, the equivalent input noiseis

E# = EX + E>2+ 1?R*t+ 2CE, IR, (2-8)
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A noise measurement gives the total equivalent input noise E,.. To
determine each of the three quantities, £,, 1, and E,,, make one term
dominant or subtract the effects of the other two. In general, the correlation
coefficient C is zero and can be neglected except for FETs operating from
high source resistances at high frequencies. At high frequencies the E, and
I, mechanisms are both generated by thermal noise of the channel so they
are correlated. Measurement of C is discussed in detail in Chap. 15,
Sec. 15-2.

To measure the noise voltage E,, measure equivalent input noise with a
smal value of source resistance. When the source resistance is zero, the
thermal noise of the source E,; is zero and the noise current term 7, R_ IS
aso zero; the total equivalent input noise is the noise voltage E,,.

To measure the noise current |,, remeasure E,; with a very large source
resstance. Measure the output noise and transfer voltage gain again to
calculate the equivalent input noise E,,. Assuming the [,R, term to be
dominant, 1, is the equivalent input noise E,; divided by the source resis-
tance R,. If R, islarge enough, the I R, term dominates the E, term, and it
aso dominates the thermal noise since the thermal noisevoltage E, increases
asthe square root of the resistance, whereas the I, R, term increases linearly
with resistance. When the 7, R, term cannot be made dominant, the thermal
noise voltage E, = (4kTR, Af )'/? can be subtracted from the equivalent
input noise. Since thisis an rms subtraction, a thermal noise of one-third the
noise current term only adds 10% to the equivalent input noise.

The minimum value of source resistance for measuring 1, is derived in
Chap. 15 as

For a JFET amplifier with 2 x 101° A bias current, R, = 2.25 G{).

Amplifier gain and bias requirements, however, may make it difficult or
Impossible to achieve these values since any amplifier with an unbalanced
input will have an offset voltage of 045 V. From Eq. 156, IR, = 045 V.
For an amplifier with a balanced input, the same value of source resistance
can be placed in each input lead to reduce the offset to about 50 mV. It may
be necessary to use additional feedback to reduce the overall amplifier gain
to avoid excessve offset at the amplifier output. For the amplifier with an
unbalanced input, it is usualy necessary to use a gain of less than 10 x to
gay within linear operation. For an accurate I, measurement, the amplifier
mput biasresistors must be much larger than the source resistance R, or you
will only be measuring the noise current of the shunting biasingresistors. It is
2est to use the measuring source resistor as the bias current path.

Another method of obtaining a high source impedance for I, measure-
ment is with a reactive source. A low-loss mica capacitor can be used for R,.
Now the I, X, term islarge and since the reactive impedance has no thermal
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noise, the equivalent input noiseis

This method is valid only at frequencies bedow 100 to 200 Hz, as X,
decreases rapidly with increasing frequency.

One difficulty with a capacitivesourceis biasing. To provide a path for the
input bias current or the offset current, it is necessary to parallel the
amplifier input terminals with a large resistance. This bias resistance Rj
generates thermal noise current |, = GkTAf/Rz)'/* which can easly
dominate the amplifier input shot noise current. A FET input amplifier often
has a noise current of less than 10 fA /Hz'/2. This is equivalent to the
thermal noise of a 160-MO resistor. Thus the bias resistance for all FET I,
measurements must be in the GO (10%) range.

To veify the I, low-frequency measurement, an electrometer can be
placed in series with the gate lead to measure the gate leakage current
(I5s5)- The measured I is then converted to shot noise current from the
formula

Inz =2ql;55 Af

The two methods of determining low-frequency I, were in close agree-
ment on al units measured. This agreeswith the model which says that FET
I results from the gate shot noise and there is no | /f noise component
of I,

Measurement of 7, at high frequencies is very difficult because of the
shunt capacitance of the source, stray capacitances in the layout, and ampli-
fier input capacitance. Frequency response with a large source resistance is
so poor that there is little or no gain left. For the same reason that |, is
difficult to measure, it will probably not be a noise contribution in typica
applications.

A more accurate method of measuring I, at high frequencies is based on
the model of the noise sources. As shown previoudy, theinput of a FET a
high frequencies is shunted by a real resistance R,(f) caused by the Miller
effect. This resistance is real and dissipative so it exhibitsfull thermal noise.
A high-frequency bridge can be used to measure this shunt resistance R (f).
I, is determined from

Noise data taken using the methods discussed are presented in Apps. A ad
B and summarized in Table 6-2. The values given in the table reflect the best
performance obtained at the best operating point. As we may predict usng
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TABLE6-2 Measured Noise Data on JFETs

FET E, E, I L
FET Channd  at Midband at 10 Hz at Midband  at 1MHz
Sumber Type (nV/Hz'/?) (V/HzY?) (fA/HzY?) (fA/Hz'?)

Eq. 6-15, operation of the JFET at drain current equal to I,s; provides
superior noise behavior. The measured noise data confirm that prediction.

The results of noise tests on atype 2N3821 n-channel JFET are shown in
Hg. 6-17. Both E, and I, parameters are plotted against frequency. The
roller-coaster effect and the dependence on operating point are obviousin
the E, curves. Clearly, I, isvery low valued at low frequencies.
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Figure6-17 E, ad |, foratype2N3821 JFET.
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SUMMARY

a

b.

Noise currents in the JFET are caused by shot noise of gate leakage
current, | /f mechanisms, and thermal noise.

Because field effect devices have low |,, they are useful in systems with
sensors of high internal resistance.

The same small-signa equivalent circuit noise model isvalid for al FET
types—JIFETs, MOSFETSs, and GaAs FETs. Also this same modd is
valid for both n- and p-channel conductivity types.

The best noise performance for any FET occurs when the device is
operated at large quiescent currentsnear I,  Thisincreases g, thereby
reducing R,.

The noise corner frequency of E, in MOSFETs isinversely proportional
to the product of the device's width and length dimension. Thus devices
with large gate areas have lower f, corner frequencies.

. GaAs FETs offer higher speed operation at lower voltages than slicon

units and permit both electronic and optical functionsto be performed on
the same chip.

MESFETs are the most common type of GaAs FET and use a Schottky
metal —semiconductor contact as the gate junction.

GaAs JFETs can tolerate about twice the forward gate voltage of slicon
JFETs. Otherwise they are very similar.

. GaAs FETs using epi channels offer very low noise due to superior

crystalline quality.

HFETs contain multiple layers of various semiconductors and dopings.
The magor type o HFET commercially available is the high eectron
mobility transistor, or HEMT.

Broadly speaking, GaAs FETs tend to be less noisy than silicon FETs &
high frequencies but more noisy at low frequencies, with 10 MHz being a
rough dividing line. Below about 100 MHz the white thermal noise in
GaAs FETs is overwhelmed by frequency-dependent |/ f noise.

Four separate noise measurement techniques are commonly used to
measure E, and I, noisein FETS,

The minimum value of source resistance for measuring 1, will cause an
offset voltage of 0.45 V that can severdy hamper the measurement
technique.

PROBLEMS

6-1. It isdesired to design a MOSFET which will have 1 nV /Hz'/? or les

E, noise neglecting | /f contributions. Using the data from Example:
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6-2, 6-3, and 6-4, determine what new W/L ratio and quiescent drain
current will be required to achieve thislow noise levd.

Tests performed on a certain n-channel MOSFET yielded the following
results. gate leakage current = 3 fA at a Q-point of I, = 05 mA and
Vps = 5 V. The dc drain current isfound from the equation

Assume the following constants: K= 10" s/V, A, =1, Lg=
1pm, W= 60 pm, and C,, = 1fF/um? A smdl-signa, low-frequency
equivalent circuit model for this MOSFET is shown in Fig. P6-2.

Source

FigureP6-2

(a) In this model, determine a numerical value for each noise source
and for each small-signal parameter shown. Assume a 1-Hz noise
bandwidth and an operating frequency of 100 Hz. Be sure to
gpecify proper unitson al o your answers.

(b) Find the optimum source resistance for this MOSFET operating at
afrequency of 100 Hz.

(e) Now suppose that you need to reduce the noise contribution due to
I5 by afactor of 2 without changing anything but the Q-point.
Specify the parameters d the new Q-point.

. Consider a type 2N3821 JFET biased at Ig¢- The resistance of the

signal source is 10 M(}, and gate biasng elements can be neglected.

(a) Derive an expression for the noise figure for this smple circuit in
termsof R,, E,, |, and the correlation coefficient C.

(b) Using midband data from Table 6-2, calculate the noise figure.
Consider that the correlation coefficient is unity.
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6-4.

6-5.

6-6.

6-7.

NOISE IN FIELD EFFECT TRANSISTORS

One stage o a low-noise amplifier is to be designed with a FET
operating with a drain current of I, =100 A at a frequency o
10 kHz, and a source resistance of 1 k().

(a) From the device datain App. B, determine which device to select
to produce the lowest NF.

(b) Which device would you definitely avoid specifying for the same
conditions given previoudy?

A discrete n-channel enhancement-mode MOSFET is biased at a drain
current level o 1 mA and behaves according to the equation

|, =50 pA/V2(Vgs — 2)°

(a) Determine a numerical value of E, for this MOSFET in its shot
Noise region.

(b) Laboratory measurements on this MOSFET yielded a value o
E =10nV/Hz'/? at afrequency of 500 Hz. Determine the noise
corner frequency for this MOSFET.

(¢) It is desired to reduce the E, noise voltage of this discrete
MOSFET in its shot noise region by a factor of 2 by changing its
Q-point but wthout changingits geometry in any way. Explain how
this can be done and find the new Q-point.

Determine the R, and the spectral density noise E,; for the 2N4221A
Motorola JFET whose characteristics are given in App. B. The source
resistance is 1 M2, the operating frequency is 100 Hz, and the device is
biased at |,

For the limiting case (frequency independent), what are E,, and I, for a
junction FET with a g, =2 mS, |, =1.0 mA, and I;z; = 10 nA?
Assume a noise bandwidth of 1 Hz.
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CHAPTER 7

SYSTEM NOISE MODELING

In instrumentation, measurement, and control systems, it is often necessar
to monitor some physcd and/or electrical process or mechanism. Th
objective may be to measure a process variable, such as fluid flow, withou
disturbing it. The usual method is to insert a sensor or transducer tha
converts a smal amount o the flow energy into an electrical sgna. Sincew
do not want to affect the flow, very little power can be removed from th
process, and, therefore, the resulting electrical signa output from the senso
Is often wesk.

The engineer's task isto amplify the weak sensor signa without masking i
by noise. All sensors have internal noise generators and can be characterize:
by their basic signal-to-noise ratios. The methods o analysis o
sensor—amplifier systems are introduced in this chapter.

7-1 NOISE MODELING

To develop the noise model of a sensor, we can start with itscircuit diagram
From this we draw an ac equivalent circuit that includes al impedances an
generators. To each resistance and current generator we add the appropriat:
noise generators to develop a noise equivaent circuit. The resistances havi
thermal noise and possbly excess noise. The current generators may hav
shot noise, 1/f noise, and/or excess noise. These mechanisms are describes
in Chap. 1. Using this equivalent circuit, an expresson for gain and equiva
lent input noise can be derived.

It is advantageous, however, to study the entire sensor electronic sysem
A typica sysem may include a coupling device or network, as well as a
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amplifier. The noise equivalent circuit of the coupling network is easly
obtained, and the E,-1,, representation is vaid for the amplifier. When we
combine these three parts, we obtain a noise equivalent for the system.

The derivation of the equivalent input noise for the system follows three
steps:

1 Determine the total output noise.
2. Calculate the system gain.

3. Divide the total output noise by the sysem gain to obtain the equiva
lent input noise.

In Chap. 8 noise models and equivalent input noise expressons are
derived for Sx classes of sensors. These sensors are

1. Voltaic sensor.

2. Biased resistive sensor.
3. Optoelectronic detector.
4. RLC sensor.

5. Piezoelectrictransducer.
6. Transformer modd.

In this chapter we develop the method for anaysis of general sensor—ampli-
fier combinations and determine S/N ratios. The effects of shunt resistance
and capacitance on equivaent input noise are determined.

7-2 A GENERAL NOISE MODEL

The diagram shown in Fig. 7-1 contains the E,—I, representation for the
system electronics. The sensor is described by its signal voltage V,, itsinternal
impedance Z,, and a noise generator E, which represents al sources of
sensor noise. To generalize the diagram, a coupling network section repre-
sented by impedance Z. and a noise source E isincluded in shunt with the
sensor. Our objective hereis to combine and then reflect al noise sourcesto
the input as shown in Fig. 7-1b and c.
A general form for the equivaent input noisevoltageis

Alternatively, we can define an equivalent input noise current as
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{c)
Figure7-1 System noise model.

where 12, = EZ?/R?. To evaluate these noise equivalents, the 4%, B?,...
coefficients must be determined.

The equivaent input noise generators E,; and I,, are described by
Egs. 7-1 and 7-2. Either form can be used. The choice depends on the type o
sensor being employed. If the signal source is a current generator, the
equivalent noise current expression is more convenient. If the signd is a
voltage generator, the equivalent voltage form may be more convenient.
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Several cases are discussed to show the source d these constant terms.
Generally, the A term isunity sinceit isin serieswith the sgna source. The
B term is caused by shunt impedancein the coupling network. The C term s
determined by series impedance in the sensor and coupling network.

The method of calculating E,; or I,; is the same for any sensor. Starting
from a noise equivalent diagram, the total output noise E,  is calculated
using Kirchhoff’s law or by SPICE simulation. The equivaent input noiseis
the output noise E,,, divided by the syssem gain K,. The system gainis either
avoltageor current transfer gain as needed. As shown previoudy in Chap. 2,
neither E,; or I; depends on the input impedance or gain of the amplifier.
However, £, does depend on the amplifier's characteristics.

7-3 EFFECT OF PARALLEL LOAD RESISTANCE

The simplest type of sensor is represented by a resistance in series with a
signd voltage generator as shown in Fig. 7-2. Also shown is a shunt network
conssting of R, and noise generator E,. One practical purpose o this
network may be to supply the sensor with bias power. For example, the
sensor may be a precision potentiometer with itsinput being the mechanica
displacement of its shaft. Unless the potentiometer is supplied with electrical
bias, V, would dways be zero. Another application would be a biased
photoconductive fiberoptic detector.

The signal ¥, and noise E, of the sensor are in series with the source
resistance. The input signal-to-noise power ratio is Smply theratio o V,* to
E?*. When aload resistor such as R, or other coupling network elements are
added, the output signal-to-noiseratio is degraded.

Let uscalculatethe effect of shunt resistance on the signal-to-noise power
ratio or equivalent input noise. Thisis done in two ways. First, we directly
calculate the output noise and output signal. Next, we repeat the results by
deriving an expressionfor the equivalent input noise £,,. For R, > R.:

o Figure 7-2 Sensor model shunted by resistance.
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Example 7-1 Determine the output signal-to-noise ratio when R, = R_.

Solution When R, isnot infinite, it must be included in the expression. The
output noise, output signal, and signal-to-noise ratio are determined. Since
E, = E,, it follows that

The output signal is

<
Il
N N

Therefore, the output signal-to-noiseratio is

From Eq. 7-6 we conclude that a shunt resistor decreases the signal more
than the noise and the result is a decrease in the signal-to-noise ratio. For
the matched condition, source resistance equal to load resistance, the S/N

power ratiois reduced by 50% (3 dB) from the unloaded value. See Prob. 7-1
for other source resistance and load resi stance combinations.

An analyss is now made of the more complete circuit shown in Fig. 7-3.
Again, a noisy shunt resistance R, is present. For convenience, we consider
its noise to be represented by the current generator 1., = /4kT/R,, . Ampli-
fier noise generators E, and I, are added.

To examine the effect of all noise sources, we calculate the equivaent
input noise. The steps are asfollows.

1. From the equivalent circuit determine the output noise E,,,:

Figure7-3 Amplifier and sensor model swith shunt resistance.
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2. Calculate the sysem gain K, (the transfer function from sensor to
output):

3. Divide the output noise by the system gain to obtain the equivaent
Input noise:

There are two differences between Eq. 7-9 and the origina equation for
equivalent input noise given in Eq. 2-7. As predicted in Eq. 7-1, the E, term
has a coefficient; it is dependent on the shunt resistance R,. If R, were
made very large, the coefficient of E, would approach unity. The second
difference is the additional thermal noise generator 1, of the shunt resis-
tance R. Amplifier input impedance does not contribute noise (see the
discussionin Sec. 2-7).

In practice, the shunt resistor should be as large as possible to reduce its
noise contribution. Thermal noise of this component can be decreased by
reducing temperature. An inductance has no thermal noise and can be used
in certain applicationsin place of R.

7-4 EFFECT OF SHUNT CAPACITANCE

Although a capacitance is virtually noise-free, it can increase the equivalent
input noise. A shunt capacitance does not affect the sensor signal-to-noise
ratio because it decreases the sensor signal and noise equaly, but not the
following amplifier noise.

Consider the noise equivalent circuit, including shunt capacitance, shown
in Fig. 7-4. Using the method of the preceding section:

1 From the equivalent circuit of Fig. 7-4 determine the output noise E,,:

Figure 7-4 Shunt capacitance along with
o amplifier and sensor models.
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2. Cdculate the system gain K, (the transfer function from sensor to
output):

3. Divide the output noise by the sysem gain to obtain the equivaent
Input noise:

Although the capacitor does not add noise, the noise voltage E, is
increased by the shunt capacitance, as is evident from the coefficient o that
term in Eq. 7-12. Only the effective amplifier noise voltage contribution is
increased. The capacitor is not a noise source.

The shunt capacitance C, is not the input capacitance o the amplifier.
The amplifier input capacitance drops out o the expression for equivaent
Input noise, but its effects are included in thevaluesd E,, 1,, and K,.

7-5 NOISE OF A RESONANT CIRCUIT

Another interesting model is the resonant inductor type of sensor whose
noise equivalent circuit is shown in Fig. 7-5. Fallowing the method of this
chapter, the expression for input noiseis

Both the E, and I, terms are affected by the sensor impedance. The
coefficient d the I, termisequal to R, at al frequencies. The coefficient o
the E, term is increased by the shunting of the LC reactance, except at

Figure7-5 Resonant sensor equivaent circuit.




PSpice EXAMPLE 179

resonance. At resonance, w*C,L, = 150 the coefficient d E,; becomes one.
Thisislogica since the complex contributionsto Z, cancel each other out so
at resonance L, and C, effectively disappear, leavingonly R,. At resonance,
Eq. 7-13 becomes

The reactive elements do not enter into the noise expression.

7-6 PSpice EXAMPLE

To make the modeding more clear, we now take an example using the circuit
inFg. 7-5with R, = 1kQ, L, = 2553 mH, C, = 100nF, E, = 2nV /Hz'/?,
and 1,,= 1 pA/Hz!/?. Udng the input noise calculated by PSpice, we can
make a comparison with the expression for equivalent input noise given by
Egs 7-13 and 7-14.

A PSpice equivaent circuit for the RLC modd is shown in Fig. 7-6. The
listing o the SPICE codefor this exampleis

RLC Circuit

VS 1 0 AC 1

RS 1 2 1K

LP 2 0 2.553E-3
CP 2 0 1E-7

HEN 3 2 VESEN 2000
FIN 3 0 VISEN 1
RIN 3 0 1E9

EI 4 03 0 100

RO 4 0 1E9

RNI 5 0 16K

VISEN 5 0 0

RNE 6 0 16K

VESEN 6 0 0

-AC DEC 20 100 1E®6
.NOISE V(4) VS 20
.PROBE

.END
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Figure7-6 PSpicecircuit for RLC example.

After running PSpice the output file at the resonant frequency 10 kHz is

****REJSTOR SQUARED NOISE VOLTAGES(SQV / HZ)
RS RIN RO RNI RNE
TOTAL 1.654E-13 1.654E-19 0.000E T 00 1.033E-14 4.144E-14

*xkx  TOTAL OUTPUT NOISEVOLTAGE 217ME-13 SQ V/HZ

4.660E-07 V/RT HZ

TRANSFER FUNCTION VALUE:
V(4)/VS
EQUIVALENT INPUT NOISEAT VS

9.988E + 01
4.665E-09 V /RT HZ

Using the preceding values for the source thermal noise RS, noise current
RNI, and noise voltage RNE and taking the square root and dividing by the
gain, we obtain the components o the input noise. These are the values
predicted by Eq. 7-14:

RNI = I,R, = 1.016 nV /Hz!/2
RNE = E, = 2035 nV /Hz!/2
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Figure7-7 Plot of noisefor RLC model.

Figure 7-7 illustrates the performance of the RLC network as a function
d freguency as described in Eq. 7-13. The transfer gain has a peak at
resonance as does the output noise asshownin Fig. 7-7a and b. On the other
hand, the signal is amplified more than the noise at resonance so the
equivalent input noiseis at aminimum in Fig. 7-7c.

SUMMARY

a The three mgor noise contributorsin an electronic system are the sensor,
amplifier, and coupling network.

b. Each contributor can be replaced by its noise equivaent circuit for noise
andyss.
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c. To determine the equivalent input noise o a system, the total output
noise is divided by the system transfer gain.

d. Thetotal noise at alocation in an electronic system can be treated as the
sum o the mean square values of the contributions of all sources at that
location, each source acting independently.

e. E,;, initssimplest form, is dependent on three noise sources: the thermal
noise of the sensor resistance £,, and the amplifier parameters £, and 1,..

f. In genera, the coupling network between the sensor and amplifier in-
crease the E,, and I, noise. Shunt components increase the E,, contribu-
tion and series elements increase /,,.

g. Although a shunt capacitance is noiseless, it will increase the E, noise
contribution at high frequencies.

h. When the sensor impedance is reactive, resonance can sometimes be
employed to reduce noise.

PROBLEMS

7-1. Find the output signal-to-noise ratio for systems when (a) R, = 2R,
() R, = 0.5R,, (¢) R, =5R,, and (d) R, = 10R,.

7-2. A shunt capacitance of 100 pF is used as in Fig. 7-4 with an amplifier
whose noise parameters are E, = 10 nV/Hz'/? and 1,,= 5 pA/Hz'/2
The source resistance is 10 k Q. Determine the wideband noise for £,;
over the frequency band from 10 Hz to 10 kHz.

7-3. Use the results of the PSpice example to compute the input and output
S/N ratios and the noise figure versus frequency for the graphical data
presented. Consider that the input signal is constant at 1 uV,,,,..

7-4. Modify the resonant sensor equivalent circuit of Fig. 7-5 by adding a
blocking capacitor C, = 1 nF between R, and L.
(a) Derive anew expression for E,.
(b) Simulate this modified circuit using SPICE.

(¢) Compare your results with those of Fg. 7-7. What can you con-
clude about the effect of C,?

7-5. Consider the amplifier in Fig. P7-5. The bandwidth of interest is1 Hz
centered at a frequency of 1 kHz. The amplifier's input impedance is
100 k) in parallel with a 100-pF capacitor. Its voltage gain is 750. This
amplifier contributes noise through E, =4 nV/Hz!/? and I, =
08pA/__'2 E_ and I, are not correlated.
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C=159 nF

(a) Find a numerical valuefor K,.

(b) Find theindividual contributionsto E?2; then sum to find the total
E’?i-

(¢) Find the total wideband output noise which a true rms voltmeter
with a — 3-dB bandwidth would measure.

REFERENCE

1. Sid state Devi ces, Hewlett-Packard, Palo Alto, CA., 1968, pp. 195-213.



CHAPTER 8

SENSORS

In the previous chapter we demonstrated the method of modeling the noise
d asysem consisting d a sensor and an amplifier. Now let us address some
practical sensors. The sx models described here can be generalized to cover
al types of sensors. Three models are extensions of the discussions in1 the
preceding chapter.

These models primarily address the sensor, transducer, or detector itself.
Our purposeisto addressthe noise sourcesdf the sensorswith respect to the
signal being detected. An amplifier, coupling elements, and feedback must be
added to make a noise andysisof atotal syssem. Amplifiers are considered in
more detail in the following chapters.

The terms sensor, transducer, and detector are used interchangeably in
this book. There are no universally accepted definitions. A sensor or detec-
tor, by nature, senses or detects a physica parameter of some kind. A
transducer converts energy of oneform into another, such as radiant energy
into electrical. A transducer aso is defined as consisting of a sensor and
actuator. In general, the term sensor is used. In the fields of optics and
infrared the term detector is preferred. Piezoelectric elements are generally
referred to as transducers probably because they are bidirectional. In the
newly evolving field of integrated sensors, the term sensor is generally used.
We have attempted to follow the commonly used terminology even though
this may cause some confusion to the reader.

When using the models of this chapter in a circuit analysis program such
as PSpice, enter the circuit element values but not the noise generators. The
PSpice program will calculate the thermal noise and shot noise contributions.
but it will be necessary to add the excess 1/f noise and the G-R noise
generators as described in Chap. 4.
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Figure8-1 Circuit diagramfor resistivesensor and amplifier.

8-1 VOLTAIC SENSOR

We consider as thefirst example the case of a resistive sensor that generates
a voltage signal. These detectors include the thermocouple, thermopile,
pyroelectric infrared cell, generators, and other sensors that are primarily
resistive and generate a voltage sgna. A smple circuit diagram is shown in
Fig. 81

The sensor is symbolized by the signal source ¥V, and the internal series
resistance R,. The voltage V, is the output from the sensed physical or
electrical parameter such as pressure or radiation. A coupling capacitor C,.
can be used if we are interested exclusvely in the time-varying output of the
sensor. The element R, may be needed for impedance matching. The noise
model for the sensor—amplifier system is shown in Fig. 8-2.

The shunt capacitance C, can be in the sensor assembly or it may
represent parasitic stray capacitance between lead wires. The amplifier is
now represented by the noise parameters £, and ..

For low noise, the noise contribution of R, iskept low if R, islarge. The
shunt capacitance C,, should be minimized to avoid increasing E, at high
frequencies. The decoupling capacitor C~ should be very large or removed to
reduce its effect on the amplifier's 7, noise at low frequencies. The amplifier
input resistance R; can often be reduced with overall negative feedback to
increase the corner frequency caused by C,. Of coursg, if R, is kept smal

Figure8-2 Noiseequivalent circuitfor voltaic sensor.
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the limiting system thermal noise will be reduced. The amplifier should be
chosen so that the optimum noise resistance R, is equa to the source
resistance R, and the E, I product is as small as possible.

8-2 BIASED RESISTIVE SENSOR

One d the most common type of sensor is the variable resistance sensor
whose resistance or conductance changesin responseto a sensed input. Since
this sensor does not generate a signa directly, it must be biased with a
voltage or current source and coupled with a load resistance. This adds two
more noise sources, the biasing signal noise and the load resistance noise. If
the sensor is placed in a bridge, the other resistive elements o the bridge
contribute noise.

Some examples d resistive sensors are the strain gauge, photoconductive
infrared cell, bolometer radiation detector, resistance thermometers, and
piezoresistive sensors. A smple circuit diagram is shown in Fig. 8-3.

The bias voltage is supplied by V5. The sensor signal is developed as a
voltage drop across R . The variable resistance component o the sensor R,
IS represented by the incremental resistance AR, which will be very small
with respect to R,. The coupling capacitor C will remove the common-mode
dc bias voltage from the amplifier input. The load resistance R, provides a
bias path for the amplifier input. A noise equivaent circuit is shown in
Fig. 8-4.

The voltage generator V, represents the detected signal. It can be either a
voltage generator in series with the sensor resistance or a current generator,
I, =V, /R, in parald with the source. Since AR, R, (or we would not
be designing a low-noise amplifier), it will not be included in the expression.
The signd V, is caused by the resistance or conductivity modulation of the

Figure8-3 Circuit diagram for biased resistance sensor system.
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Figure8-4 Noiseequivaent circuit for biased resistive Source.

sensor resistance R, and is

When the bias is a constant current source I5, the voltage signal is
V, = Iz AR,. In this casg, the biasresistor R isvey large and the thermal
noise negligible. The current noise generator I,, becomes 1,,(f) which
represents the noise of the current source which is probably frequency
dependent.

The noise current generator 1, in Fig. 8-4 represents three noise genera-
tors in the sensor. Many sensors, especialy photoconductive radiation detec-
tors, show thermal noise, 1/f noise, and G-R noise. Thermal noiseis caused
by a fluctuation in the velocity of carriers as described in Chap. 1. Second,
because current isflowing through a nonperfect medium, thereis|/f excess
noise generated. This has a |/f noise power spectrum as described in
Chap. 1. The third noise mechanism, generation—-recombination noise or
G-R noisg, is caused by fluctuationsin the generation, recombination, and
trapping of carriers in the semiconductor. Generation—recombination fluc-
tuations cause a variation in the number o carriers available which causes a
modulation in the conductivity of the semiconductor. Since thisis caused by
the random trapping and detrapping of conductors, it appears as noise. In
photoconductive radiation detectors, this noise is "white,” has a flat spec-
trum over the useful frequency range, and will usualy dominate the thermal
noi se.

The bias resistor R affects both the sensor signal and its noise. The noise
current generator 7., is the thermal noise current and excess noise of the
load resistance R . Since the thermal noise of 1,, isinversely related to the
square root of the resistance, we again desire R, to be large. It is sometimes
possible to replace R; by a noise-free inductor for biasing and load. This
gives an additional low-frequency roll-off term. When a resistor is used for
biasnginstead o a current source, the signal is dependent on R, as shown
in Eq. 81. A larger resistor decreases the bias current and reduces the
output signal although alarge resistor also reducesthe noise. The resistor R,
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requires a trade-off between gain and noise that depends on the sensor
characteristics.

The coupling capacitor C- can be used to remove the common-mode
voltagefrom the amplifier. C. must be large so that 7, X. will not contribute
noise at the lowest frequencies. X is the reactance of C.. R, should be
kept much larger than R, so that |, does not contribute noise.

For the lowest-noisesystem, R, will be the dominant noise source. Select
an amplifier £, and I, to providean R, equal to R, and the minimum E,, I,
product.

8-3 OPTOELECTRONIC DETECTOR

An optoelectronic detector is used to detect various forms of visble and
nonvisible radiation and has a wide range of applications such as infrared
detection, heat measurement, light and color measurement, fiber optic detec-
tors, sensors for compact disk players, laser detectors, and many other uses.

There are two general types of solid-state photon detectors. photoconduc-
tive and photovoltaic. In a photoconductive detector, radiation on a cdl
produces a current in addition to the dark current. Bias is applied to the
cell to collect the current. In a photovoltaic detector, radiation on the cell
produces a voltage directly. Photoconductive cells can be fabricated from
bulk semiconductor material where the conductivity increases as radiant
energy is absorbed. This type of photoconductive detector was modeled in
Sec. 82. A more common form d this detector is a reverse-biased or
unbiased diode. The diode photodetector model will be developed in this
section. A simplified circuit diagram is shown in Fig. 85. Biasing voltage is
provided by supply V5. This reverse bias will collect all the current gener-
ated by the radiant photon signal A, and a voltage signal is devel oped across
the load or bias resistor R,.

Most often photodiodes are used with op amps employing negative feed-
back to produce the photoconductive detector as shown in Fig. 8-6.

The feedback resistor R produces a virtual ground at the anode o
the photodiode which reduces the input impedance, thereby improving the
frequency response. The output voltage is V, = —I,R; where 1, is the
reverse-bias current in the photodiode, also called the dark current. Idedly,

Figure 85 Circuit diagram for photodi-
ode detector. —
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Figure8-6 Feedback anplifier for photodiode detector.

R, = R, to reduce the output offset voltage caused by the input bias current.
However, R, adds noise as can be seen from the noise equivaent circuit in
Fig. 87. The load resistor R, has the same effect on equivalent input noise
and gain for either circuit. The noise equivalent circuit of the photodiode
detector is shown in Fig. 87. The signa current source /; is located at the
input and

r, = noiselessdynamic reverse-biasresistance df the photodiode
Ry = feedback resistance

R,,; = cdl seriesresistance (< 50 )

R, = biasresistor for noninverting input
E.,, = thermal noisedof R,_,;

E, = amplifier noisevoltage

C, = cdl capacitance

C, = Stray wiring capacitance

|, = sensor dc photocurrent plus dark current
I, = (4kT/Ry)'/* = therma noised Ry

=Wt Rt
I,, = amplifier noise current for inverting input
L,, = amplifier noise current for noninverting input

I, = thermal noisecurrent o R,

The photodiode signal I, is a current proportional to the light intensity.
The shot noise current term of |, depends on the dc |leakage and photocur-
rent I, |, should aso include the G-R noise and the excess |ow-frequency
1/f noise. Most a the circuit impedances shunt the signal source. The series
resistance R,,; is usuadly less than 50 Q0 so E,,; is negligible. The load
resistance (or bias resistance) R is athermal noise current generator so it
should be large to minimize the noise contribution.
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The cell capacitance C,; and wiring capacitance Cy, probably will be the
frequency-limiting elements so they should be kept as small as possble. A
"guarded” amplifier input terminal will reduce the wiring capacitance. Al-
though the amplifier input capacitance C; and input resistance R; drop out
d the noise expression, they do affect the amplifier gain. This gives us a
mechanism for optimizing the frequency and noise responses separately.

An unbiased diode or a photovoltaic diode uses a ssimilar model. The
biasing resistor R, may be removed. If thereisdc current flowing dueto the
ambient light leve, there will be a shot noise component. The shunt resis-
tance of the diode can be determined from the diode equation. Diode shot
noise was discussed in Sec. 1-11

A fidd effect transistor (FET) input stage amplifier may be ideal for
photodiodes with their high impedance and low capacitance. If the FET is
connected in the common-drain configuration, the Miller effect is not pres-
ent, reducing the amplifier input capacitance. The high-resistance levels in
the sensor—amplifier network result in a low value of the upper cutoff
frequency for the sysem. To make the system broadband, two approaches
can be followed. A "lead" network can be connected near the amplifier
output to compensate for the high-frequency loss, or negative feedback can
be employed around the amplifier.

8-3-1 Photodiode Noise Mechanisms

Figure 87 shows the noise circuit of a photodiode amplifier syssem and
illustrates the four types o principal noise mechanisms. I/f noise, shot
noise, generation-recombination noise, and thermal noise. The first three
are the noise current generators included in ,. The thermal noise comes
from the diode seriesresistance R,.;; and isincluded as ... A plot of noise
versus frequency for a photodetector is shownin Fig. 8-8.

Excess noise or 1/f noiseis characterized by its frequency spectrum. The
square o the noise current is inversaly proportional to the frequency. 1/f

Log frequency

Figure8-8 Noise sourcesin a photodiode.
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noise is primarily caused by carrier trapping at or near the surface and isa
result of lattice defects and impurities. This noise was discussed in Chap. 1

Shot noise is a fundamental noise mechanism as is thermal noise. Shot
noise is caused by the random arrival of carriers crossing a diode junction. It
can be calculated as 13 = 2ql, Af as derived in Chap. 1. Thermal noise is
caused by the random motion of carriersin a conductor or semiconductor. It
can be calculated as EZ = 4kTR Af asderived in Chap. 1.

Generation—recombination, G-R, noise is often the dominant noise
mechanism in photodetectors. Fluctuationsin the generation, recombination,
and trapping of carriersin semiconductors cause G-R noise. This causes the
number o free carriers to fluctuate. Hence the conductivity of the material
fluctuates. Although G-R noise appears ssimilar to thermal noise, it is a
separate mechanism where the conductivity of the solid fluctuates because
the number o carriers changes, whereas for thermal noise the number o
carriers is essentially constant but the instantaneous velocity d the carriers
changes. The spectral response of G-R noise is white up to a frequency
determined by the lifetime of the carriersin the photodetector [1].

Thermal noise is the only noise which occursin a passve resistance and
which is independent of current bias. All other noise sources require the
existence o a current and the noise increases with current flow. The shot
noiseis proportional to the square root of the current. Generation—recomnbi-
nation and 1I/f noises are proportional to the current. Thermal and shot
noises are white, but G-R and |I/f noises have a characteristic frequency
response.

Background photon noise is the ultimate noise limit of a photodetector.
Thisis the noise due to the random arrival o photons and the generation o
carriersin the detector, much as the random collection of €lectrons generates
shot noise. An ideal detector is background photon noise limited and has a
quantum efficiency o unity. Background-limitedinfrared photodetectors are
said to be in the blip condition where blip is the acronym [2].

The threshold noise performance can be best specified in terms of a noise
equivaent input signal. The noise equivalent power, NEP, is a figure-of-merit
used for comparison of sensors. NEP is the value of the input sgnal (in this
case light power) that produces an output eectrical 9gnal equal to the noise
output present when no input is applied. Thusin equation form we have

Noise current (A /Hz'/?)

NEP = -
Current responsivity (A /W)

W/HZI/2

A low value for NEP corresponds to a high sengtivity.
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8-3-2 PIN Photodiode Sensor

One type of sensor commonly used for visble and near-infrared detection is
the PIN photodiode. The PIN photodiode is a photodiode as shown schemat-
icdly in Fig. 8-6 with an intrinsic layer added to improve performance. It is
easy to fabricate and gives good sendtivity. In this section several of the
engineering considerations relevant to the application of this device are
discussed. The device is a detector for visble and near-infrared radiation. It
Is contained in a TO-18 can with a glasswindow cap to admit radiation. The
diode is a biased detector, with the biasing voltage between 5 and 20V dcfor
best performance.

The PIN photodiode is a semiconductor " sandwich" composed of an
or intrinsic layer of slicon with p-type silicon diffused into its upper face and
n-type dlicon forming the lower face. The I-layer is purposely thick; the
p-layer is very thin. The external surfaces of the sandwich are covered with
gold to prevent optical radiation from reaching the semiconductor material.
A dc bias o less than 50 V is applied to the structure with its positive
connected to the n-material and its negative connected to the p-material. No
connection is made to the I-layer.

Light energy can reach the diode through an aperture in the gold coating
above the p-layer. When a photon is absorbed by the silicon, a hole and an
electron are liberated from a broken covalent bond. Because the p-layer is so
thin, the bond that is broken is in the I-layer. The applied potential
establishes an electricfield in that layer that accelerates the hole toward the
p-layer and the electron toward the n-layer. Naturally, this charge movement
constitutes a current, the value of which is dependent on the intensity o light
Impinging on the device.

Electrically, the PIN diode's behavior is similar to a conventional junction
diode. The reverse bias controls the capacitance of the structure; increasing
the value of the biasto 20 V reduces that capacitance to less than 1 pF in
some types. The thin p-layer can be represented by alow-vaued resistance;
the current leakage through the device under reverse bias can be modeled by
alarge resistance.

In the small-signal and noise model of Fig. 87, R, is the series
resistance o the semiconductor, which is less than 50 €. The elements C,
and r, are the diode's capacitance and dynamic resistance, typically 5 pF and
10 GQ, respectively. [, isthe signa current resulting from illumination. The
major noise source is shot noise, 1, = (2ql, Af )'/2, where I, is the dark or
leakage current which is as low as 100 pA.

Some excess | /T noise is generated in the photodiode. 1t can be included
in the 7, generator. It has a noise corner of about 20 to 30 Hz and rises at
about 10 dB /decade for frequencies below that break.

The signd source I, is capable of high current responsivity (CR); it can
provide an output of some05 pA/uW inthe band o light wavelengthsfrom
05 to 08 um. This band includes part of the visible spectrum and a portion
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of the infrared spectrum. The quoted responsivity corresponds to 0.75 elec-
trons /photon or a quantum efficiency of 75%. The NEP for a PIN sensor can
be aslow as —110 dB_ /Hz!/? (dB, refersto dB below a 1-mW reference).
The corresponding numerical value of NEP for this case is 1.1 X 10~
W /Hz!/2, For an input light power levd of 1 pW, the S/N ratio for the
device, found by dividing the signal current by the noise current, is nearly 40
dB.

The threshold sengitivity of a PIN photodiode system is adversely affected
if the diode isforced to feed alow-resistanceload. A Lav shunting resistance
value results in a disproportionate amount of thermal noise at the input
terminals, relative to the signal and noise from the photodiode sensor. In
the noise equivalent circuit shown in Fig. 87, sensor shot noise is I,
shunt resistance is R, and the noise current associated with Ry is shown
as 1,,. Applyingthe definition of NEP to thiscircuit, we may obtain NEP =
(12 T 12,)/?/CR. It is clear that I%; must be somewhat less than I?2 to
reach an NEP levdl comparable with the unloaded figure given earlier. For
I, =100 pA, I7 =32x10"%® A For I’; to equal I}, Rz must be 500
MR. Whereasit is usualy not necessary for R to be that largein a practical
application, it may be recognized that 12, = 4kT/R, and, consequently,
noise current increases for decreasingvauesdof Rpg.

The amplifier requirement can be satisfied in severa ways A bipolar
transistor, selected for low noise, can be connected as an emitter—follower
input stage; its operating point and load resistance are selected for low-noise
and high-input impedance. A field effect transistor (FET) is ideal for this
application. If the FET is connected in the common-drain configuration, the
Miller effect is not present and thus the amplifier input capacitance is low.

The high-resistancelevels in the sensor—amplifier network result in a low
value o the upper cutoff frequency for the system. That frequency is
approximately 1,/2m(C, + C,)R,,, where C; is the capacitance o the ampli-
fierand R, = RlIR,. Weseethat for C; = C; = 5pF and R, = 10 MR, the
cutoff frequency is a few thousand hertz. To broadband the sysem, nega
tive feedback can be employed around the ampilifier to reduce the input
Impedance.

Good examples of the design of high-impedance amplifiers for photodi-
odes are given in the Analog Devices specification sheet [3] and in its 1992
Amplifier Applications Guide [4].

8-4 RLC SENSOR MODEL

The RLC sensor models magnetic tape recorder heads, coils, inductive
pickups, dynamic microphones, linear variable differential transformers, and
various other inductive sensors. RLC sensors may be resonant devices, but
their principal characteristic is the inductive signal source. A general circuit
diagram is shown in Fig. 8-9.
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Figare 8-9 Sydem diagranfor RLC sensor.

The noise model shown in Fig. 810 contains the noise source E. to
represent the thermal noisethat may be present in the real part o the sensor
iImpedance R,. The sensor is assumed to have shunt inductance represented
by L,. C, represents the inductor capacitance and wiring capacitance or
external capacitance added to resonate the sensor.

For the circuit configuration of Fig. 8-10:

R, = sensor series resistance or real part of the impedance
R; =load resistance

L, = sensor inductance

C, = shunt capacitance

E, = thermal noisevoltage of R,

E, = noisevoltage of amplifier

I, = thermal noisecurrent o R,

I, = noisecurrent of amplifier

In the RLC example in Chap. 7, the effect of resonance is seen in
Eqg. 7-14. At resonance the E, valueis minimum. The |, term is dependent
only on the impedance of the seriesinductance and resistance.

The signal in the RLC sensor is usualy a voltage proportiona to the
rate-of-change of flux linkage. The coill L, and resistor R, can aso be

Figure8-10 Noise equivaent drcuit for RLC sensor.
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expressed as a parallel resistance and inductance. Then the voltage generator
E, would become 1,, athermal noise current generator.

Magnetic-core coils show a decreasing inductance and increasing series
resistance loss at high frequencies due to eddy-current losses. Since the real
part of the coil impedance is a thermal noise generator, it may be necessary
to calculate or model the inductance and resistance at each frequency. The
real and reactive parts of impedance as a function o frequency can be
measured on an impedance bridge.

The design of an inductive sensor can be optimized to obtain the maxi-
mum signal-to-noise ratio. The voltage signal is proportional to the number
of turns. The coil resistance is proportional to the turns for small diameters,
and the noise is proportional to the square root of the turns so the signa
increasesfaster than the noise as the turns increase. When the coil becomes
large enough in diameter, the resistance increases faster than the square d
turns, and the signal-to-noiseratio beginsto fall off.

8-5 PIEZOELECTRIC TRANSDUCER

A piezoelectric transducer generates an electrical signal when it is mechani-
caly stressed, as the name implies—"piezo,” mechanical, and " electric” for
an electrical output. Thisis usualy a reversible process so the same ceramic
element can be used as the sonar “pinger” and the signal detector. That is, a
mechanical strain gives an electrical output and an electrical voltage on the
element gives a mechanical deflection. Butane matches ' snap' a piezoelec-
tric element to make the spark.

A common example of a piezoelectric sensor is the crystal phonograph
cartridge. Other common applications are microphones, hydrophones, sonar,
selsmic detectors, vibration sensors, accelerometers, and other devices where
there is mechanical to electrical energy conversion.

Ferroelectric ceramic elements and quartz crystals are common examples
of piezoelectric transducers. They are generally characterized as a capacitor
which generates a charge when mechanically strained. The output signd is a
small current flowing through a high external impedance. Often these sensors
are hard such as ceramic elements but there are aso plastic films such as
polyvinyldiflouride, PVDF, which are also piezoglectric. Often pyroelectric

—— Sensor

Figure8-11 System diagram for piezoelectric sensor.
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i,

Figure8-12 Noise equivalent circuit for piezoel ectrictransducer.

adiation detectors aso can be modeled since they are capacitive el ements
hat generate a chargewhen heated by incident radiant energy.

A system diagram is shown in Fig. 8-11 and a noise equivaent circuit for
he piezoelectric system is shown in Fig. 8-12. The sensor is modeled hy
eries resistance R, and by so-called "mechanical" inductance L,, and
apacitance and C,,. Electrical reactances are modified by the mechanical
oupling to the acoustic medium. The resulting electrical parameters of the
rystal are a combination o mechanical and electrical properties. The block
ir bulk capacitance Cz o the transducer parallelsthe L,,~C,, circuit.

At frequencies below the L,,—~C,, resonance, C,, and C, form a voltage
livider. Since C, may be 10C,,, the signal to the amplifier is only I, /10. The
xternal inductance L, can be resonated with sensor and wiring capaci-
ances and can improve the signal transmission. These transducers have two
esonances, a series resonance of L, and C,, as wdl as the pardlel
esonance of (C,, + Cg) and L,. Because df the reactance o the transducer,
t is commonly operated at its parallel resonance frequency.

For the circuit configuration o Fg. 8-12:

.y = mechanical inductance

.x = external inductance

~y = mechanical capacitance

”g = block or bulk capacitance

C, = cable capacitance

R, = seriesloss resistance

R, = load resistance

E, = therma noise o R, = (4kTR)'/?
I, = thermal noiseof R, = (4kT/R,)'/?
I, = signa current source
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The system equivalent input noise is

Z, isthe seriesimpedance of R,, C,,, and L, Z; isthe paralel impedance
of Cz,Cp, L, and R. Zpis Z; in parale with Z..

The equivalent input noise has two noise voltage and two noise current
terms. Since R, issmall, thermal noise isusually negligible. The E,, contribu-
tion is small with respect to I, for this high-impedance device. The noise
current terms dominate. At low frequencies Z, is extremely large, primarily
the impedance of C; and C,. To keep the noise current contribution small,
R, should belarge and I, smal. Thisimplies a bipolar transistor biased at a
very low collector current (in the microampere range or less), or a FET with
low gate leakage current. The I, Z, term is most prominent at low frequen-
cieswhere | /f noiseislikely to manifest itself. This constitutes a second vote
for the FET sinceits noise current /, hasavery smal | / f component. Also,
the FET requires little or no biasing so R, can be extremely large. Resonat-
ing the sensor decreases the equivalent input noise, that is, increases the
signal-to-noiseratio at the resonant frequency.

Examples of charge amplifiers are given in the Analog Devices specifica
tion sheet and applications guide [3, 4].

8-6 TRANSFORMER MODEL

There are three main reasons for using an input transformer to couple the
signal source to the amplifier. The first is to transform the impedance of the
source to match the amplifier noise resistance R, o the amplifier and
minimize the system noise. The second is to provide isolation between the
source and amplifier. A third reason is for impedance matching to obtain
maximum signal power transfer. Although the transformer can potentially
reduce the equivalent input noise of the amplifier, its own noise mechanisms
can contribute to the overall system noise.

A transformer has the ability to transform impedance levels. To demonstrate
this statement, consider the ideal transformer shown in Fig. 813. It is
lossless; therefore, the power levels at the primary and secondary are equal

where R, is the resistive |load connected to the secondary terminals, and R,
Is the effective (reflected) load at the primary terminals (not the dc resistance
of the transformer winding, because that resistance is assumed negligible
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Ideal transformer

Figure |dedl transformer.

when we state that the device isideal). Let the ratio of primary to secondary
turns be 1:7". Then the voltages are related according to

(8-5)

Substitutionaof Eq. 8-5into Eg. 8-4 gives the reflected secondary resistance at
the primary

By an appropriate choice of T, the desired impedance level can be realized.

The use of an input transformer between the sensor and amplifier im-
proves the system noise performance by matching the sensor resistance with
the amplifier optimum source resistance R,. Consider the secondary circuit
as shown in Fig. 814 containing noise generators E, and |, We have
defined R, = E,, /I,. When these quantities are reflected to the primary as
E| and I, we obtain

n

E,-— ad [L=T, (8-7)

Theratio of the reflected noise parametersis R';:

Figure 8-14 Amplifier nOlse genera-

tors located at secondary.
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Figure8-15 Transformer-coupled source.

Now match R/, to the source resistance R,. Sincewe are free to select T, it
follows that

This ensures that the amplifier sees the optimum source resistance R, to
achieve the highest signal-to-noise ratio.

A transformer-coupled input stage is shown in Fig. 8-15. The signal source
IS represented by a resistance R, but it could be an impedance or avy
network.

The circuit diagram givenin Fig. 816 is a small-signa ac equivalent o the
transformer-coupled system. The transformer is represented by the primary
winding resistance R ,, the primary inductance L,, and the reflected sec-
ondary series resistance R’,.. This “T”” equivalent circuit is vaid for low-
frequency anayss. The load resistance R, and the input quantities R; and
C; carry the prime designation to indicate they have been "'reflected" by the
transformer turns ratio. A transformer turnsratio T meansit has a primary-
to-secondary turns ratio of 1:7.

A noise model with a noisaless transformer can be developed from the
"T" model asshown in Fig. 817. This model does not reflect the secondary
network to the primary side. Transformers have ohmic resistancesin both the

Figure8-16 Acequivalent circuitfor transformer-coupled source.
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Figure8-17 Noiseequivalent circuit for transformer-coupled source.

primary and secondary windings that generate thermal noise and may result
insignal power loss. The primary and secondary resistancesare R, and R,
and their thermal noise generators are £, and E,. The element R, is a
representation o the core losses caused by eddy currents in the conductive
core. Sincethisisareal disspativeresistance, it will exhibit thermal noise I,,.
The primary winding inductance L, shunts the ideal portion of the practical
transformer, and with the source resistance is the cause of low-frequency
roll-off. High-frequency performanceis limited by the wiring capacitances C,
and C,. These reactive impedances are noiseless. Only dissipative elements
generate thermal noise so they do not have thermal noise generators. The
source and load resistances R, and R, also have thermal noise generators
E and E,. Generdlly R, = R, for most transformers.

sec

For the circuit configuration of Fig. 8-17:

R, = resistanced the transformer primary
R,,. = secondary resistance of the transformer
R',. = secondary resistance reflected to primary
R, = resistivecore loss

R, = source resistance

R; = secondary load resistance

L, = transformer primary inductance

T = transformer secondary to primary turns ratio
7, = nhoiselesstransformer with turnsratio T
E, = thermal noise of R, = (4kTR,)'/?

E,, =thermal noised R,

E, = thermal noise df R,

E, = thermal noiseof R,

I,, =therma noisedf R,

— input signal voltage
C,, C,= primary and secondary shunt capacitances
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When the transformer equivalent circuit in Fig. 817 is used in a PSpice
simulation, only the components are entered. Values for the thermal noise
generators are automatically calculated and entered by PSpice when the
.NOISE option is selected. Be sure to include the actual source and |oad
Impedances as well as the amplifier noise model that represents your circuit.

In addition to the resistive noise mechanisms, there are second-order
noise effectsin a transformer that must be reduced. The transformer must be
magnetically shielded and wound with balanced windings to minimize pickup
of external ac fields. Also, the transformer should be tightly packaged to
minimize microphonic shock sengtivity. The high-permeability core in a
low-level instrument transformer tends to be highly magnetostrictive and
sengitive to flexing and mechanical motion.

For high common-mode rejection, interwinding el ectrostatic shieldsshould
be used. When testing a low-level transformer, an ohmmeter should not be
used. It could magnetize the core and therefore decrease the inductance and
increase the microphonics. It is difficult to degauss the windings once they
are magnetized. The inductance and resistance are best measured by using a
bridge.

SUMMARY

a. To design the lowest-noise system with the highest signal-to-noiseratio, it
IS necessary to use the sensor model as part o the noise anaysis.

b. A low-noise design requires matching the amplifier's noise characteristics
to the sensor noise and impedance.

c. A sensor noise model is developed from the ac equivalent circuit by
adding thermal noise generators to all resistances and shot noise genera-
tors to al diode junctions. Excess I/f noise and G-R noise generators
are added at the appropriate points.

d. When analyzing a sensor noise model with PSpice, the thermal and shot
noise generators are automatically entered by PSpice. The I/f noise and
G-R noise generators must be inserted as circuit elements in the circuit
description.

e. Biased resistive detectors do not generate a signa directly so they must be
biased with alow-noise dc generator through a load impedance. Thisload
Impedance iscritical sinceit may contribute noiseand it affectsthe gain o
the detector.

f. Optoelectronic devices are ideally limited by photon noise rather than the
internally generated G-R noise.

g. For RLC and piezoelectric sensors, circuit resonance can have a large
effect on system noise.
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h. Eddy current and core losses can contribute noise to the inductive sensor
aswadl as the thermal noise o the coail resistance.

I. A transformer matches sensor impedance to an amplifier's optimum noise
resistance R, but the transformer winding resistance and core loss will
contribute thermal noise.

PROBLEMS

8-1.

8-2.

Using Fig. 82, derive expressions which show the effect that the cou-
pling capacitance C.. has upon the four noise sources which contribute
to EZ.

A diagram o the TSL250 light-to-voltage optical sensor is shown in
Fig. P&-2. The typica output voltagefor this unit at afrequency of 20 Hz
isspecified as 06 wV /Hz'/?. When the irradiance is zero, the dc output
voltage is 3 mV. The irradiance responsitivity is 85 mV /(uW /cm?).
Assume Ry = 100 kQ) and that the op amp is noiseless.

Figure P8-2

(a) Determine the shot noise and I/f noise components which con-
tribute to the total photodiode noise current, I,. Neglect 15 _,
noi se.

(b) Find the noise corner frequency of the photodiode.

(¢) Now assume that the reverse dynamic resistance of the photodiode
1100 k. Also assume that all the output noiseis 1/f noise due
to the noise voltage of the op amp. Find E, at the given frequency
of 20 Hz.

(d) Determine what additional information is required in order to
calculate the NEP for this TSL250 optical sensor.
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8-3. The RLC sensor of Fig. 810 has the following component vaues:
R,=150Q,R, =10kQ, L, =1mH, C, = 35pF, C. = 1 nF, E, = 10
nV/Hz'/?, [ = 3 pA/Hz"/2,
(a) Find the resonant frequency, f,.

(b) Perform a SPICE simulation to determine the total noise voltage
E,; evaluated over the frequency range from 1 kHz to 1 GHz.
Express your answer in |

84. Refer to the equivalent noise circuit for the piezoelectric transducer
shown in Fig. 812. The components have the following numerical
vaues R, =40 Q, R; =5kQ, L,,=10mH, L, =01mH, (), =1
nF, Cz = 4 nF, C, = 200 pF, E, = 4nV/Hz'/?, |, = 002 pA/Hz'/?,
(a) Find the seriesand parallel resonant frequencies, f,, and f,,.

(b) Perform a SPICE smulation to determine the total equivalent
input noise current I evaluated over the frequency ranges from
200 kHz to 400 kHz. Expressyour answer in I,

REFERENCES

1 Van Vliet, K. M., and J R. Fassett, in Fluctuation Phenomena in Slids, R. E.
Burgess (Editor), Academic, New Y ork, Chap. 7, 1965.

2. Dereniak, E. L., and D. G. Crowe, Optical Radiation Detectors, Wiley, New York,
1984.

3. AD745 Specification Sheet, Analog Devices Inc., 1991.
4. 1992 Amplifier Applications Guide, Analog Devices Inc., 1992.



PART Il

DESIGNING FOR LOW NOISE

The signal-to-noise ratio is about unity in each photo. The top waveform is a
sinusoidal signal in white noise; the bottom waveform is a sinusoidal signal in 1/f

noise. White noise appears "furry' or ""grassy" on an oscilloscope; | /f noise appears
"rough™ and "'jumpy."
205



CHAPTER 9

LOW-NOISE DESIGN METHODOLOGY

In this chapter we will deemphasize models and equations and provide an
overview of low-noise design. We will give an overall perspective on the
design process. This combines al of the material from the previous chapters
plusyears of design experienceto provide some general guidelineson how to
start the design of a low-noise system. Other chapters are very specific and
mathematically rigorous, but this one generalizesto show the big picture, to
give an overview.

We have discussed the noise mechanisms present in electronic devices,
shown modelsto represent the noise behavior of those devices, and described
the noise modelsfor awide variety o sensors. Furthermore, we have treated
the methods of circuit analysis peculiar to noise problems. Now we turn our
attention to sysem design. The information contained in the preceding
chapters is used to create new low-noise systems that perform according to
the design requirements.

Low-noise design from the system designer's viewpoint is concerned with
the following problem: Given a sensor with known signal, noise, impedance,
and response characteristics, how do we optimize the amplifier design to
achieve the lowest value of equivalent input noise?

The amplifying portion of the system must be matched to the sensor. This
matching is the essence of low-noise design.

9-1 CIRCUIT DESIGN

When designing an amplifier for a specific application, there are many
specifications to be met and decisons to be made. These include gain,
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bandwidth, impedance levels, feedback, stability, dc power, cost, and, as
expected, signal-to-noise requirements. Amplifier designers can elect one o
two paths. Typicdly, they worry about the gain and bandwidth first and later
in the design process they check for noise. We strongly urge the reverse
approach, with initial emphasis on noise performance. Although there are
many low-noise devices available, all do not perform equally for al signal
sources. To obtain the optimum noise performance, it is necessary to select
the proper amplifying device (FET, BJT, or IC) and operating point for the
specific sensor or input source. Feedback and filtering can then be added to
meet the additional design requirements. A critical noise specification can be
one of the most seriouslimitingfactorsin a design; it is best to meet the most
stringent requirement head-on.

To start the design, first select the input-stage device, discrete or |C, BJT,
or FET. The operating point is then selected. If preliminary analyss shows
that the noise specification can be met, a circuit configuration (CS, CD, or
CG) can be selected and the amplifier designed to meet the remainder of the
circuit requirements. Noise is essentially unaffected by circuit configuration
and overal negative feedback. Therefore, the transistor and its operating
point can be selected to meet the circuit noise requirements. Then the
configuration or feedback can be determined to meet the gain, bandwidth,
and impedance requirements. This approach dlows the circuit designer to
optimize for the noise and for the other circuit requirements independently.

After selecting a circuit configuration, analyzing it for nonnoise require-
ments may indicate that it will not meet al the specifications. If the
bandwidth is too narrow, more stages and additional feedback can be added,
the bias current of the input transistor can be increased, or a transistor with a
larger f, can be selected. Then noise can be recalculated to see if it is still
within specifications. This iterating procedure ensures obtaining satisfactory
noise performance and prevents locking in on a high-noise condition at the
very start of the design. Once the designisfrozen and you find that you have
too much noisg, it is difficult and very expensive to make minor changes that
lower the noise.

Much o the work that the authors have done as consultantsis to reduce
the noise of a system in or near production. Thisis dways a challenging task.
It is dways better and less expensive to spend the time on the initial design
to obtain the desired noise than to fix it later during production. A noise
specialist is very helpful during the early anadyss and design phase in
providing the optimum design concept.

9-2 DESIGN PROCEDURE
The ultimate limit o equivalent input noise is determined by the sensor

impedance and the first stage @, of the amplifier. The source impedance
Z(f) and noise generators E,(f) and I(f) representing Q, are each a
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different function of frequency. Initial stepsin the design procedure are the
selection of the type of input device, such as BJT, FET, or IC, and the
associated operating point to obtain the desired noise characteristic as
described in Chaps. 5 and 6. In the ssimplest case of a resistive source, match
the amplifier's optimum source resistance R, to the resistance of the source
or sensor. This minimizesthe equivaent input noise at a single frequency as
described in Chap. 2 If the amplifier is operated over a band o freguencies,
the noise must be integrated over this interval. Since the noise mechanisms
and sensor impedance are functions of frequency, the PSpice computer
program is used to perform thisintegration. Use of the PSpice program for
noise anayssis discussed in Chap. 4. The resulting anaysis may indicate that
there is too much noise to meet the requirements or it may suggest a
different operating point. By changing devices and/or operating points,
theoretical performance can approach an optimum. If the initial anayss
Indicates that the specifications cannot be met, then no amount of circuit
design is going to reduce the equivalent input noise to an acceptable levd.

Thenoise o thefirst stage must below to obtain overall low system noise.
The following stages cannot reduce noise no matter how good. Subsequent
stages, however, can add noise 0 the design of these stages must be
considered for a low-noise system. This is frequently a problem when
designing high-frequency amplifiers. There is not enough gain—bandwidth in
the first stage to provide high gain with the bandwidth needed. Then the
noise o the following stages may contribute.

After selecting the input stage the circuit is designed. Set up the biasing,
determine the succeeding stages (Chap. 10), the coupling networks, and the
power supply (Chap. 13). Then analyze the total noise of the entire system,
including the bias-network contributionsto ensure that you can still meet the
noise specifications. Finally, add the overall negative feedback to provide the
desired impedance, gain, and frequency response. The noise modelsfor noise
in fcedback amplifiers are derived in Chap. 3. Of course, these requirements
should have been kept in mind while doing the initial noise design. Input
Impedance, frequency response, and gain are not basic to one type of
transistor or to one particular operating point. Overall negative feedback can
be used to increase or decrease input impedance or to broaden the frequency
response and set the gain.

If it appears at this time that one or more of these circuit requirements
cannot be met, then readjust the circuit to suit these needs and make another
noise analysis to ensure that the design continues to meet the noise specifi-
cations. Continuing around the loop d noise analysis, circuit synthesis, and
back to noise anaysiswill provide the best design.

The question can be asked, "In a low-levd application do you dways
design the amplifier for the lowest possible noise?' The answer is "not
necessarily." Often there is not much value in designing for a noise figure of
lessthan 2to 3 dB. A NF o 3 dB is equivalent to a signal-to-noise ratio of
1:1. In other words, the amplifier and sensor are each contributing equal
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noise, and the total system noise is v2 times either component. If, from
supreme design effort, the amplifier noise is reduced to 1/10 of the source
noise, the total system noise is now reduced by 1/ v2 or about 0.707 of the
3-dB condition. It isimpressive to say that your amplifier has a NF of 0.3 dB,
but redly, in terms d the signal-to-noiseratio, only 30% is gained with a NF
o lessthan 3 dB.

Applicationssuch as cooled cryogenic sensors, reactive sources, and active
systems do require very low equivalent input noise. For an active system
consisting of a transmitter and receiver, a reduction of 3 dB in the receiver
noise is equivalent to doubling the transmitter power. That can be significant.

Another difficult task is designing a sysem to operate from a reactive
source with only a small resistive component. In this case a NF of 3 dB may
not be meaningful. For example, with an inductance and small seriesresis-
tance, thermal noise can be negligible, but in redlity the system noise is
dominated by 7, X, at the higher frequencies. To obtain the best performance,
do not design for minimum NF, but design for lowest equivalent input noise E,,;
over the bandwidth of interest.

9-3 SELECTION OF AN ACTIVE DEVICE

An active input device can be an | C with a bipolar or FET input stage or a
discrete transistor. Selection depends primarily on the source impedance and
frequency range. It is difficult to say exactly where each type of device should
be used. To assist in decisons of this type, a general guide is shown in
Fig. 9-1.

At the lowest values of source resistance, it is usualy necessary to use
transformer coupling at the input to match the source resistance to the
amplifier R,.

Bipolar transistors and bipolar input ICs are most useful at midrange
impedances. Adjustment & R, to match the source impedance is made by

MOSFET
BJT
il - [ —
B JFET
Transformer = B
coupled
IC amplifliers
pra B — =

Figure9-1 Guidefor sdection d activeinput devices.
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changing the transistor collector current with higher currents for lower
resistances as derived in Chap. 5. There is a dight difference between pnp
and npn transistors; the pnp can have a lower base resistance due to the
higher mobility of the n-type base region. The pnp thus has a lower thermal
noise voltage and can be used with smaller source resistances. On the other
hand, npn transistors often have a dightly larger 8, and f, and so are more
useful at the higher end of the resistance range. Thisis especialy truefor IC
npn transistors made in the standard bipolar process. Lateral and substrate
integrated pnp transistors are amost dways inferior to npn types.

At higher values of source resistance, FETs are more desirable because of
their very low noise current I,. In some instances, they are even preferred
when alow E, is desired. I n fact, when operating with a very wide range of
source resistances, such as in an instrumentation amplifier application, a
JFET is generally preferred for the input stage. A typical JFET has an £,
dightly larger than that of a bipolar transistor, but its 7, is significantly lower.
Thisisof particular valuewhen operating from a reactive source over awide
frequency range because the source impedance is linearly related to fre-
guency. Another advantage of the FET isits higher input resistance and low
input capacitance; thus it is particularly useful as a voltage amplifier. FET
input impedance is highly frequency sensitive because of the high input
resistance.

For the highest source resistances the MOSFET with its extremely low I,
has an advantage. The MOSFET may have 10 to 100 times the 1/f noise
voltage E, of a JFET or BJT. As processing techniques have improved, the
MOSFET is becoming more attractive as a low-noise device. The advantages
o MOSFET devices include low cost and compatibility with the digital 1C
process. It is frequently desirable to combine a MOSFET input signal
amplification stage with digital signal processing on the same chip.

Integrated amplifiers, ICs, are usualy thefirst choice for amplifier designs
because of their low cost and ease of use. There are many good low-noise IC
devices available with guaranteed maximum noise specs. However, when
selecting the one IC for your design, the source impedance and the transistor
type must still be considered. All of the preceding statements about input
stages apply when selecting the IC for your design. For lower source
impedances, select a bipolar unit IC, and for higher impedances, select a
FET input IC. In genera, ICs will have dightly higher noise than discrete
devices because of the extra processing and | C fabrication design constraints.
Usudly, an 1C can be selected that will provide noise levels equal to a
discrete transistor circuit at moderate impedances and frequencies. If state-
of-the-art performance is needed, use a discrete BJT or JFET stage ahead of
the IC. Thisis usualy only required at the lowest and highest frequencies as
well as very low or high impedances. In most ICs the circuit designer does
not have control over the Q-point of the input device or devices. Therefore,
the major consideration for designingwith | C amplifiersis the type of device
being used in thefirst stage.
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9-4 DESIGNING WITH FEEDBACK

After determination of the input device, its operating point, and configura-
tion, we can add overall multistage negative feedback to achieve the required
input impedance, amplifier gain, and frequency response. As shown in Chap.
3, negative feedback does not increase or decrease the equivalent input noise
except for the additional noise contribution of the feedback resistors them-
salves. Feedback will decrease the output noise and signal. In effect, single-
stage negative feedback is utilized if the design employs either the common
base—gate or common-collector—drain configurations because these stages
have 100% current and voltage feedback, respectively. Improved perfor-
mance is achieved by using negative feedback around an op amp and a
discrete input stage.

If an amplifier with a low input resistance at the amplifier terminals is
desired, use negative feedback to the inverting input of an op amp as shown
in Fig. 92 The input resistance is reduced in proportion to the feedback
factor, the ratio of the open-loop-to-closed-loop amplifier gains. This makes
the amplifier inverting input a virtual ground. A low input resistance is
required when an amplifier must respond to a signal current rather than
voltage. Low input impedance is useful to minimize the effects of amplifier
input shunting capacitance on the frequency response of the source ress
tance R.,.

An amplifier with high input impedance and reduced input capacitance
resultsfrom the addition of negativefeedback to theinvertinginput of an op
amp as shown in Fig. 9-3a. A high impedance is needed when the amplifier
must respond to the voltage signal from a high-impedance source without
loading. This makes the best general -purpose instrumentation amplifier. FET
Input op amps offer the highest input resistance. The addition of a discrete
common-source stage at the input can offer lower noise. Overal negative
feedback to the source of a common-source input stage, as shown in Fig.
9-3b, raises the amplifier’s input impedance.

Determining the input impedance o an amplifier with overall negetive
feedback can be confusing. If the input impedance is measured with the
typical low-resistance impedance bridge, the measured values will agree wdl
with the calculations. On the other hand, you can measure the input
Impedance by inserting a variable resistor in series with the input signa

R

rm e

2.5

==

~ n ]
Figure 9-2 Low-input-impedance feedback amplifier. —=— —
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Figure 9-3 Highinput-impedance amplifie's (a) Noninverting amplifier and
(b) CS stage added for higher input resstance.

source and increasing its value until the output signa halves. The input
Impedance then should equal the value of the series resistor. Using this
method on a negative feedback amplifier often produces a lower measured
value o input impedance than measured with the impedance bridge. The
measuring resistor has become a part of the overall feedback network. Which
value is correct? That depends on the source resistance. For low source
resistances the bridgevalueis correct. For very large resistances, greater than
the open-loop R;, the second method is correct, If we do not simulate actual
system conditions when making measurements of this type, the test results
obtained can be in error.

9-5 BANDWIDTH AND SOURCE REQUIREMENTS

An important point to remember when designing low-noise amplifiersis not
to overdesign for wide bandwidth. Be sure that the amplifier or system has
definite low- and high-frequency roll-offs and that these are set as narrow as
possible to pass only the signal spectrum required. The amplifier has a
certain amount of noise in each hertz of bandwidth, and the greater the
amplifier bandwidth the greater the output noise. There is no valuein having
an amplifier with afrequency responsewider than the spectrum of the signal.
In fact, it is detrimental to good low-noise design practices and principles.
The noise curves of discrete BJTs indicate that the noise spectral density
IS constant at the rnidfrequencies, but increases at both low and high
frequencies. In general, increasing the transistor quiescent collector current
increases the I/f noise and decreases the high-frequency noise, so there is
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not one singlecollector current that dways providesthe best performancefor
al applications. To determine the best performance for a specific application,
it is necessary to integrate the total noise over the frequency range o
interest. Although it is possible to approximate the total noise, usudly it is
better to use a computer programwith the exact circuit model as describedin
Chap. 4, especidly if the source is reactive.

The impedance of an inductive source rises with frequency. This means
that the amplifier E,, is important at low frequencies and I, is important at
high frequencies. For this type of application, either a BIT operating at a low
value o collector current, or a FET having alow E, at low frequencies, may
be recommended. It was shown in Chap. 7 how the series inductance o the
source influences the amplifier noise current I, contribution to £,,;.

For a sensor that has shunt capacitance, the noise voltage £, o the
amplifier isthe most critical as pointed out in Chap. 7. The best performance
can be obtained with a bipolar transistor operated at a high collector current
to minimize E,. If the source resistanceis large, it may be necessary to use a
FET having alow-noisevoltage at high frequencies.

A sensor that has both inductance and capacitance and is resonant in the
passband can be a problem because of the opposite operating conditions
required. In this case, it isdifficult to generalize because of the wide range o
impedance encountered over the frequency range. Since both low E,, and 1,,
are required, a good FET input would be suggested. As shown in Chap. 7,
the sensor resonance decreases the effect of the amplifier noise voltage at
resonance. This can be used to reduce the amplifier noise contribution at the
resonant frequency, but can make signal conditioning more difficult because
of the resonant peak. The best improvement is generaly obtained if the
resonance is placed at the high-frequency corner near cutoff. A current
amplifier such as the one shown in Fig. 9-2 can be used for signal lineariza-
tion. The low-input-impedance amplifier will shunt the tuned circuit input
and linearize the output. Note this shunting by the negative feedback does
not affect the noise model and the resonance will still minimize the equiva
lent input noise voltage.

Designing alow-noise amplifier to operate at high frequenciesfrom a high
source resistance requires a low value of I, at the frequencies of interest,
and, in addition, a low input capacitance to assure adequate frequency
response. These requirements can be met with a FET operated in the source
follower configuration or with an emitter follower operated at low collector
current. The input capacitance can be further reduced by the use of overal
negativefeedback.

9-6 EQUIVALENT INPUT NOISE

To a sysem engineer, low-noise operation implies an acceptable signal-
to-noise ratio at the system output terminals. To the designer, this means
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designing for the minimum equivalent input noise E,.. In effect, E,; is a
normalized reciprocal of the signal-to-noiseratio referred to the point where
the signa originates. The general expression for equivaent input noise E,,
for a resistive source was given in Eq. 2-7

where E, isthe thermal noise of the sourceresistanceR,, E, and I, arethe
equivalent input noise voltage and current generators of the amplifier with-
out including the coupling elements.

In the case df a reactive source, we must deal with the total impedance of
the source. Only the equivalent series resistive component of the impedance
contributes thermal noise. Reactive components do not have thermal noise.
The noise current generator I, multiplies the absolute value of the total
source impedance | Z,|. Equation 2-7 thus becomes

where E, isthe thermal noisevoltage dof the real part of the impedance.
Graphs of the total equivalent input noise in terms of the noise voltage

E,, noise current |,, and source resistance R, for two IC amplifiers are

plotted in Figs. 9-4 and 9-5. The values used for £, and I, can be either spot

% F AD743 BIFET op amp
T 10,000 E=20nV
= E I,=69 fA

no

Source resistance R, and impedance |IZ,] in ohms

Figure9-4 Plot of total equivalent input noise versus source resistancefor an AD743
BIFET op amp.
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2 t . T
"N OP27 | aw-noisa nn amn - .

1 10@ 103 104 10° 106 107 108 109
Source resistance R, and impedance |Z,| in ohms

Figure9-5 Equivdent input noisefor an OP-27 low-noise bipolar op amp.

noise at a single frequency or total integrated noise over a bandwidth. From
this curve the total equivalent input noise can be determined for any source
impedance Z,. Remember that the thermal noise line E; is determined by
the real part o the source impedance only. On the other hand, £, is
dependent on the absolute value of the total source impedance.

From the plot o Fig. 9-4, we can see that the optimum source resistanceis
420 k2 but that good noise performance can be obtained from 600 £} to 300
MR. Thismakes a versatile amplifier capable of operating from awide range
of source impedances. FET amplifiers generally have more 1 /f noise voltage
than bipolar amplifiers.

The OP-27 bipolar op amp is shown in Fig. 9-5. This amplifier has an
optimum source resistance R, of 6.7 k Q2 and will operate well from 200 Q)
to 200 kL.

When designing for the maximum signal-to-noise ratio and the source
impedance is not specified, select a sensor having the highest internal
signal-to-noiseratio with internal impedance equal to the amplifier optimum
noise source resistance R,. If the sensor resistance is much less than R,
adding a resistor in series with the sensor does not reduce the equivalent
input noise. In fact, it will increase E,; because of the additional thermal
noise voltage. Only when an increase in sensor resistanceincreasesthe signa
proportionally should the total resistancevalue be adjusted, assuming you are
the sensor designer also.
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In the amplifier, design for maximum signal-to-noise ratio. For a sensor
whose impedance is aready determined, the values & E, and I, Z are
adjusted by active device selection so that the lowest E,; can be obtained.

As an example, consider the E,; curves on the two amplifiers shown in
Figs. 94 and 9-5. With a 100-Q source resistance, E,; for the OP-27 is the
lower. If the source resistanceis1 M, the AD743 amplifier clearly givesthe
lower equivalent input noise. In between these resistances, both may work
equaly well. Methods for optimizing E, and 1, were described in Chaps. 5
and 6.

9-7 TRANSFORMER COUPLING

To couple the sensor and amplifier in an electronic system, it is sometimes
better to use a coupling or input transformer. When it is not possible to
achieve the necessary NF using device selection, transformer coupling may be
the solution. Very low resistance sources can cause this problem. According
to Fig. 5-6, this source characteristic suggeststhat the BJT be operated at a
collector current near 10 mA for low-noise operation. However, this high
vaued 1, isshownin Fig. 5-5to result in relatively poor F,,. If transformer
coupling is employed, a lower value of 1, could be selected, and the noise
performance improved.

The use of an input transformer between the sensor and amplifier im-
proves the system noise performance by matching the sensor resistance with
the amplifier's optimum source resistance R,,. Consider the secondary circuit
as shownin Fig. 9-6 containing noise generators £, and 1,,.We have defined
R, = E,/I,. When these quantities are reflected to the primary as E, and
I’, we obtain from Eq. 8-9:

n

The ratio of the reflected noise parametersis R,:
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Now match R’, to the source resistance R,. Since we are free to select T, it
follows that

This ensures that the amplifier sees the optimum source resistance R, to
achieve the highest signal-to-noise ratio.

A more complete equivalent circuit of a transformer was shown in Fig.
8-13.

In addition to matching a source resistance to the amplifier's optimum
source resistance, transformer coupling will also isolate portions of a sysem
to reduce common-mode noise transfer and ground loops.

Coupling transformers are discussed in detail in Sec. 8-6, and the design o
transformers is considered in Sec. 12-5.

9-8 DESIGN EXAMPLES

The design examples presented in this section apply the information pre-
sented here and in preceding chapters. The examples are not completein al
respects;, however, they should prove to be o assistance in illustrating
low-noise design procedures.

Example 9-1 Device Selection Procedure (Amplifier Comparisons)

(bjective To select and compare first-stage active devices for an amplifier
operating at 10 kHz from a resistive source of 100 k(2.

Solution Figure 9-1 indicates that an IC, a BJT, or a JFET could be used
for this application. We consider each of these devices in this example.

The pA741 op amp is a likely candidate for this job. According to the
curvesin App. A, E, = 20nV/Hz'/? and I, = 04 pA/Hz'/? at afrequency
of 10 kHz. The optimum source resistanceis R, = E, /I, = 50 k. Assum-
inga Af = 1 Hz at 10 kHz, the noise figure can be obtained from

EZ L0l E? + E? T I2R?
= (0]
E? TR

NF = 10log

where

For the wA741 op amp, wefind that E,; = 60 nV and NF = 35 dB.
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Now let us consider using a BJT. The curve of NF versus dc collector
current /. shown in Fig. 56 for the 2N4250 transistor, which is typical for
most BJTs, indicates that a minimum noise figure occurs at a specific
collector current. Fortunately, achieving low NF is possible over a relatively
broad range o collector currents in the vicinity of 5 wA. From the contours
of constant NF given in App. C, three transistors would be good design
choices because they have large 1-dB noise contours for 100 kQ at 10 kHz.
These are the mpn types 2N4124 and MPS-A18 and the pnp 2N4250
transistor. Assuming that other circuit design considerations make using an
npn transistor easier, we select the 2N4124 device. The 10-kHz noise contour
indicates that for R, = 100 k{2, the bias current, I, for minimum noise
should be chosen to be approximately 2 pA. The resulting NF is less than
1 dB. Extrapolating between the 1- and 10-wA curves for the 2N4124
suggeststhat E, = 120V /Hz'/? and I, = 012 pA /Hz'/? for an R, = 100
k) matching the given source resistance. Repeating the calculations of Egs.
9-5 and 9-6 gives E,, = 435 nV /Hz'/? and a NF of 0.718 dB.

Lastly we consider this design using an n-channel JFET. From the noise
datain App. B we select the 2N3821 as a good choice. Its noise datafor I,
is E, =4 nV/Hz'/? and I, =3 fA/Hz!/? for an R, =133 MR. We
calculate as before, obtaining E,; = 40.32 nV /Hz'/2 and a NF of 0.043 dB.

The JFET gives the lowest E,; and lowest NF. The 2N4124 is also an
acceptable design choice sinceits noisefigure ismuch less than 3 dB and the
dominant noise source is the thermal noise of the source resistance. The
wA741 op amp is not a good choice becauseits added noise exceeds that of
the source resistance. As in dl designs, other factors will need to be
considered, such as the amount d noise tolerable and the component,
manufacturing, and testing costs. These factors taken together are required
to determine lowest system cost for acceptable performance.

Example 9-2 Transformer-Coupled Amplifier

Objective To design an amplifier for a sensor test instrument that measures
signal and noise performance at 100 Hz for sensorswith a source resistance
varying between 5 and 500 R.

Solution From Fig. 9-1 we conclude that it is usually desirable to use an
input transformer with such low valuesof sourceresistance. Then atransistor
can be selected for operation at its minimum NF, and the transformer
impedance designed to match the source resistance to the R, o the
transistor.

First we examine the noise contours for the BJTs given in App. C. Here
we see that good noise performance is easly achieved if we have an
equivalent source resistance of 10 kQ. The turns ratio of the transformer
makes the sensor resistance look like R,,,. Since 5 ) < R <500 Q, we
design our transformer based upon the geometric mean value of 50 ) as a

opt
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compromise. The turnsratio determined from Eq. 9-4 is

To specify the coupling transformer completely, additional information is
necessary. The primary dc resistance plus reflected secondary resistance
should be much less than the smallest source resistance, 5 O. The primary
resistance can be about 0.1 Q) and the secondary resistance about 20 Q. To
minimize the noise contribution of the shunting core loss resistance, R,
should be much greater than the largest source resistance, 500 (2. A vaue o
10 k2 would certainly be satisfactory. Both frequency response and noise
dictate that the primary inductance L, must be much larger than the 500-(2
source resistance at the lowest frequency of interest, namely, 100 Hz. This
requirement is met if the primary inductance is greater than 16 H. This
Inductance can be achieved in shielded transformers having a volume of a
few cubic inches.

Next we choose the best BJT for this application. We review and tabulate
the size of the noise contours at 10 Hz over the range of reflected source
resistances from 1to 100 kQ:

Device Noise Contour
2N930 Small 3-dB
2N4124 Large 3-dB for high and medium R,
2N4125 Small 1-dB
2N4250 Large 1-dB for high and medium R,
2N4403 Large 3-dB
2N5138 Small 3-dB

MPS-A18 Medium 1-dB for high R,

From this comparison it is easy to see why we select the type 2N4250. The
NF contour at 100 Hz suggests that choosing I, = 30 pA will position us
near the center of the 1-dB noise contour and dlow for the variation in
source resistance. At the selected dc operating point, £, = 3 nV/Hz/?,
l,,= 03 pA/Hz'? and R, = 10 kQ.

The reflected noise voltage of the transistor is divided by the turnsratio in
order to refer it to the primary, or sensor, side of the transformer. The
current is multiplied. This results in E, = 021 nV/Hz'/? and I, = 42
pA/Hz'/2,
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If we assume that the transformer does not contribute noise, the following

summary isvalid for the three values of sensor resistance:

SUMMARY

a Low-noise design implies attaining a low value for the equivalent input
noise £ .. Since

minimizing £, maximizes S,/N,.
. The noise specification is often the most important and may be the most
difficult to meet. A NF below 3 dB may be unnecessary.

. A recommended low-noise design procedure with sensor characteristics
fixed is asfollows:

1. Select the input device and configuration (Chap. 9).

2. Decide on an operating point (Chaps. 5 and 6).

Design the bias circuit (Chap. 10).

Determine the succeeding stages (Chap. 12).

Consider the coupling (Chap. 9).

Determine the power supply requirements (Chap. 13).

Select the location of the frequency equalization (Chap. 9).

8. Determine the overal feedback (Chap. 3).

An iterative analysis-synthess procedure determines the find system.
Digital computer assistance is valuable.

. Theinput devices considered are the BJT (conventional or SBT), the FET
(JFET or MOSFET), and the IC (BJT or FET input stage).

. Because it can transform impedance levels, a coupling transformer can be
used with low-resistance sensors.

N o Ok ow

PROBLEMS

9-1. Determine the R, and the E,; for the 2N4221A Motorola JFET whose

characteristics are given in App. B. The source resistanceis 1 M}, the
operating frequency is 100 Hz, and the device is biased at I,
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9-2. Find E, and I, for the MPS-A18 transistor at a frequency of 1 kHz,
R, =50k, and I, =1mA. Alsofind R, E,;, and NF.

9-3. Find the turns ratio required to couple a 200-R source resistance to a
transistor with R, = 5 k(). What is the signal level at the transformer
input terminal if the sensor signal is 2 mV?

94. A given sensor has a series resistance of 30 k{}. (a) Select an operating
point for the 2N4403 BJT transistor from App. C. Then determine the
wideband equivalent input noise of your design for the frequency band
from 10 Hz to 100 kHz. Find the wideband NF over this band and then
determine the NF in 1-Hz bandwidths centered at 10 Hz, 100 Hz,
1 kHz, 10 kHz, and 100 kHz. (b) Repeat for the MPS-A18 transistor.



CHAPTER 10

AMPLIFIER DESIGN

Previous chapters have primarily addressed device modeling. Now we direct
our attention to the use of these devices in practical applications. To use a
transistor as an amplifier, oscillator, filter, sensor, or any other application
requiring an active device, it is necessary to add other active and passive
elements for biasng. These biasing elements, such as resistors, can add
thermal and excessnoise to the circuit operation. Current sources and diodes
can add shot, thermal, and excess noise. Capacitors as series or shunt
elements can increase noise while decoupling capacitors bypass noise.

The active device models previoudy described apply to integrated ampli-
fiers as well as discrete amplifiers. Often the noise contribution of active
biasng elements dso must be modeled in terms of the transistor noise
model. Passive biasing and load resistances often contribute less noise than
active devices but usualy require additional processes and extra chip area.

All but the lowest-noise integrated amplifiers use differential stages with
primarily active biasing. In this chapter the discussion will begin with single-
ended amplifiers and discrete stagesfollowed by a derivation of the noise of
the differential amplifier stage. Single-ended amplifiers will inherently have
3 dB less noise than the same transistor used in the best differential
configuration. For the ultimate noise performance a single-ended transistor
input must be used. To characterize the performance of an | C process, it is
often necessary to include discrete test transistor devices on the chip.
Discrete devices are also added to a chip for modeling purposesto obtain the
noise parameters of the process. The following discussion on single-stage
biasngwill aid in the testing and evaluation o these devices.
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This chapter includes an element-by-element discussion of the additional
noise contributions of the biasng elements to the equivaent input noise.
First, a mathematical expression is derived; then a design example is given.
PSpice simulations are used to illustrate the method for analyzing a specific
circuit application. Noise contributions of al circuit elements can be calcu-
lated directly with PSpice as shown in Chap. 4.

10-1 TRANSISTOR CONFIGURATIONS

There are three useful connections in which bipolar and field effect transis-
tors can be operated: common emitter (CE) or common source (CS), com-
mon base (CB) or common gate (CG), and common collector (CC) or
common drain (CD).

Each configuration offers approximately the same power gain—bandwidth
product and the same equivalent input noise. Therefore, configuration selec-
tion is based on the requirements for the gain, frequency response, and
impedancelevelsof the amplifying system. The CE and CS configurationsare
used most often because they provide the highest power gain; the other
configurations have advantages for certain applications. When a current
amplifier is desired with high input impedance and low output impedance, a
CD or CC stage can be used. Conversaly, when avoltage amplifier isrequired
with low input impedance and high output impedance, a CG or CB stageisa
solution.

Because noise is not dependent on configuration, the circuit designer has
the option of low-noise operation with the simultaneous freedom to select
terminal impedance levels and other nmonnoise characteristics. Although
parameters such as E,;,, £,, and |, are usualy measured in the CE-CS
configuration for convenience, their values apply equaly well to the CB-CG
and CC-CD orientations, provided that frequencies are limited to those for
which the collector—base internal feedback capacitance can be neglected.
The equivaent input noiseis the samefor each configuration; but the output
noiseis not the same.

In the following derivations, an expression for the transfer gain K, and
equivaent input noise E,, are derived. By referring all noise sources to the
input, E,; alows us to determine the noise contribution of the various
passive elements required for biasing and coupling, and the effect of those
elementson the transistor noise parameters £, and |,. Although the limiting
vaue for E,; does not vary because of the configuration selected, E,, is
increased by biasing and coupling element noise in certain connections.

Additional information regarding the gain and terminal impedance prop-
erties of transistor circuits is available in texts devoted to transistor electron-
ics[1).
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In order to smplify the symbols necessary to represent electrical quanti-
ties in the complex circuits given in this chapter, some deviations from
previoudy used nomenclature are made.

Symbols for the thermal noise voltages of resistances differ from the system
noted in the Chap 1. Herewe use E,, E, and s0 forth to represent the rms
values of noise voltagesin resistors R, R, and so forth. Normally, a capital
letter with a capital subscript stands for a dc value. However, as mentioned
earlier, E represents a noise voltage to distinguishit from a sinusoidal signal
represented by V. When the reader encounters E, noise voltage is being
discussed.

Where more than one transistor is used, a numerical subscript indicates the
gage number. Thus EZ, is the mean square value of the noise voltage
generator representing stage 2. Symbol R, represents the input resistance of
stage 2. All noise generators are considered to be uncorrelated.

In the performance summaries given with each circuit design example, E -
and I,, areused to represent the total input noise voltage and current. All
noise parameters are given on a per hertz'/* bass. Capacitors are selected to
provide a minimal noise contribution at 10 Hz.

10-2 COMMON-EMITTER STAGE
A typicad CE amplifier is shown in Fig. 10-1. This circuit is biased for

low-noise operation from 10 Hz to 10 kHz. The performance parameters are
shown in the table at the sideaf thefigure.

Figurel0-1 Biased common-emitter amplifier.
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Figure10-2 Noiseand small-signal equivaent circuit for CE stage.

The small-signal equivalent circuit with noise sourcesis shownin Fig. 10-2.
Thiscircuit uses the hybrid-w BJT transistor model developed in Chap. 5 and
adds the noise sources for the biasing elements.

The transfer voltagegain X, istheratio of the output signal voltage at the
collector to V;:

The symbols used in deriving Eq. 10-1 are

For noise analysis purposes our interest lies with the magnitude of K,.

When there is negligible signal loss in biasing, coupling, and feedback
elements, Eq. 10-1 smplifiesto

Under the assumptions that Z, << r, and Z; < r,, the equation can be
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written in the classicform

For smplicity, it is convenient to define an additional gain K} which removes
the loading of following stages:

K; =K, for R; =R, (10-9)

The equivalent input noise EZ is determined from EZ /(K))*. The re-
sultis

Several observations can be made from Eq. 10-5. It is clear that the noise
from each resistor increases E, ;. The transistor current noise generator I, is
increased by the reactance o the coupling capacitor C, The noisevoltage of
an unbiased emitter resistor directly adds to the input noise, so any resistor
used for negative feedback must be kept small. An unbiased emitter resistor
can be used to stabilize the stage gain; it must be kept much smaller than the
source R, to avoid adding noise. The voltage E,, isincreased by the shunting
effect of R, so R, should be much larger than R, for minimum noise. If
R, is made equal to the source resistance for impedance matching, the NF
will be increased by 3 dB. The biasing resistor R;, generates thermal noise
current in parallel with 1,, so it isimportant to keep R, aslarge as possible
without causing excess dc voltage offset (V,, = Iz R,). A path for dc base
current is dways necessary. If it is permissible to pass the input bias current
through the signal source R,, then remove both C and R, which will
remove these two contributionsto noise,

Be sureto bypassthe power supply leads to reduce the noise of the power
supply and any pickup on the supply lines. Because the CE connection
provides the highest power gain, an amplifier with a CE input stage is not
likely to have significant noise contributionsfrom stagesbeyond thefirst. The
input resistance is highly dependent on I.. It turns out that the input
resistance is also R_BL/%, which is dways larger than the optimum source
resistance R,. Thiscan be derived using Eq. 54 and Eqg. 533.
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10-2-1 Capacitor Selection

The bypass and coupling capacitors shown in Fig. 10-1 attenuate low-
frequency signals and noise. The selection of valuesfor these elementsis the
subject o this section.

The coupling or blocking capacitor C,. causes a low-frequency break in
the response of the network at the value of f whereits reactance is equal to
the sum o R, and the parallel combination of the amplifier input resistance
and any biasing elements.

The noise requirement for C is more stringent; X must be much less than
R, at the lowest frequency of interest. The element C, isin serieswith R,,
and therefore the noise term IR, becomes (Z,|R, T jX.D. For low noise,
I, X-- must be much lessthan I,R,. If C, setsthe gain corner, I, X~ will
be a significant noise contribution. The problem is worse because /, may be
increasing with 1 /f noise at low frequencies.

To remedy the problems noted in the preceding paragraph, C. is often
100 times larger than the value defined by the gain criteria. Thus the input
coupling capacitor should not be used as part of the frequency-shaping
network. In fact, if the input network is used as a filter, it will probably be the
dominant source of rnoise in the system.

The element C,. is used to provide a low-impedance bypass to ac so that
the resistor R is effective only in the dc network. To maintain ac gain, the
impedance of C, must be low compared to r,. Additional discussion of this
cause of gain fdl-off is given in the literature [1].

To meet the noise specification, Cr must effectively bypass the noise o
R,. Sincethe C,-R; network is effectively in serieswith the signal source, it
IS desired that

where E, and E_ . are the thermal and excess noise voltages o R.

It is recommended that the low-frequency gain corner be set in a later
stage rather than the input stage. In thismanner 1 /f noise originating in the
input stage can be attenuated by the response-shaping network. When
following this philosophy, the capacitance C, must be very large and must
satisfy Eq. 10-6.

10-3 SINGLE-SUPPLY COMMON-EMITTER STAGE

An amplifier stage can be operated with a single power supply by providing a
virtual ground at node A as shown in the circuit of Fig. 10-3. This exampleis
included to point out the noise effects of single-supply circuits. The equiva
lent input noise £,; now includes the noise effectsof R, and R, which are
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attenuated by capacitor Cj:

Theresistors R, and R, make a divider to establish a dc biasing voltage V4
at node A:

This is balanced by the voltage drop across Ry to bias the transistor. The
bias resistor R, must meet the noise criteria established in Sec. 10-2.

The bypass capacitor Cz ac groundsnode A between R, and R, thereby
attenuating the noise generated in those resistances. Excess noise is gener-
ated in the divider resistors because of the dc drop. The noise voltages
generated in R, and Ry that appear across C are attenuated by 1/wR ,Cp

£

* Low-noise resistor, NI < =20 dB
(a)

Figure 10-3 CE stage with a single power supply: (&) circuit diagram and (b) noise
and small-signal equivalent circuit.



230 AMPLIFIER DESIGN

10 Hz 10 kHz

(b)
Figure10-3 (Continued).

and 1/wRzCgh. This noise across Cy is in series with resistance R,. We
desire that noise across C, be negligible so that

where E,, isthe thermal noise of R,.

A virtual ground can also be provided by severa active circuits. The
simplest of these is the Texas Instruments TLE 2425 [2]. This integrated
circuit provides a low-impedance voltage at haf V... The output noise is



high enough to require filtering. Circuits such as complementary transistors
or an emitter follower can also be used to obtain a reference voltage at
haf V...

10-4 NOISE IN CASCADED STAGES

Amplifier stages are cascaded to obtain the desired gain, impedance charac-
teristics, frequency response, and power levd. Although the noise of the first
stage of a cascaded amplifier is usually dominant, subsequent stages can also
contribute noise. In performing a system design, the noise of each stage,
including biasing e ements, must be considered.

A general block diagram of an amplifying system is shown in Fig. 10-4.
The forward gain blocks are symbolized by K,;, and so on. Noise in each
stageis represented by E, and I, generators.

The equivalent input noise of the first stage alone is E2, + E2 + I2R>
The equivalent noise of the other stages can be determined in the same
manner, by summing the E, and I R, terms. For stages beyond thefirst, the
effective source resistance is the output resistance o the preceding stage.
Sum the total noise E,, at the output and divide by the total voltagegain of
the system to determine the equivalent input noise E,,; of the system

where r,; and r,, are the dynamic output resistances of stages 1 and 2,
respectively.

Thevery nature of a system of cascaded stagesimpliesthat the problem of
noise anadydss is complex. We have three tools at our disposa. Given a
system, first we can perform a noise analyss using network analysis to derive
perforthance relations. Second, we can utilize a personal computer and

Figure10-4 Cascadestage ampl ifier.
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PSpice to determine numerical values for noise quantities. Third, we can
resort to an experimental anayss of the system. Often the design engineer
uses al three techniquesin the pursuit of knowledge about a system.

It may be of value at this point to suggest a “trick™ useful in the analysisdo
complicated sysems. When making a computer andyss, the effect on the
output noise d a noise source at any location internal to the system can be
demonstrated by inserting a noise voltage (or current) generator at that
location and by calculating the output noise from that generator alone. The
generator can have a test value of 1V or 1 A, for example, and can be a
function of frequency as well. The same technique can be used in the
laboratory. The effect of noise in any component can be accentuated by
inserting a signal generator in series or in parallel with the component. The
generator signal must override circuit noise in order to permit easy evaua
tion of its effect, but it must not be large enough to overdrive the active
devices. This technique is useful, for example, when one seeks the noise
contribution of a Zener diode used in a power supply or as a reference.

Integrated amplifiers usualy are made up of anumber o stagesto provide
voltage or current gain as well asimpedance or voltagelevd transformations.
Although these "' stages” can be analyzed individualy, some o the two-stage
combinations are so common that they are considered as a single unit. In the
following sections we analyze the CS-CE, CC-CE, and CE-CB, or cascode,
circuits.

10-5 COMMON-SOURCE-COMMON-EMITTER PAIR
In the common-source (CS) configuration, the fidd effect transistor (FET)

stage provides high voltage gain along with high input impedance. An
example d thisconnectionisthe CS-CE pair circuit shownin Fig. 10-5. This

Figure10-5 Common-source—common-emitterstagesshowing noise Sources.
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10 Hz 10 kHz
E, 8 nv anv
I 7 1A 71A
R, 11 MR 570 kQ
NFd4 R, 0.03dB 0.015dB
K,; = 16( FET only) R;=100 MR

K, =2300

_ (b)
Figure1l0-5 (Continued).

example uses a junction FET but it applies to the MOSFET as wdl. The
voltagé gain provided by the CS stage is

where

Rii=Rp lIr Il Ry
ZSl = RSI I _sz1

For the pair, the overal midband gainfrom ¥, to the collector of (, is
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For r_, > R, and R, > r,,, K,  reducesto

To minimize the E,; nose contribution of the FET, a large drain current
l, isused asexplainedin Chap. 6. A large I,; requires alower valueof R,
and gives alower gain than obtained with the typical BJT stage.

The expressionfor the equivalent input noiseis

From Eq. 10-14, it can be seen that the noise performanceis similar to the
CE stage. The bias resistor R;; must be large enough to reduce its effect on
E, and to reduce its thermal noise contribution. The coupling capacitor C,
must be large enough not to influence the I, term. Since |, for a FET is
much less than |, for a BJT stage, C; issmaler. If the smal bias current
can flow through the source, remove C; and R;-

10-6 COMMON-COLLECTOR - COMMON-EMITTER PAIR

The CC-CE configuration offers low input noise with an £, dightly larger
than that of the CE stage along with sgnificantly higher input resistance and
lower input capacitance. For a general-purpose instrumentation amplifier
application, this pair or the comparable FET pair CD-CS is a good compro-
mise to achieve both low noise and high input impedance. A sample design is
shown in Fig. 10-6. Since the gain of thefirst stage is approximately one, the
second-stage noise also adds to the first stage so theterm E, ;. isused in the
table for the total E,.

Stage Q, provides a voltage gain o less than one. The transfer voltage
gain o the pair is

where
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K=360 Rj=3MQ
(a)

Figure10-6 Common-collector—common-emitterconfiguration.

Equation 10-15 can be simplified for the typica case of B,R,, > (R, T
rotr.Dandr_,>r,t B,Z.,. Thenwe have

(10-16)

The equivalent input noiseis

where K}, isthe gan o a CE stagewith R, asitsload:

Theinput noisein Eg. 10-17 contains the noise o Q,, but, since the gain of
stage Q, is nearly unity, noise E,, is as critical as E,;. On the other hand,
the coefficient o I, (r,;, T R,/B,), is much smaller than the I, term.
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Another sgnificant difference is the noise contribution of the emitter load
resistor Rg;. The CC or CD amplifier is the one exception to the rule that
the emitter resistor should be kept as small as possible to minimize noise.
The noise voltage E, of the emitter resistor Ry, is attenuated by a gain
factor K;;, which is equivalent to the gain of a CE stagein which R, isthe
load resistor. I n addition, the noise current contribution 7, R -, is attenuated
by the same gain factor.

10-7 COMMON-EMITTER - COMMON-BASE PAIR

The CE-CB pair, known as the cascode circuit, is useful because o its low
input capacitance and high output impedance. Because of the low input
resistance of the second stage, the first-stage voltage gain is small which
reduces high-frequency feedback through C, (the Miller effect). The input
capacitance is much smaller than for a regular CE stage making it more
useful at high frequencies.

A discreteversion of the cascode circuit isshownin Fig. 10-7. Most o the
voltage gain o the pair is obtained from @Q,. Although Q; provides little
voltage gain, it does raise the power level of the signa. Again, E ;- is the
total input E,,.

Ent 1.6nV 1.4nV
In 20pA 1.5pA
Ro 800 930Q
NE@Ro 7dB 1dB

Kic=200, Ri=6kQ

Figure10-7 CE- (B pair cascode amplifier.
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The cascodevoltagegain K, of the pair is the product of the single-stage
gans

where

For the case o R, =0 and R, > r_,/B,, the gan o this pair can be
approximated by

The equivalent input noise E,,; is

Thegain K,; is R;,/r,; where R, istheinput impedance df the second
stage. Thus the gain of the first stage is approximately one. The total noise
voltage of the amplifier is the sum of the first- and second-stage noise
voltages. The resistor R, carries additional collector current for Q, whenit
is desirable to operate Q, at a higher current level such as for increased
gain—bandwidth.

10-8 INTEGRATED BJT CASCODE AMPLIFIER

The cascode amplifier is one of the most useful integrated inverting ampli-
fiers[1]. It can be fabricated in BJT and BiCMOS technologies. Figure 10-8
shows the BJT configuration.

Comparing the integrated circuit of Fig. 10-8 with the discrete version of
Fig. 10-7, Q, istheinput common-emitter stage and Q, isthe common-base
gain stage in both. The load resistor R, is replaced by the active load
rcsistance of Q5. Asnoted on Fig. 10-8, the low resistance point is the input
to the emitter of Q,. The high resistance point is the output where the loads
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+VCC

T Active load resstor

e, Low resistance point

Figure 10-8 Integrated BJT cascode am-
plifier.

are connected. The overal gain X,, isagan

where r, is the dynamic output resistance of Q.
The equivalent input noise E,; is

where K, is r,,/r.;. Since the collector currents are equal, K,; = 1. Thus
the noise voltage contribution of the second stage is equal to that of the first
stage. The impedance Z;, is the impedance o the base bias V5,, which
should be very low, and r,, isvery small so the 7, contribution is negligible.
The noise voltage E,; is the noise contribution of Q,:
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because Eq. 10-26 is the same as Eg. 10-23. This makes the equivaient input
noise reduce to

Thusit is especialy important to have deviceswith alow £, noise and low
I/f noise comer frequency.

10-9 DIFFERENTIAL AMPLIFIER

The most useful two-stage amplifier pair is the differential amplifier. It is
particularly valuable because of its compatibility with integrated circuit
technology and its ability to amplify differential signals. To illustrate this
gain, take two arbitrary signals V; and V,. Separate them into a difference-
mode signal V;, and a common-mode signal V.. Since each signal has half of
the difference signal and al o the common signdl,

We can now define V5, and V as

and

The objective of the differential amplifier is to amplify only the difference
signa and to rgect the common signal.

Now that we have defined the function of a differential amplifier, consider
now the noise model. A differential amplifier is composed of two amplifier
gain blocks with two inputs, one for each of the signals V; and V,. Extending
the general noise model derived in Chap. 2 for a single amplifier, we get the
equivaent circuit of Fig. 10-9. This contains a noise voltage generator £, in
series and a noise current generator I, in parallel with each side of the
amplifier.

In the equivalent system diagram o Fig. 10-9, each of the differential
amplifier inputs has its own set of noise generators, represented by £, E,,,,
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Figure10-9 Differentid amplifier noise model.

l,,, and I,,. Sincethetwosidesd the amplifier are mirror images, the noise
generators o both sides are equal. The resistor R, represents the source
resistance in the noninverting (positive) input terminal. The inverting (nega:
tive) terminal of the differential amplifier is returned to ground through R,,.
The resistances R,; and R, are not necessarily equal. The single-signal
source ¥V, is in the noninverting input. This noise equivalent circuit is the
most commonly used. It appliesto negativefeedback amplifiers as derived in
Chap. 3. The resistor R, is the source resistance and R, is the biasing
resistance or feedback resistance of a non-inverting feedback amplifier.

The equivalent input noise for the differential amplifier is the sum of the
noises of the two halves o the pair:

Should R,, =0, the final term is eliminated, but E,, istill present in E,,;.
Now consider the case when the source is ungrounded (a floating source).
The noise model of Fig. 10-10 applies.

Figure10-10 Differentid amplifier with afloating signal source.
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Now we define an equivalent input noise for a differential amplifier with
an ungrounded floating source. First, the noise voltages E,; and E,, are
summed to give a single amplifier noise voltage E,,. This value, E, ;, is
typically the one given on an op amp spec sheet as E,:

The noise current contributions of 7,, and I, are halved since each
effectively sees half of the source resistance. The total noise current 7.,R,
becomes

Assuming the noise is the same for each half, the equivalent input noise E,;
for the ungrounded source is

For the ungrounded source, the noise current 1,, isQ7 of the noise current
for the grounded input case, and the noise voltage £,, is 1.4 times the
single-stage noisevoltage £,,.

10-9-1 Circuit Noise Components

L et us now concentrate on the noise sourceswithin the differential amplifier.
Typica circuits are shown in Figs. 10-11 and 10-12. For design purposes and
for understanding, we need to develop the equivaent input noise model for
the circuits showing the noise contribution of each element.

Since noise is referred to the input, it is first necessary to define severd
gain expressons for the circuit of Fig. 10-11. This approach is based on the
work of Meindl [3].

The differential gain K, is the ratio of the differential output signal
(V,, — V,.) to the differential input signal (7, — V;;). The output is taken
between collectors. From Fig. 10-11 we obtain the differential noise gain

where g,, = 1/r, for each transistor separately. The transistors are assumed
to have identical parameters, and the circuit elements for each channel are
equd: Roy=R, =R, Rg; =Ry, =Ry, and R, =R, =R, For the
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Figure10-11 Basicdifferential amplifier circuit. {

typical casewhen R, = 0 and R, < r_, Eq. 10-36 reduces to it

The common-mode voltage gain K, is defined as the ratio of the common
mode output signal to a common-mode input. If the two signal sourcesV,; anc
V., are equa and in phase, then

When Ry, isvery large,
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More significant is the gain K, that produces a differential output Sgnal for
: common-mode input signal. This gain is highly dependent on circuit bal-
ince:

[his equation cannot be smplified by approximations because when the
>arameters o each channel are all equal, K,;. = 0. Note, to reduce K.
-equires large Rgz and good matching o R.;, R.,, and dl the transistor
yarameters.

| atransistor isused as a constant-current sink, its output resistancer,; is
ised in place of Rgg, then Rz isreplaced by r,, in the equations.

The preceding gain equations apply to input signals that are correlated,;
hat is, either dc signasor ac signasfrom the same source. The uncorrelated
»ise voltage E, in serieswith each input is not attenuated by the gain X,,,.

isamplified by the differential gain K ,,,,. Each input noise source produces
n output independent of the others.

Now we can write the expression for the equivalent input noise of the
;ircuit of Fig. 10-11in termsaf the preceding gain expressions

vhere E, .. and E, . are the noise variations on the power supply lines at
be Rz location, E_, isthetherma noisedf R,,, E; isthe thermal noise of
Ress and E,, is the thermal noise d R, or the noise o an active load
"esistance. I(feally, the emitter resistances %Egl and Ry, will be zero since
‘hey contribute directly to the input noise. The gain K,. attenuates V.
10ise, but it may be possible to reduce the V. noise further by coupling a
ortion Of the noise to the inverting input or even to the base of the
-ansistor acting as a constant-current sink (Qs).

For low-noise operation a differential amplifier should be followed by a
second differential stage. If thefirst stageis single-ended (output taken from
me « e o R.), the differential gain expressions are replaced by their
“owinon-mode expressions, and there may be little or no rejection of the
lomr~  mode noisevoltages Exy, Ego, Eppp, and Epd-.
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The noise o the second differential amplifier stageis less critical because
d the first-stage gain. The second-stagenoise can be divided by thefirst-stage
differential gain K,,,,.

10-9-2 Integrated BJT Differential Amplifier

The differential amplifier can be readily integrated. By integrating all devices
on one chip, the offset and thermal drift are reduced and common-mode
rejection is improved. The common-mode noise rejection is improved sgnifi-
cantly by the process df integration since the rejection is primarily deter-
mined by the balance o the differential stages. While overall geometry may
vary, dl adjacent devices on a wafer will be nearly identical. On the other
hand, the noise performance of an |C will usualy be poorer than that o
discrete devices. In part, thisis a result of design compromisesin the IC
fabrication process, such as long isolation diffusions, and because of the use
of activeloads and current sources.

Figure10-12 istheintegrated version of the differential amplifier shown in
Fig. 10-11. 9, and @, are the input gain stages, Q5 and Q, are the active

6
- Vg

Figure10-12 Integrated BJT differentid amplifier.
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load resistors, Q, and @, are the current mirrorsfor biasing, R; and Q; are
the voltage references for the current mirrors, and Q, is the output buffer
stage. Differential-mode and common-mode gains are as derived in Egs.
10-36 through 10-40. We caution the reader that Fig. 10-12 is not afinished
design. It does not include any current limit protection for Q, and Q-.
Furthermore, it will have a nonzero input offset voltage. It is shown here in
this smplified schematic to present and discussits noise characteristics.

Noise of theintegrated BJT differential amplifier follows from the expres-
sonin Eq. 10-41 as

The equivalent input noise is composed of the source thermal noise E,
and the E, and I, of the input stages as before. Now, the noise of the active
loads dso adds to the input. Since the active load resistors Q5 and Q, have
the same gain K., from their base to the output as the input signa, their
E ’s contribute directly to theinput noise. Since the impedances at the bases
arelow, I,, and I,, do not contribute noise. Any noisein the bias circuit for
the loads would aso contribute noise directly. The noise of the current sink
Q, and noise from the power supplies are attenuated by the common-mode
gan X,. The noise contribution of Qs isinput E,; plus biasing network
noise times the gains, K.:

Since the common-mode regjection isvery high and the active circuitsal have
the same geometry and noise mechanisms, E,; of Eq. 10-42 reducesto (when
RSI = RSZ)

10-10 PARALLEL AMPLIFIER STAGES

When the sensor resistanceisvery small, less than 100 (2, an input coupling
transformer can be utilized to match the source resistance to the R, of the
amplifier. Another method to accomplishmatchingisto reduce the amplifier's



246 AMPLIFIER DESIGN

optimum noise resistance by paralleling severa amplifying devices. This
technique can provide matching for source impedances as small as a few
ohms.

Paralleling amplifier stages is equivalent to paralleling their E, and 1,
generators and summing their outputs as illustrated in Fig. 10-13.

The equivaent noise voltage E; and the equivalent noise current I, of a
parallel system consisting of N identical stages are given by

and
I' =1VN (10-46)

A new optimum source resistance R/, can now be defined. Its relation to
R, is

E; R
R' — — 0
° 1, N

Thus R, can be lowered in proportion to the number of parallel stages. A
practical limit will be determined by chip area, cost, and input capacitance.

The minimum NF, F_, isproportional to the product of £, and 7,. Since
this product is unchanged by paralleling,

Figure10-13 Noise model of parallel-stage amplifier.
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Outputs from the amplifiers are summed so the voltage gain A', of the
parallel amplifier isincreased in proportion to the number of stages.

A =NA, (10-49)

The limiting noise voltage E, of a BJT transistor amplifier is determined
by the base resistance r, (Chap. 5). The base resistance can be reduced in a
transistor layout by placing the base contact all around the emitter. Another
method is to parallel stages as described previoudy. The limiting noise
voltage E,, in field effect transistorsis determined by channel resistance and
g,, &s derived in Chap. 6. To reduce the channel resistance and increase g,,,,
a high wide-to-length ratio is required. This requires a very wide structure,
often serpentined, which is equival ent to paralleling many separate devices.

When paralleling stages, the input capacitance C.. and the Miller effect
increase in proportion to N because the inputs are paraleled. The output
resistance r,, is decreased by the number of parallel stages.

10-11 1€ AMPLIFIERS

All integrated amplifiers must operate within the same general f; and
process requirements but there have evolved three generic types of inte-
grated amplifiers based on application. These are operational amplifiers,
instrumentation amplifiers, and audio amplifiers. So what is the difference,
since the terms are used interchangeably?

An op amp is a combination of active devices characterized as a high-gain
block with a well-defined gain-phase response containing a single dominant
pole s0 it will be stable with large feedback (often 100%). Instrumentation
amplifiers also have a large gain but do not have a single pole in the
frequency response so will require external frequency compensation and less
feedback. In return, we obtain a greater gain—bandwidth product for im-
proved'frequency response. For the integrated audio amplifier, the band-
width isless critical so performance is optimized for low distortion and low
power consumption. While op amps have a differential input, instrumenta-
tion and audio amplifiers are more likely to have single-ended inputs with
reduced noise. This also requires external biasing.

Many linear ICs make use of the differential pair as shown in Fig. 10-12
and discussed in Sec. 10-9-2. In that circuit, transistors ¢, and Q, provide
the desired amplification. Transistor {5 forms part of a dc constant-current
source to provide @; and ¢, with a constant level of emitter current to
provide a stable operating point for those transistors. The noise sources of
the two transistors in the monolithic differential amplifier are statically
independent. Consequently, the pair exhibits at least twice the level of noise
d asngle transistor.
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Noise mechanisms in monolithic transistors are the same as the FET and
BJT models of Chaps. 5 and 6. The input noise current I, is dependent on
the shot noise of the dc gate or base currents. The ohmic portion o the
channel and base resistances are responsible for the thermal noise of E,.
The shot noise of the collector current is responsible for the limiting E,
noise in BJT transistors. Low-frequency noise is also present. Expressions
used to represent these mechanisms are the same for monolithic transistors
and discrete transistors.

Popcorn or burst noise can also be presented in some units. The popcorn
noise behavior of the | C transistor is discussed in Sec. 5-9. To represent the
popCcorn Noise source a Noise current generator as given in Egs. 5-37 and 5-38
can be connected to the junction between active and inactive base ress
tances. The model is shownin Fig. 5-10.

In a differential input amplifier, popcorn noise would appear as a differ-
ential-mode signal, and could be located at the input of either transistor in
the pair. The operation of any system would be severely affected by any
popcorn noise generated in the initial stage. Popcorn noise in the second
stage of an amplifier can serioudy degrade performance also. Second-stage
popcorn noise is a problem with lateral transistors because they are heavily
doped which increases trapping and popcorn noise.

The E,-I, noise model and the concept of total equivalent input noise
describe the noise behavior of 1C amplifiers. These representations are used
In the presentation of noise in selected linear ICs. Measured noise data on
commercial integrated amplifiers is tabulated in App. A for reference.
Methods for | C noise measurement are developed in Chap. 15.

SUMMARY

a. In a conventionaly biased transistor stage, base-biasing resistors con-
tribute thermal noise and excess noise to E,,,.

b. To refer noise from a resistor R, shunting the signa source to E,;,
multiply the noise of that resistor by R, /R,

c. Noisein the local feedback resistor R, can be large; use of this kind o
feedback is not recommended.

d. The capacitor bypassing an emitter resistance should be chosen to mini-
mize the noise contribution of that resistance.

e. Frequency response shaping should usually be accomplished in stages
beyond the input stage.

f. Selection d the configuration for a BIT input stage can be based on
nonnoise characteristics.
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g E,, E, and I, are basically identical for al BJT configurations. E,; iS
Increased by noise from biasing components and second-stage contribu-
tions.

h. Overal negative feedback does not affect E,;, except for the added
thermal and excess noise in the feedback elements. Hence there is no
changein R,.

I. Selection of the appropriate BJT pair depends on the requirements for
the gain, input impedance, and frequency behavior. A low-noise figure is
achievable for any pair if the proper precautions are included during
design.

j- The FET-BJT pair can provide low-noise parameters, and is especialy
useful with sources of high internal resistance.

k. Noise in the differential amplifier is the result of many causes, including
differentia output for common-mode input. A second differential pair is
recommended to minimize this noise input.

1 The parallel-stageamplifier is useful when alow R is needed.

PROBLEMS

10-1. a Veify K, = =254 and R; = 87.2 k( for the circuit of Fig. 10-1
at afrequency of 10 kHz. Use the 2N4250 data givenin Table 5-1.
Note that R; is the input resistance seen looking into the base of
the transistor. Assume k7 /g = 0025 V. Use the small signa
model of Fig. 10-2.

(b) Determine which capacitor, C or C, setsthelow —3-dB corner
frequency. Then determine thisfrequency.

(¢) Caculatethe upper —3-dB frequency limit of this circuit.

(d Findly, smulate the circuit and compare the simulation results
with the calculated answers.

10-2. Modify the circuitin Fg. 10-1by adding Ry = 500 () between R and
Veg. Repeat Prob. 10-1. Find the new K,, R;, and lower and upper
— 3-dB corner frequencies. Compare with ssmulation results.

10-3. 'Perform the tasks given in Prob. 1 for the circuit shown in Fig. 10-3a

10-4. Perform a noise analyss of the circuit of Fig. 10-3a in a noise
bandwidth Af = 1 Hz centered around frequencies of 10 Hz and 10
kHz. Consider the effects of excess noise as explained in Sec. 12-1 by
letting the NI of the low-noiseresistorsbe 0 dB. Evaluate each termin
Eqg. 10-7 to determine which are significant at the two specified fre
quencies. Then sum all termsto givethe overal E2. Use the transistor
data given in Table 5-1. What could be done to reduce EZ at each
anaysis frequency?
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10-5. Calculate and compare E,,; for the circuitsshown in Fig. P10-5 aand b
in a noise bandwidth A f = 1 Hz centered around frequenciesof 10 Hz
and 10 kHz. Assume r, = 200 ) and B = 217for both circuits. Let the
NI =0 dB for dl resstors. By how much does the improved bias
scheme reduce the equivaent input noise voltage?

*| OWNOi Se resistor —

(b}
Figure P10-5

10-6. Repeat Prob. 10-4 by using Eq. 10-14 to determine the significant noise
contributorsto EZ for thecircuit of Fig. 10-5b. Let NI = —5 dB for dl
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resistors. Use the E, and |, datafor the 2N3821 provided in Appendix
B. Assume thedataisfor I, = 1 mA.

10-7. Repeat Prob. 10-4 for the CC-CE pair o Fig. 10-6. Let NI = +10 dB.

10-8. Add aresistor R, between the emitter of Q and — V. dof Fig. 10-8.
Then design a bias circuit for this cascode amplifier so that all three
transistors have dc currents of 1 mA. Bypass R with alarge capacitor.
Let B =200, R, =1 k{1, and r, =100 Q. Calculate EZ for this
circuit. Neglect excessnoise. Let V. =15V and Vg = —15 V.

REFERENCES

1 Geiger, R L., P. E. Allen, and N. R. Strader, VLSI Design Techniques for Analog
and Digital Circuits, Wiley, New Y ork, 1990.

2. Texas Instruments Specificationsfor TLE2425.
3. Meindl, J. D., Micropower Circuits, Wiley, New Y ork, 1969, p. 145.



CHAPTER 11

NOISE ANALYSIS OF D/A AND
A/ID CONVERTERS

Signal-processing applications of analog-to-digital (A /D) and digital-to-ana-
log (D/A) converters continue to require finer and finer resolution. As
resolution starts to approach the noiselimitsdf a converter, the usefulness of
the less significant bits becomes questionable since the probability of bit
errors ggnificantly increases. Effective bit resolution is determined by both
interference-type noise as well as inherent fundamental noise within the
converter circuitry.

Most interference-type noise can be reduced or eliminated through proper
layout, shielding, and grounding techniques. At some point, however, the
noise o a converter will be dominated by fundamental device noise. The
reduction of fundamental noise requires converter operation at low tempera-
tures which is often an impractical solution, or converter desgn which
1dentifies dominant noise sources and seeks to reduce their contributions by
changing transistor operating points or transistor types, lowering resistances,
and optimizing the converter topology from a noise perspective.

Numerous articles and publications address noise models and noise analy-
ds in integrated circuit devices, that is, resistors, diodes, bipolar junction

This chapter is extracted from the Ph.D. thesis of Katherine P. Taylor, who is now with the
Department of Electrical and Computer Engineering Technology, Southern College of Technol-
ogy, Marietta, Georgia
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transistors (BJTs), MOSFETs, and operational amplifiers (op amps) [1-9].
Relatively few references [10, 11] consider noise in more complex circuits
such as A/D and D/A converters, and none o these seeks to model
converters with anything more than a single comparator and one noise
source.

Conseguently, there is a need for noise anaysis and noise modeling
methodologies in A/D and D/A converters using more complete circuit
models. This chapter describes a methodology d noise anadysis to identify
dominant noise sources in D/A and A/D converters. The noise modeling
methodology can be adapted to other converter topologieswith little modifi-
cation provided that the noise contributions from individual converter ele-
ments are known. In addition, the modeling methodology is not technology
soecific and is therefore applicable to noise smulation of bipolar, MOS, and
GaAs converters. The methodology is demonstrated using a ssimple voltage-
scaled D/A topology and aflash A/D converter.

While the voltage-scaled D/A is not often implemented by integrated
circuit manufacturers, it is chosen here because this topology is often used to
explain D/A converter concepts and is well defined and understood. The
flash A/D converter is chosen because o its smple topology with no D/A
converter to compound the noise anadyss.

This chapter first presents a noise anadysis of binary-weighted and R- 2R
resistor networks commonly found in D/A converters. Four different op amp
summation schemesfor producing the analog output o the D/A from the
resistor networks are then considered. The noise from avoltage reference, a
resstive divider, and comparators o a flash A/D are examined in terms of
equivalent noise sources placed at the inputs of the comparators.

SPICE input files developed in conjunction with this methodology consti-
tute anoisemodel of a particular converter topology whose noise parameters
may be changed to match actual converter noise behavior more closdy.
SPICE simulations are used to verify the analytical results and to determine
typica noise levelsin the circuits considered here. The SPICE noise models
dlow easy identification of the dominant noise sources within a given
topology for a given set of noise parameters. The effects o changing the
parameters of the dominant noise sources (e.g., using components designed
for low noise) are examined to address the design implications of the noise
analysis. Finally, the noisein acomplete anal og-to-digital-to-anal og(A /D /A)
converter system is examined.

11-1 RESISTOR NETWORKS FOR D/A CONVERTERS

Figures11-1and 11-2 show a simplified N-bit D/A converter using an R-2R
network and a binary-weighted network, respectively. The first part of the
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R
2R
LSB | |MSB
bitdO  bitl  bit2 bit N2 bit N-1
Input  Input  Input Input  Input

Figure11-1 Simplified N-bit D/A converter with R—2R network.

analysis considers only the resistors in the networks and excludes op amp
noise sources and noise from R in the binary-weighted case.

Noise analysisdf both resistor networks entails grounding the digital input
bits and placing thermal noise voltage sources in series with each resistor.
The value o the spectral density noise voltage of each source is 4kT times
the corresponding resistance. The equivalent output noise voltage squared
per hertz, E?,, for the network is the sum of the individua resistor noise
contributions evaluated through the appropriate voltage divider for each
noise source.

The spectral density E?, of the R-2R network is independent of the
number of bits, N, and hasavauedof 4kTR. The E2, of the binary-weighted

MSB bit N-1
Input

bit N 2
Input

bit N3
Input

Analog
output

bit 1
Input

bit O

LSB Input

Figurell-2 Simplified N-bit D/A converter with binary-weighted network.



NOISE ANALYSIS OF D/A CONVERTER CIRCUITS 255

network is given by

As N increases, E;, rapidly approaches avalue o 2kTR. For N = 6, this
approximation resultsin an E2, error of only 1.4%.

Four different op amp topologies which could be used in the simplified
modelsaf Figs. 11-1 and 11-2 are shown in Fig. 11-3. For the noise anayss of
these topologies, the op amp noise was modeled with a noise voltage source
E, in serieswith the noninverting input terminal, and a noise current source
I, located between the two input terminals as shown in Fig. 11-4. Both E,
and |, may be modeled as having flat noise spectra, | /f noise spectra, or a
combination o these two spectra such that the spectrum is flat for frequen-
cies greater than a noise corner frequency f,. and has a 1/f characteristic
for frequencies below f,,..

The contributionsto EZ, from each noisevoltage source are calculated by
squaring the source noisevoltage and multiplying by the square of thevoltage
gain from the source's location to the output. The I, contribution to E2, is
calculated by sguaring the value of I,, multiplying by the square o the
equivalent source resistanceseen by |,, and then multiplying by the square of
the noninverting forward gain of the circuit.

For example, consider the R—-2R network with a noninverting amplifier
shown in Fig. 11-3¢. The resistor network has an equivalent resistance, R.,
equal to R seen looking back into the network. The network also introduces
a bit factor (BF) which is the voltage gain o the network if al of the inputs
are connected together. This bit factor is given by

and is approximately equal to one.
Ignoring the input and output resistances of the op amp model shown in
Fig. 11-5, the other circuit elements make the following contributionsin units
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Digital inputs

R-2R
Network

)

E,

Digital inputs Rp

Digital inputs
T o
L
| Binary- I
Weighted
Network

S ,

(d)

Figure 11-3 Four summation schemes. (a) R-2R network with voltage follower,
() R-2R network with inverting amplifier, (¢) R-2R network with noninverting
amplifier, and () binary-weighted network with inverting summer.
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1f
White

l I - Figure 11-4 Operational amplifier noise
frner  Frequency SOUrces.

of volts® per hertz to EZ2,:

R-2R network:
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Table 11-1 lists the multiplication factor for each noise source's contribu-
tionto EZ, in thefour topologies. The bit factors and R, for each topology
are listed as wdl. Table 11-2 lists the multiplication factor for each noise
source's contribution to E2; in the four topologies. E,,; is an equivalent noise
voltage source located at the input to the resistor network whose squared
vaue is equal to E?2 divided by the square of the voltage gain from the
location of E_; to the output. E2, /EZ for each topology is also given.

The anayssis smplified by considering that for equal digital inputs to the
four topologies, the four analog outputs should be equal. Therefore, the
following assumptions are made:

R-2R networks: Rp,=R;=R,=R (11-10)
. _ R
Binary-weighted network: RF = Req = >

These assumptions make the transfer function from E,; to E,, equal to one
in all four topologies. Thus EZ, = EZ2. Equations 11-12 through 11-15 define
E? for each topology. E? is equal to 4kTR in volts® per hertz.

R-2R with a voltage follower:

R-2R with an inverting amplifier:

R-2R with a noninverting amplifier:

Binary-weighted with an inverting summer:
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Output

Table 11-1 lists the multiplication factor for each noise source's contribu-
tionto EZ, in the four topologies. The bit factors and R, for each topology
are listed as well. Table 11-2 lists the multiplication factor for each noise
source's contributionto E?; in the four topologies. E,; is an equivalent noise
voltage source located at the input to the resistor network whose squared
value is equal to E2, divided by the square of the voltage gain from the
location of E,, to the output. E> /E? for each topology is also given.

The anayssissmplified by considering that for equal digital inputs to the
four topologies, the four analog outputs should be equal. Therefore, the
following assumptions are made:

R-2R networks: Rp.=R,=R,=R (11-10)
R
Binary-weighted network: Rr =R =~ (11-11)

These assumptions make the transfer function from E,; to E,, equa to one
in all four topologies. Thus E2, = E>.. Equations 11-12 through 11-15 define
EZ? for each topology. EZ is equal to 4kTR in volts? per hertz.

R-2R with avoltage follower:

R-2R with an inverting amplifier:

R-2R with a noninverting amplifier:

Binary-weighted with an inverting summer:



TABLE11-1 EZ2, Terms

EZd E°df E* of

Topology Bit factor Req E: Network E? Rp Ry R,
R-2R with 2N -1
voltage oW R 1
follower
R-2R with g 1 2
inverting — R Rp+ Ry
amplifier 2 R,
R-2R with oM _ 1 2
noninverting N R
amplifier
Binary-weighted R 2
with inverting 1 yRAmE
summer




TABLE 112 EZ Terms

Topology B /By, 4 Network E2  EZ? of R, E2of R, E2of R,

R-2R with
voltage
follower

R-2R with
inverting
amplifier

R-2R with 2
noninverting ABR)R4 | (R + Ry
amplifier Ra+ Req Ry

2

Binary-weighted
with inverting
summer




D/A SPICE SIMULATIONS 261

These equations show that the R-2R network with a voltage follower
produces the lowest noise level. The largest noise level comes from the
R-2R network with a noninverting amplifier. The voltage follower topology
produces the least noise not only because it has the fewest components but
because its forward noninverting gain is equal to one. Thus there is no
multiplication of the E, and |, terms contributingto EZ2, as there are with
the other topologies. These equations aso show that if the amplifier’s noiseis
predominantly due to 7, then a binary-weighted network could possibly be
better than the voltage follower topology because the I, term is divided by
four.

11-3 D /A SPl CE SIMULATIONS

The circuits of Fig. 11-3 were simulated in PSpice with N=8 and R =
10 k€. For Fig. 11-3b and d, R was equal to R. For Fig. 11-3¢, R, =R
and R =R, =1k, The modd o Fig. 11-5 was used for the op amps. E,,
and |, were modeled as white-noise sources using the techniques outlined in
Chap. 4. E, was set equa to 20 nV/Hz'/?, and |, was set equa to
05 pA /Hz!/?. These values are typical for a741 op amp [1, 12]. Table 11-3
compares the PSpice E2, (V2/Hz) values and the theoretical E2, (V2/Hz)
vaues derived from the resultsin Table 11-1 for each of the four topologies.
Table 11-4 compares the PSpice E,; (V/Hz'/?) values with those derived
from the resultsin Table 11-2.

Clearly, the correspondence between the theoretical resultsand the PSpice
results is very good (less than 0.51% difference). Again, the R- 2R network
with a voltage follower was found to produce the lowest noise. The R-2R
network with a noninverting amplifier has an E2, which is nearly 34 times
greater than the EZ2, of the voltagefollower configurationfor the component
values chosen. It should also be noted that the binary-weighted network with
an inverting summer produces the second-lowest noise leve for the compo-
nent values chosen because o the reduction of the 7, term by a factor of 4.

-TABLE11-3 EZ, Comparison

Topology SPICE(V?/Hz) Theoretical (V?/Hz)
R-2R with voltage

follower 5.92E - 16 5.89F — 16
R-2R with inverting

amplifier 1.96F — 15 1.96F — 15
R-2R with noninverting

amplifier 200E - 15 1.99E — 15

Binary-weighted with
Inverting summer 1.77E — 15 1.76 E — 15
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TABLE 11-4 E,; Comparison

Topology SPICE (V/Hz'/?)  Theoretical (V/Hz!/?)
R-2R with voltage

follower 244F _ 8 244F — 8
R-2R withinverting

amplifier 444FE — 8 444E _ 8
R-2R with noninverting

amplifier 449F — 8 449F — 8
Binary-weighted with

inverting summer 422F — 8 422F — 8

TABLE 11-5 Individual Contributionsto E?, (V?/Hz)
Topology E? 54 Network E2 E?>of R, E?of R, E>d R

R-2R with

voltage

follower 40FE — 16 25E—-17 164E - 16 —
R-2Rwith

inverting

amplifier 16E - 15 25E 17 164E — 16 1.66E — 16 —
R-2R with

noninverting

amplifier 1.6E - 15 3.03E - 17 164E — 16 1.66E — 17 1.66E — 17 1.66E -
Binary-weighted

with inverting

summer 1.59E — 15 6.25FE — 18 825E — 17 8.28E — 17 —

TABLE 11-6 Individual Contributionsto E2, Using Low-NoissAmplifier (V2 /Hz)
Topology E; I Network E? E?of R, E?of R, E}d R

R-2R with

voltage

follower 9.0E — 18 1.6FE — 17 1.64E - 16 —_
R-2R with

inverting

amplifier 36E —-17 16E 17 164E — 16 1.66E — 16 —
R-2R with

noninverting

amplifier 36E — 17 1.94E — 17 1.64E — 16 1.66E — 17 1.66E — 17 1.66FE -
Binary-weighted

with inverting

summer 3.59E — 17 40E — 18 825F — 17 8.28E - 17
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Table 11-5 lists the contributions to E2, made by each o the terms for
N=8 R=10kQ, E, =20 nV/Hz'/?, and I, = 05 pA/Hz'/?. The E,
term is the dominant noise source in al four topologies. If a low-noise
amplifier such as the OP-37 [12, 13] with a much lower E,, is used, the noise
is sgnificantly reduced. The values in Table 11-6, calculated with an E, o
3nV/HzY? and an I, of 0.4 pA/Hz/?, reflect thisfact.

The low-noise amplifier significantly reduces the noisefigured the circuits
because the optimum source resistance R, is closer to the equivaent
resistance R, seen by the I, noisesource. For R, to beequal to R, R, must
equal E, /I, which is 75 k€ for the low-noise amplifier. For the voltage
follower topology and R = 10 k{2, the noisier op amp has a noisefigure of
5.68 dB while the low-noise op amp has a noise figure of 0.63 dB. If the
optimum source resistance is used (i.e., R = 7.5 kQ in the voltage follower
topology) with the low-noise op amp, the noise figureis further reduced to
0.607 dB.

Up to this point two key noise sources have been excluded, the voltage
reference noise E,.; and the resistor excess noise E,,. E_; IS assumed to
have a noise spectrum shape similar to that of the op amp E,, and avalue of
100 nV/Hz!/? in the white-noise region. The resisgor's noise index is
assumed to be —10 dB. The D/A converter topologies that are considered
with these sources are shown in Fig. 11-6.

With all digital inputs assumed to be logic 1’s, E_,; is connected to each
input resistor in the network. Recall that the R-2R resistor network with the
op amp introduces a bit factor (BF) which is thevoltage gain of the network
if al of the inputs are connected together (see Eq. 11-2). If the feedback
resistor in the binary-weighted topology is chosen such that R, is haf of R,
then thevoltagegain to the output, if al inputs are connected together, isthe
same as that of the R-2R topology. Otherwise, the voltage gain from the
Inputs to the output is given by

where R., is defined in Table 11-1. Therefore, the voltage reference noise
contfibution to £2, is given by the product of E2; asafunction of frequency
and either (BF)? or (A4,)* as appropriate. When some of the input bits are
logic Os the EZ; contributionto EZ, is weighted according to the following
equation:

EI"ZC fncre
E2, contribution = Everlneret) (11-17)

ref .I:
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LSB  bitO bitl bit2 bit bit MSB
Input  Input Input N-2 N-1
v Input  Input
ref
(a)
Et' EEX

(all resistors)

+Analog
output

Figure11-6 N-bit voltage-scaled D/A converter topologies. (a) R-2R network and
(b) binary-weighted network.
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where N is the number of bits, n is the bit of interest, and b, is the logic
value o bit n (either 1 or 0).
The spectral density excess noise of aresistor, E2,, is given by

ex?

where NI is the resistor noiseindex in decibdls, f is the frequency in hertz,
and V- is the dc voltage across the resistor. For the binary-weighted
topology, the voltage that appears across an input resistor is zero if b, is
zero, and itisequal to V.. if b, isone. Equation 11-18 is used to calculate
the spectral density excess noise of an input resistor and then this spectral
density noise is multiplied by the square of the forward inverting gain of the
op amp to get that input resistor's contribution to E2 . The excess noisefrom
R, makes a direct contribution to E2, and is calculated using Eq. 11-18
where V4, IS the analog output voltage of the D/A converter, V..

For the R-2R topology, a positional index, m, is used in Fig. 11-6a to
designate specific nodes as shown. The voltage that appears across any
resistor in the network is a function o V.., N, and m. The voltage, V,,,, at
any node m is given by

where Ry, represents the Thevenin resistance looking into the jth node
from the jth 2R input resistor and b; isthelogicvalue (0 or 1) of the jth bit.
A resistance also equal to R.; is seen looking into the jth node from the
point just to the left of the jth node. These resistances are shown in Fig.
11-6a. For a converter of five or more bits, Ry, = R for m = 5 with less
than 0.3% error. The valuesfor Ry, R R  and Ry are2R, 1.2R,
1.048 R, and 1.012R, respectively.

After calculating each node voltage, the excess noise contributions can be
calculated for each resistor using Eq. 11-18. The spectral density excess noise
o each resistor is then multiplied by the appropriate square of the transfer
function from the resistor of interest to the output. For the 2R resistors, the
transfer function is given by
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TABLE 11-7 Individual Contributionsto E2, (10 ~!¢ V? /Hz): R-2R Resistor Network

Noise Source
Frequency (Hz) By I?>*  Total E?*  Total E2* E% Total E:.
1 401 _ _ 1.47 1,092 1137 -
10 8.01 _ — — 198.6 206.9
100 4.41 _ _ — 109.3 113.9
1000 4.05 _ _ — 100.3 104.6
10,000 4.01 _ _ — 99.45 103.6
100,000 4.01 _ _ — 99.37 103.5
1,000,000 401 _ _ — 99.36 1035

"Contributions from these noise sources were dways less than 0.16% of EZ, and consequently
represent insignificant additionsto the total EZ,.

and for the R resistors, the transfer function is given by

Tables11-7 and 11-8 show the individual noise source contributionsto the
output spectral density noise, EZ,, for the R-2R and binary-weighted
converters, respectively, with the additional noise sources. In the converter
with the R-2R resistor network, there are two dominant contributorsto E?.:
voltage reference noise and op amp E, noise. All other noise sources
individually contribute less than 0.16% to the total output spectral density
noise at any given frequency. For the converter with a binary-weighted
resistor network, E?, is significantly dominated by resistor excess noise at
frequencies below 1 kHz and by voltage reference noise above 1 kHz.

At 1 Hz, the binary-weighted topology exhibits excess noise levels on the
order of 576 x 10?2 V2 /Hz while the R-2R topology has an excess noise
level of 1.47 x 107* V?2/Hz. This dgnificant difference in excess noise
between the two topologies is caused by the difference in voltage across the
resistors since excess noise is proportional to V2. In the binary-weighted
topology, all 10 V of the reference voltage appears across the input resistors,
and nearly this same voltage (255 /256 of V,..) across the feedback resistor.
In the R-2R topology, only small fractions of the reference voltage appear
across the resistors with the largest voltage drop being 6.66 V as previoudy
noted. Furthermore, the excess noise contributed by this one resistor is
sgnificantly attenuated at the output of the converter. The binary-weghted
converter produced dightly greater output noise at frequencies above 10 kHz
than the R-2R converter, but significantly greater output noise at frequen-
cies below 10 kHz.

It must be remembered, however, that these simulations represent a
worgt-case anadysis since the E_; contribution to E2, is dependent on the



TABLE 11-8 Individual Contributionsto E2, (10 ~'¢ V2 /Hz): Binary-Weighted Resistor Network

Noise Source
Frequency (Hz) E, I Total E2? Total E2 Eq Total EZ,

“Contributions from these noise sources were aways less than 0.16% of E2,
insignificant additions to the total E?

no'

and consequently represent



TABLE 11-9 Individual Contributionsto E2, (10 ~¢ V2 /Hz): Modified R-2R Resistor Network

Noise Source Reduced NI
Frequency (Hz) E?* J**  Total E}* Tota E2 Efy  Totd E2,  Totad E?

“Contributions from these noise sources were always less than 0.82% of EZ, and consequently represent
insignificant additions to the total E7,.
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digital input. E_; would have no contribution to EZ, if the digita inputs
were al logic 0’s. Thisleads to a design modification in which an extra bit is
added to the converter, the reference voltage V..; is doubled, and only the
lower N — 1 bits have logic inputs. The most significant bit is dwayskept at a
logic 0. Doubling the reference voltage keegps the output voltage range the
same asin the original D/A converter.

Only the R-2R converter model was modified and simulated with the
lower-noise components because addition of another bit, or equivaently
doubling the RF or having R in the binary-weighted topology, would still
necessitate doubling V.., to keep the output voltage range the same. Dou-
bling V. would increase the excess noise by a factor of 4, and excess noise
was already a problem in this topology.

Table 11-9 shows the individual noise source contributionsto EZ when
lower-noise components are used in the modified R—2R converter. With E,
equa to 3nV/Hz!/? and E,; equal to 0 nV /Hz'/?, the addition of another
bit significantly reduces E?, at frequencies above 100 Hz. At frequencies
lower than 100 Hz, the output spectral density noiseisincreased dramatically
because o greater excess noise from doubling V., and the addition of the
two extraresistors. At frequencies above 10 Hz, the extra bit reducesthe E_.;
contributionto E? by afactor of 4 which significantly reduces E2, since E.;
is nearly the sole contributor to E2, above 100 Hz. If lower-noise index
resistors (NI = —20 dB) are used in addition to lower E,; and E_, EZ is
greatly reduced. Thisis shown in the last column of Table 11-9.

These results show that the low-noise design of voltage-scaled D/A
converters involves using a low-noise op amp and the lowest-noise voltage
reference possible, in the R-2R resistor network converter topology. If the
full-scale output voltage range is 5 V or less, the addition of another bit
whose input is grounded as the MSB of the converter is a viable method of
significantly reducing EZ,.

11-4 NOISE IN A FLASH A/D CONVERTER

The flash A/D converter o Fig. 11-7 has a labeled positional index, m, to
designate the mth node of the circuit. A voltagereferenceV,; isdivided into
equally spaced threshold voltages at the inverting inputs of the comparators.
The analoginput voltageis ssimultaneously compared to each of the threshold
voltages. The voltage reference noise and the comparator noise sources
exhibit voltage and current noise with white-noise spectra beyond a lower-
noise corner frequency and I/f spectra at frequencies below the noise corner
frequency. The resistors in the divider generate thermal noise as well as
excess noise with a 1/f spectrum. A bit error will occur if the sum of the
instantaneous noise and the analog input voltage exceed the quantization
interval in which the analog input occurs.
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input

2N —1 comparators
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2N Resistors

bit N-1
bit N 2
bit N3

k.=

Digital | | bit2
encoder
bit 1

| bito

Node 2

Figure 11-7 Simplified N-bit flash A/D converter.

It is possible to include a noise contribution from the digital encoder,
E, Nz, by adding another noise source whose value corresponds to the
encoder noise at the output o the comparator d interest multiplied by the
reverse transmission gain o the comparator. Since the reverse transmission
gan of a comparator is quite smal, E,,, is usuadly not sgnificant in
determining whether or not an error will occur in a comparator's decision.
Thus E,,; is excluded from this andyss. E,,; becomes significant at the
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output of the converter only if it exceeds the noise margin of the decoder
circuitry.

The noise generated by a comparator operating in its transition region can
be modeled in terms of an E, noise voltage source and an f, noise current
sourcein the sameway that the noise of an op amp isdescribed. Noise at the
input to any one comparator has contributions from that comparator's E,
source, all I, sources, each resistor in the divider, and the voltage reference.
The other comparators E, sources do not contribute to the equivaent noise
at theinput of the comparator of interest becaused the highinput impedance
of the comparators associated with the other E, sources. Using the positional
index m to designate the rnth node at the input to the rnth comparator, Eq.
11-22 gives the total spectral density noise voltage present at the input to the
rth comparator E?

nim*

m \2
ofa)
form=1,23,....2N_ 1
EX and EZ_ arethe total noise contributions at the rnth node caused by
thermal noise and resistor current noise, respectively. They are described by
Egs. 11-23 and 11-24 where E? is the thermal noise of a single resistor of

resistance R, and EZ is the excess noise of a single resistor in the voltage
divider:

E2(1,,) is the noise voltage squared at the mth node caused by the jth I,
noise current source. The |, contributions to the noise at node m: are given
by
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EX(1,;) isthe noise at the jth node caused by the jth I, noise current source
and is equal to

Determining which comparator has the greatest amount of equivalent
noise at itsinput requires analysisd a complex function o m, N, frequency,
and the spectra of the noise sources. As far as individual sources are
concerned, the voltage reference contributes the most noise at the input to
the 2" — 1th (i.e., the top) comparator. All other sources df noise contribute
the most noise at the 27~ 'th (i.e., the middle) comparator.

11-5 A /D SPICE SIMULATION

This A/D andyssis concerned only with finding the equivalent input noise
at the input to each comparator and not with modeling o the A/D function.
The op amp model of Fig. 11-5 was used in the SPICE simulation connected
as avoltagefollower in place of each comparator. To simulate the equivalent
noise at the input to a comparator, it is only necessary that the E, and I,
noise spectra d the comparator be the same asthe E, and I,, noise spectra
of the op amp used in the SPICE smulations. Then, the noise at the output
of each op amp in avoltagefollower configuration is equal to the noise at the
input of each op amp and therefore represents the noise that would be
present at the input to each comparator.

For the SPICE ssimulation, R was set equal to 100 2. E_; was set equal to
100 nV /Hz'/# with a noise corner frequency, f,...;» of 10 Hz. These values
are typica of manufacturers voltage reference data [12-14]. Measured E,
data on four units of two commercialy available comparators, LM-339's and
L-161s, yielded values from approximately 10 to 30 nV /Hz'/? which are in
the same general range of op amp E, data. Thus a value of 20 nV /Hz!/?
was chosen for E, in the smulation. £, noise comer frequencies ranged
from approximately 1 kHz for the LM-339's to frequencies beow 100 Hz for
the L-161’s. Consequently, a value of 100 Hz was chosen for the E, noise
comer frequency f,.g. Since it wasimpossible to stabilize the comparator to
measure 1,, I, was set equal to 05 pA/Hz'?, and the I, noise comer
frequency, f,.;, was set equal to 100 Hz.

The op amp was modeled as a subcircuit in the SPICE listing, and the
subcircuit was called seven timesin ssimulating the case of N = 3. The noise
sources were modeled using diodes and dependent sources as outlined in
[15]. The subcircuit approach is a much simpler way to simulate the numer-
ous noise sources while keeping E,, and I, sources uncorrelated. The same
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TABLE 11-10 Total E2 (10 ~'¢ V2 /Hz) at Each Node Versus Frequency

Frequency
(Hz) Nodel Node2 Node3 Node4 Node5 Node6 Node7

result would have occurred if 14 separate diode noise references were used
for the E, and I, noise sources.

Table 11-10 shows the square of the total amount of equivalent input
noise, EZ, which is present at the inputs of all comparators as a function of
the positional index m and frequency for a 3-bit flash A/D converter. The
data in Table 11-10 show that the node with the most noise is a function of
frequency. However, as N increases, the function which determines the node
with the most noisewill depend less on frequency since E__ which is greatest
at the top node will have a greater contributionto E?. Table 11-11 showsthe
individual noise source contributionsto £Z at the middlecomparator (72 = 4)
at node 4 as afunction of frequency for a 3-bit flash A/D converter. Notice
that the voltage reference noise £, is dominant at frequencies of 100 Hz
and above, even at the middle comparator where al of the other noise
sources have their maximum contribution. This dominance by E_.; explains
why the greatest equivalent input noise is found at the top comparator for
frequencies above 100 Hz in Table 11-10. The smallest equivalent noise is
found at the first (7z = 1) comparator since the contributionsfrom all of the
noise sources are at aminimum for m = 1L

TABLE 11-11 ContributionstotheTotal E2, (10 ~1¢ V2 /Hz) at theMiddle Node
for a 3-Bit Flash A/D Converter

Frequency Noise Source
(Hz) E Thermal Excess E, Total E2

'‘Contributions from these sources were insignificant.
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TABLE 11-12 ContributionstotheTotal E2 (10 ~'¢ V2 /Hz) at the Top Node
for a 5-Bit Flash A/D Converter

Frequency Noise Source
(Hz) E. o Therma®  Excess E, L Total EZ

aContributionsfrom these sources were insignificant.

Tables 11-12 and 11-13 respectively show the individua noise contribu-
tionsto E2 versusfrequency for a 5-bit flash converter at thetop 2% — Ith
= 31st) comparator where E,, ismost significant, and at the middle 2V~ 'th
= 16th) comparator where al other noise sources are most significant.
Tables11-14 and 11-15 show the individual noise contributionsto EZ2 versus
frequency for an 8-bit fiash converter.

The total amount of equivalent input noise increasesas N increases, but
the percentage increase in E,; per 1-bit increase in N decreases as N
becomes large. The dominant noise source in al cases in the white-noise
regionof E,; isthe voltage reference. E,, is a0 a significant noise contribu-
tor with respect to the other noise sources, particularly at the top compara:
tor. At the middle comparator, the E,, contribution becomes less significant
as N increases. Increasing N to 8 or more bits causes the 7, contribution to
become more significant than the E, contribution. Resistor excess noise is

TABLE 11-13 ContributionstotheTotal E2; (10 ~'® V2 /Hz) at the Middle Node
for a 5-Bit Flash A/D Converter

Frequency Noise Source
(Hz) E. Thermal  Excess E, I Total EJ,

4Contributionsfrom these sources were insignificant.
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TABLE 11-14 Contributionsto theTotal E2; (10 ~1¢ V2 /Hz) at the Top Node
for an 8-Bit Flash A/D Converter

Freguency Noise Source

(Hz) B st Thermal®  Excess® E, B Total EZ
1 1,092 — 404.0 — 1,497

10 198.5 — 4401 — 242.7
100 109.3 — 8005 — 117.3
1,000 100.3 _ _ 4405 — 104.8
10,000 9946 — 4045 — 1035
100,000 99.36 — — 4009 — 1034
1,000,000 99.36 — — 4006 — 103.4

“Contributions from these sources were insignificant.

TABLE 11-15 ContributionstotheTotal E2 (10 =6 v2/Hz) at the Middle Node
for an 8-Bit Flash A/D Converter

Frequency Noise Source

(Hz) Es  Therma®  Excess® E, I, Total EZ,
1 275.0 - — 404.0 865.0 1,588
10 50.03 — — 44.01 94.22 193.8

100 2753 . — 8.005 17.14 54.45
1,000 25.28 — — 4405 9432 40.51
10,000 25.06 — — 4,045 8.662 39.12
100,000 25.04 — — 4,009 8.585 38.98
1,000,000 25.03 — — 4.006 8577 38.96

“Contributionsfrom these sources were insignificant.

greatest when N issmdll (e.g., N = 3) becausethe dc voltage drop acrossthe
resistorsin the divider is greater when N issmall.

11-6 CONVERTING ANALOG NOISE TO BIT ERRORS

In 1974, Bernard Gordon presented a probabilistic andyss of the noise
effectson A/D conversion accuracy [10, 11} which was based on a converter
modd of a sngle comparator and one eguivalent noise source at the
comparator input. The action o the comparator in the presence d noise
ultimately determines whether or not there are any digital coding errors.
Gordon models dl o the converter noise sources by an equivaent noise
source at the input to the comparator. While Gordon's anayss is quite
useful in evauating the effects of noise on conversion accuracy, it is first
necessary to determine a realistic value for the equivaent noise source a
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from circuit topology or device selection to use in the andysis. A methodol-
ogy is developed in this chapter [16].

In his analysis, Gordon reduces a converter down to a single comparator
conceptualy, and then examines the probability that the comparator will
make an erroneous decision in the presence of noise given a certain-size
quantum interval (one LSB o a converter) and level of rms noise (o). All
noise sources within a converter are modeled as a single equivalent noise
source at the input to the comparator which is added to the input signal. The
noise is assumed to have a Gaussian distribution. The reference input to the
comparator is considered to be noise free and constant.

If the input voltage signal is constrained to dways be centered within the
guantum interval, then the probability of an error by the comparator is
determined solely by the ratio of the quantum interval to the level o noise.

Negative limit of Positive limit of
guantization interval quantization interval
Next

Second Second

lower higher higher
quantum quantum guantum
interval interval interval

| |

172 1sB O +1/2 LsB
(a)

Second Second
lower higher
quantum quantum
interval interval

Figure 11-8 Comparator inputs centered in the quantum interval with added noise:
(a) noise does not exceed quantum interval boundaries, (b) noise exceeds interval
boundaries by less than 1 LSB, and (¢) noise exceeds interval boundaries by more
than 1 LSB.
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Three different cases are shown in Fig. 11-8. In Fig. 11-84, +3¢ added to
the input causes a small enough variation in the input signal such that the
Input signal dways remains within the quantum interval boundaries. Thus
there will be no comparator error (i.e., neither this comparator nor adjacent
comparatorsin aflash A/D converter will be affected adversaly by noise). In
Fig. 11-8b and c, there is some nonzero probability that the qguantum interval
boundaries will be exceeded when noise is added to the input signd. This
probabilityis equal to thesum of the shaded areas under the Gaussian curve.
If theratio of o to the size of the quantum interval islarge asin Fig. 11-8¢,
more than one comparator in a string of comparators may have an error. The
probability that two comparators will be in error is the sum of the darker
shaded areas while the probability that only one comparator will be in error
Isthe sum of the lighter shaded areas.

In a Aash A/D converter, this probabilistic anaysisis applicable to any of
the comparators and their associated quantum interval. In Sec. 11-5 the
comparator of interest was designated the mth comparator and was attached
to the rnth node of the resistive divider (see Fig. 11-7). Noise causes one of
two types o errors to occur. First, if the input signal plus noise exceeds the
upper quantum interval boundary, then the mth comparator decides cor-
rectly while more significant comparator(s) incorrectly produce a logic 1
output. The number of comparators above the mth comparator that produce
an incorrect logic 1 output is dependent on the amount of noise present and
the converter's resolution. If the input signa plus noise exceeds the lower
quantum interval boundary, then the mth comparator generates an incorrect
logic 0, and, depending on the level of noise, one or more of the comparators
below the mth comparator may also generate an incorrect logic 0.

The case where the input is no longer constrained to be centered in the
interval is now considered. Here, the input can be considered to be shifted
from the center by a specific amount, E, where E is defined to be less than
1/2 LSB in magnitude. Figure 11-9a4 and b shows the cases o E equal to
+1/4 LSB and —1/4 LSB, respectively.

Figure 11-9 showsthat a shift of the input from the center of the quantum
interval will reduce the probability of one o the types of errors while
increasing the probability of the other type of error. In any case, the
probability that an error of either type will occur is the sum of the shaded
areas. For every possible shift of E o the input from the quantum interval
center, there is a different probability of an error. Thus the overall probabil-
ity of an error is the sum of the shaded areas that occur for every possible
value of E. These concepts are mathematically represented in the double
integral of the following equation:
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Midpoint of
quantization interval
Negative limit of | Positive limit of
- 112 LSB +112 LSB
(a)
Midpoint of
quantization interval
Negative limit of | Positive limit of
auantization interval | | | quantization interval
Next lower Next higher
quantum interval . _ _ quantum interval
-112 LSB +112 LSB

(&)

Figure 11-9 Non-centered comparator inputs with added noise: (@) input shifted
+1/4 LSB from center of quantum interval and (b) input shifted —1/4 LSB from
center of quantum interval.

P is the probahility o a bit error, P(E) dE is the probability of the analog
input being shifted from the center o the quantization interval by an amount
between E and E T 4E, and P(X|E) is the probability that the Gaussian
noise P(X) Wl exceed the quantization interval when it is superimposed on
V withits mean at E.

The integrand of the outer integral represents the area under the Gauss
ian curve which exceeds the quantizationinterval boundariesfor afixed value
o E (.e., the shaded areas). For a particular value of E expressed as a
fraction of aLSB, thisarea can be found using alook-up table of areas under
a Gaussian curve. The outer integral is then evaluated numericaly to givethe
total probability of a bit error for an analog input occurring anywhere within
the quantization interval (.e., |E| < 1/2 1SB). Equation 11-22 can be
evaluated in a spreadsheet program using a rectangular approximation by
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dividing the +1/2 LSB interval into 1000 equally spaced segments(AE =
0.001).

11-7 BIT ERROR ANALYSIS OF THE FLASH CONVERTER
Since the largest noise is typicdly at the 2% — 1th (top) comparator, the

greatest probability of a bit error occurswhen the analog input voltage, V, is
in the range o [V, 2~ — 2)/27¥] to [V, 2V — 1)/2¥] where V,; is the

interval 2¥-1 N - ' | bitN-1
bit N-2
N _ =
@2 bit N-3
|
|
|
|
I
Digital | I hit2
Quantum ancoder _
interval m | bitl
bit 0
Quantum
interval 3
Quantum
interval 2

Node 1 &
Quantum
interval 1

Figure11-10 Quantization interval boundariesfor aflash A/D converter.
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TABLE 11-16 Comparator Error Probabilities(%)

Number of Bits Vis =5V Veg = 10V
3 0.20 0.033
5 4.23 1.04
8 100 776

reference voltage. These are the lower and upper limits of the quantization
interval at the top comparator, respectively. [V, @Y - 2)/2¥]+ 1/2LSBis
the center of the quantization interval. Thisisillustrated in Fig. 11-10.

It is assumed that the noise has a Gaussian amplitude distribution which is
centered at the analog input voltage and that there is a uniform distribution
o shift, E, of V from [V, @~ - 2)/2%] + 1/2 LSB.

Table 11-16 gives the maximum probability of a comparator error (.e.,
error probability is less over other quantization intervals because the noise is
less) for convertersdf 3, 5, and 8 bitsfor full-scalevoltagesof 5V and 10 V
using the noise parameter values in Sec. 11-5. For an 8-bit converter using a
full-scalevoltage of 5 V, the probability of a comparator error is100% if the
analog input can have avalue anywhere within the quantization interval G.e.,
within +0.5 LSB o the quantization interval center vaue). If the input
voltage is constrained to be within +£0.3 LSB of the center o the quantiza-
tion interval, however, the probability o an error is on the order of 1% to
2%. Table 11-16 shows that as N decreases, the probability of a comparator
error decreases significantly.

The effects of changing the noise parameters of various noise sources in
the model are now examined to evaluate the converter noise performance
improvement that could be obtained with low-noise design techniques. The
noise parameters of the three most significant noise sources at the top node
are considered for the three values N previoudy simulated (i.e., 3, 5,
and 8).

For agivenvalueof N, if E, was a dominant noise source, a new lower
value of 3 nV/Hz"2, which is typical of low-noise op amp values, is used
[12, 131 A noise index o —20 dB (i.e., 10 dB lower) is used where the
resistor current noise was a dominant source. In al ssimulations, the voltage
reference was the greatest noise contributor in the white-noise region o E7;.
Consequently, E_; is reduced by 10% to 90 nV /Hz'/2.

Broadband noise present at the top nodefor the original noise parameters
iIs compared with broadband noise generated with the lower-noise compo-
nents in Table 11-17. These numbers are based on a comparator noise
bandwidth of 220 MHz determined by computer smulation of comparator
macromodels. Reducing the noise of the three most dominant sources results
in a broadband noise decrease of approximately 12% for al valuesaof N. The
probabilitiesdof a comparator error (for the same quantum interval previoudy
discussed) shown in Table 11-18 exhibit much less change with lower noise
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TABLE 11-17 Broadband Noise Comparison (uV)
Number of Bits Full-NoisesModel  Lower-NoiseModel

components. For inputs over the entire quantum interval, the error probabil-
ity is still 100% for the 8-bit converter with ¥, =5 V.

The probability of a bit error is reduced by decreasing the ratio of the
noise present at the comparator input to the resolution of the converter. This
is done either by increasing V¢ at the expense of the converter's resolution,
or by reducing the input noise level. Reduction of the noise entails using the
lowest-noise voltage reference available, using low values of R (100 Q or
less), using comparators with low E, values, particularly if N issmal (e.g.,
N = 3), and using comparatorswith low I, valuesif N islarge(e.g., N = 8).
Which approach is most feasible for reducing noise-generated coding errors
and what constitutes an acceptable error probability will depend on the
application for which the converter is used. Aslong as the ratio o (3 X the
rms noise) to the converter resolution is less than one, any coding error that
does occur will affect only the least-signilkant bit of the converter's digita
output.

It is now appropriate to ask, ""What does a probability of a bit error of, for
example, 100% as given by Eq. 11-28 mean?"' What it does not mean is that
the probability of a bit error is 100% for any one conversion. For any one
conversion, the probability of a bit error is dependent on the noiselevel, the
converter resolution, and where the input occurs within the quantum inter-
va, that is, on the amount of shift from the center of the quantum interval.
This probability will dways be less (usualy significantly less) than the overall
probability of a bit error. However, over a very large number of input
samples to the converter, the probability of a bit error will approach that
given by Eq. 11-28. In the example of this probability being 100%, most, but
probably not all, of the conversions would be in error. However, without

TABLE 11-18 Comparator Error Probabilities (%) for Lowered Noise
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some a priori knowledge of the noise-free input signd, it is impossible to
know which of the conversions are erroneous and which are not.

Thus, if the overall probability of a bit error is high, the vadidity of the
lower bit(s) at the output of an A/D converter is questionable, and the
effective resolution of the converter is reduced. The next section examines
the reduction in converter resolution that occursfor the noise levels deter-
mined by the ssimulations described in Sec. 11-5.

11-8 A/D/A NOISE ANALYSS

The effect of noise on an 8-bit A/D /A system is examined for a full-scale
voltageaof 10 V and an input voltageof 10V minus 15 LSB, or 9.9414 V. The
comparators of theflash A/D section are assumed to have a hoise bandwidth
of 275 MHz, and R is100 Q. The D/A converter uses a voltage follower
and an R- 2R network with R = 10 k). The op amp is assumed to have a
noise bandwidth of 157 MHz. The comparators and the op amp have
E, = 20nV/Hz'? and 1, = 05 pA/Hz'/? and noise comer frequencies of
100 Hz.

From the SPICE simulation, the rms noise present at the input to the top
comparator is 101.7 nV /Hz'/? or 168.65 wV over the noise bandwidth of the
comparator. This magnitude of noise leads to a digital output of (254),,
99.7% of the time. Excluding noisein the D/A converter, this digital output
corresponds to an analog voltage of 9.9219 V.

The rms noise voltagefrom the R- 2R network and the voltagefollower is
equal to 306 wV over the 1.57-MHz noise bandwidth. Thus 99.7% of the
time, the D/A converter will add an amount of noise whose magnitude is
less than or equal to 917 xV to the output of the A/D/A sysem. Thusthe
sum effect of noise on the overal sysem will cause the output to be
approximately 9.9219 V, and the noise of the D/A converter is negligible.

If the analog input is allowed to be anywherewithin the LSB interval (.e.,
between 9.9219 V and 9.9609 V), the digital outputs will be between (253),,
and (255);, 99.7% of the time. The analog output range will be between
9.8828 and 9.9609 V. The maximum error caused by noiseis +1 LSB.

The error caused by fundamental noisein a D/A or A/D converter can
be predicted using the methodol ogy described in this chapter. This error can
then be included in a converter's error budget along with errors due to
offsets, nonlinearities, and so on, and a more accurate determination of a
converter's true resolution can be made which includes the effects of funda-
mental noise. Other noise sources (perhaps artificia noise) can easly be
added to the noise model if their values at some point in the converter are
known.
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SUMMARY

a Noise sources in bipolar, MOS, and GaAs converters can be modeled

using SPICE. The effects o various noise sources on converter perfor-
mance can be examined and dominant noise sources determined.

. A noise anayss d an R-2R network and a binary-weighted network
Illustrates the noise analyss methodology. Four different op amp summa-
tion schemesfor voltage-referenced D/A converters and the noise at the
Inputs to the comparators of aflash A/D converter were also analyzed.

. The SPICE filesused in the noise analysis constitute noise models o the
converter topologies. The noise parameters d the models can be adapted
for more involved noise andysis o converters or to match the models
noise behavior to actual converter noise performance. The SPICE noise
models will identify the dominant noise sources within a given topology.

. The D/A noise model simulations show that the R-2R network with a
voltage follower produces the lowest noise. The binary-weighted network
with an inverting summer produces the second-lowest noise level because
o the reduction of the 7, term by afactor of 4.

. Using alow-noise op amp significantly reducesthe output noise of aD/A
converter since the op amp E,, is by far the dominant noise source among
the sources considered.

. In the flash A/D converter, fundamental noise is dominated by voltage
reference noisein theflash A/D converter while the importance of other
noise sources is dependent on the number of bits, the frequency, the node
of interest, and the converter topology.

. The results of this analysis show that fundamental noise limits are an
Important consideration in the design of A/D and D/A converters.

. The methodology and models can be used in conjunction with Gordon's
probabilistic error analysis to predict more accurately the probability of a

bit error in a converter. Thus the effects of noise can be taken into
account in determining the true resolution of a converter.

PROBLEMS

11-1. Prove that E2, for the R-2R network of Fig. 11-1is4kTR.

11-2. Veify Eqg. 11-1 for the equivalent noise voltage of the binary-weighted

D/A network of Fig. 11-2.

11-3. Consder an 8-bit flash A/D converter of the type shown in Figure

11-7. Let V,, = 8995V and R = 100 Q.
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(a) Caculate the reference voltage at the inverting input to each
comparator.

(b) Now suppose the lowest resistor is changed to 50 R. Repeat
part ().

(¢) Findly, suppose both the topmost and bottommost resistors are
each 50 R and al others are still 100 R. Repeat part (a).

11-4. Study the 3-bit flash A/D converter example summarized in Table

11-11. At low frequenciesthe excess noise dominates.

(a) Determine how the excess noise present at 1 Hz would”change
under the condition that the bottommost resistor was changed to
50 Q, with al the remaining resistors set to 1000 R. Let V., =
85V.

(b) Now consider the noise due to the reference, E..;- Determine the
change in this noise contribution at 10 kHz, where this source is
dominant.
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PART IV

LOW-NOISE DESIGN APPLICATIONS

These traces show the effect of bandwidth limiting of 1/f noise. Top waveform,
bandwidth is 2 kHz; middle waveform, bandwidth is 200 Hz; bottom waveform,
bandwidth is 20 Hz. Horizontal sensitivity is 50 ms/cm. Note that the peak amplitude
is not proportionately reduced by bandwidth limiting.



CHAPTER 12

NOISE IN PASSIVE COMPONENTS

The input transistor and the source resistance should be the dominant noise
sources in an amplifier. Unfortunately, as we have seen, transistors are not
the only circuit elements that generate noise. Passive components located in
the low-signal level portionsd the electronicsalso can be mgor contributors.
This chapter discusses noise in passve components. resistors, capacitors,
diodes, batteries, and transformers. The noise mechanisms o these compo-
nents are described, and methodsfor minimizing their effects are considered.

12-1 RESISTOR NOISE

There are several commonly used types of fixed resistors, both discrete and
integrated. Some of these are: carbon composition, deposited carbon, cermet,
thick fi | mmetal fil mthin film, metal foil, and wirewound. Each has particu-
lar characteristicssuitable for specific applications in electronic circuitry.

The total noise of aresistor ismade up of thermal noise and excess hoise
as discussed in Chap. 1. All resistors have a basic noise mechanism, thermal
noise, caused by the random motion of charge carriers. This noise voltageis
dependent on the temperature T o the resistor, the value of the resistance
R, and the noise bandwidth Af of the measurement. In every conductor
above absolute zero, there are charge carriers excited by thermal energy,
jumping about within the conductor. Each jump is equivalent to a small burst
of current through the resistance producing a voltage drop E,. The mean
squared value of thisthermal noisevoltage of aresistance R is
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Often an excess noise is generated when a direct current (dc) flows
through a resistor. Excess noise gets its name because it is found to exig in
addition to the fundamental thermal noise o the resistor. It is also referred
to as contact noise or current noise because it occurs at the contact point
between conductors when a dc current is flowing. Excess noise usualy occurs
when a current flows in any discontinuous conductor. The magnitude of the
current noise is dependent on some inherent properties o the resistor such
as resstive material, uniformity, processing, fabrication, and size and shape
of the resistor. Although much research has been conducted on the source of
this excess noise, there is no apparent functional relationship between the
noise and physica properties. It is necessary to measure and characterize the
excess hoise o each type o resstor.

Equation 12-1 shows that thermal noise power is proportional to band-
width (white noise). On the other hand, excess noise has been measured to
have a I/f powe spectrum. Since noise power varies inversaly with fre-
guency, noise voltageincreases as the sguare root of decreasing frequency.

The total noise generated in a resistor is the rms sum o the thermal and
excess noises as illustrated in Fg. 12-1. The therma noise component
dominates at high frequencies, and the excess I/f noise component domi-
nates at low frequencies.

An experimentaly determined equation for E.(f), the excess noise
voltagein aresistor R at frequency f, is
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where 2 is a constant, dependent on the manufacturing process, and 7, is
the direct current flowingin the resistor R. The total excess noise over any
bandwidth Af is

Substituting Eq. 12-2 into 12-3 and solving,

*Vic f2

ES(Af) = ]fzm df = m2V3c InF-
o f be
Equation 12-4 shows that excess noise power is proportional to the ratio o

upper and lower cutoff frequencies. There is equal noise power in each
frequency octave or frequency decade.

12-1-1 Noise Index

A standardized test method for measuring the "excess" current noise of a
fixed resistor in terms of a noise index (NI) was developed by the National
Bureau of Standards (NBS). Described in the report "A Recommended
Standard Resistor-Noise Test System” by G. T. Conrad Jr., N. Newman, and
A. P. Stansbury [1, 2], thistest isalso used in Mil-Std-202, Method 308, dated
29 November 1961.

The noise index is defined as the rms value (in wV) of the noisein a resstor
for each volt o dc drop across the resstor in one decade of frequency. Using
the results of Eq. 12-4, even though the excess noise is caused by direct-
current flow, the definition of NI resultsin an expression that isindependent
o I, and R. We obtain

NI is usualy expressed in decibels:

E
NI = 20log Vex dB
DC

where E__ isthe microvolts per frequency decade. The equation givesNI = 0
dB when E_,/Vpc =1 pV/V. A method of measurement is outlined in the
literature [1, 2].

Example12-1 Resistor noise calculation. We are given a 10-k{} composition
resistor witha NI of 0 dB or 1wV /V. It isused in a circuit with a frequency
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response from 10 Hz to 10 kHz, and the dc voltage drop across the resistor is
10 V. Consequently, the resistor has 1 .V of noisefor each volt of dcin each
decade of frequency. Since excess noise increases linearly with supply volt-
age, there is a10 wV /decade for a 10-V dc drop. In the 3 decades from 10
Hz to 10 kHz, there is equal noise power in each decade of frequency. The
total noise in 3 decades is the rms sum of the noise componentsin each
decade or V3 times the noise in 1 decade. The total excess noise voltage
across the 10-k () resistor is

The therma noise in a 10-kHz bandwidth (from Eq. 12-1) is only 1.25 uV.
You can see that the excess current noise is considerably greater than the
limiting thermal noise. The total noise of this 10-k€} resistor over the
10-Hz-to-10-kHz bandwidth is the square root of the mean square sum of the
excess noise and thermal noise, or

12-1-2 Bandwidth Correction

Now we can derive the expressions for excess spot noise and broadband noise
in terms of the measured noise index NI. Since the NI is noise /per decade,
select a 1-decade frequency range, f,/f; = 10. Then Eqg. 12-4 becomes

From Eqg. 12-5,

Substituting Eq. 12-7 into 12-8,

and solving for m,

Now we get the expressionfor excess noise at any frequency by substituting
for min Eq. 12-2:
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Figure12-2 Conversionfrom NI to xV /V.

The total excess noise over the bandwidth from f; to f, intermsdf the noise
index NI is obtained by substitutingfor m in Eq. 12-4:

The conversion from NI in decibels to the noise spectral density at 10 Hz,
100 Hz, and 1 kHz is shown in Fig. 12-2.

12-1-3 Noise Index of Commercial Resistors

The noise index is important when selecting a resistor for use in high-gain
circuits, low-level audio frequencies, and other low-frequency applications.
Excess noise from resistors may mask the desired sgnas if the resistors are
not chosen for their low-noise characteristics.

Remember that excess noise is dependent on the voltage drop acrossthe
resistor. If there is no voltage drop, you do not need a low-noise resistor.
Excess noise in a resistor is only significant at low frequencies and when
there is a dc voltage drop across the resistor.

It is difficult to obtain exact noise information from resistor manufactur-
ers. Thisis mostly economic; a noisetest is an extra measurement not usually
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made by the manufacturer since most applications do not have a critica
noise requirement. Typicdly, there is a 20-dB spread in the noise index
within any type and value. If the excess noise is critical, place a maximum
noise specificationon the resistor and pay the additional cost for the testing.

Noise variations depend on the type of resistor, manufacturing processes,
and process control. It has been shown that the greater the noise variation,
the lower the reliability [3, 4]. Any resistor within a process lot that shows a
significantly increased noise will probably have some manufacturing defect.
Resistors with high values of N1 aso tend to be less stable.

The amount of excessresistor noise depends on the type of resistor and its
manufacturing process. As pointed out earlier, excess noise is caused by
current flowing through a discontinuous conductor. In general, the more
uniform and defect free the resistive material, the lower the noiseindex. The
contact or termination to the resistive material is also very critical.

There are severa types of resistors available on the market. The quietest
are the new bulk metal foil and wirewound resistors. Also fairly quiet are the
evaporated-film and sputtered-film resistors. Metal film and oxidefilm (tin
oxide) resistors are about equivalent to the evaporated-film resistors. Thick-
film and cermet resistors produce more noise while the common carbon
composition and carbon film resistors are the noisiest.

Bulk metal foil and wirewound resistors have the capability of generating
minimal excess noise, only thermal noise. Manufacturing defects such as
mechanical damage to the conductor, bad welds, or partially shorted turns
will cause excess noise to be generated. Metal foil resistors can be considered
as flat wire resistors since they can be fabricated from a foil of bulk metal
such as nickel-chromium (about 0.1 mil. thick) bonded to ceramic. A
serpentine pattern is then etched to obtain the desired resistance. Metal fail
resistors are available with a guaranteed noiseindex specificationof less than
—32 dB. Wirewound resistors can aso have minimal excess noise. Their
principal noise sourceis at the end termination. Those with crimped termina-
tions can be noisy; the ones with solder or welded terminations will probably
be low noise. The disadvantages to wirewound resistors are: They tend to be
expensive, limited to the lower values of resistance, and have poor frequency
response because they are inductive.

Thin-film resistors are formed with an atom-by-atom deposition process,
such as vacuum depositing, cathode sputtering, and vapor plating. Thin films
are deposited on an insulating substrate and protected by an insulating
coating. Terminals are formed at ohmic contacts on the film made through
etched apertures in the coating. HIm thicknesses are about 5000 A. The
more common thin-film materials are nickel —chromium aloys and tantalum.
The decision of material type to be used for a given application depends on
factors such as temperature coefficient, resistivity, and stability with time.

Metal film resistors are a good choice for low-noise applications. They are
made by evaporating a thin film of metal on a ceramic core. The resistive
path is frequently helixed to increase the resistance. Not al metal film
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resistors are low noise. For instance, those with poor end terminations
generate significant excess current noise at the end contacts. Poor helixing
also makes them noisy. Care is necessary in the handling of the glazed-type
metal film resistors. With these units, if the leads are pulled too hard or bent
very close to the body, the seal will crack and the resistor will become noisy.
The molded metal film resistors are not as susceptibleto this problem.

Thick-film devicesare made by screen deposition of anirk, and the curing
or firing of this ink in a furnace. Thick-film resistors are fired in an
atmosphere usualy between 500 and 1100°C. At these temperatures, the
solids oxidize, melt, and sinter together to solidify the film, level the surface,
and bond the film to the substrate. Organic binders and vehicle solvents are
evaporated off. Thick film is a relative term since the films are only a few
thousandths of an inch thick. Cermet thick films are metal —ceramic combina-
tions such as chromium, palladium, silver, and silicon monoxide, or glasson a
ceramic tube.

A carbon composition resistor is made of carbon granules mixed with a
binder, molded around lead wires and heat fused. Direct current flows
unevenly through the resistor because of variationsin conductivity. Thereis
something like microarcs or a microplasma discharge between the carbon
gains resulting in spurts or bursts o current flow. These bursts of current
cause the excess noise. The more uniform the resistor, the less the excess
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Figure12-3 Carbon resistor excess noiseversus resistance.



296 NOISE IN PASSIVE COMPONENTS

noise. Carbon resistors have the advantage of being the least-expensivetype
of resistor and are the most commonly used.

In general, high-wattage resistors have less noise than low-wattage ress-
tors; aso, high-resistancevalues have a higher NI than low-resistancevalues.
For example, a high-resistance metal film resistor has a very thin film o
metal on a substrate and so it is more affected by surface variationsin the
substrate. Similarly, a high-resistance composition carbon resistor has less
carbon and more binder so it is less uniform. This variation of NI with
resistance and resistor wattage is graphically shown in Fig. 12-3 by the dashed
curves. Note the decrease of noise index with increasing wattage. Data for
this graph were obtained from the Allen Bradley catalog for hot-molded
carbon composition resistors|[5].

Variation in noise index versus resistance of two different process types o
carbon film resistors is shown in Fig. 12-3 as the solid lines. Note that a
helixed resistor will have a lower NI than a nonhelixed resistor. The resis
tance per square o a nonhelixed resistor is much higher, because it is a
thinner film; hence the noise is greater. Note aso the increasing NI with
increasing resistance value.

12-1-4 IC Resistors

Monolithic resistances fabricated during the base diffusion or the emitter
diffuson operations are normally isolated from other 1C components by
junction isolation. These reverse-biased pn junctions exhibit some shot noise.
Excess noise will be present primarily at the resistor contacts. Resistances
made from FET-like structures can have noise sources as discussed in
Chap. 6.

Noise measurements have been made on n-diffused and p-diffused ress-
tors fabricated with a digital MOSIS process[6]. These show a noise index of
—10 dB and -5 dB, respectively. Polysilicon-deposited resistorsin the same
processshow a NI of — 15 dB. Integrated resistorsfabricated with alow-noise
analog | C process will show alower NI.

12-2 NOISE IN CAPACITORS

In general, capacitor noise is not a problem in circuit design. An ideal
capacitor is noisdess. A pure reactive impedance does not produce thermal
noise. A real capacitor, however, is not perfectly losdess. It has a certain
amount of series resistance and shunt leakage resistance. These real compo-
nents of the impedance contribute thermal noise, but they are usudly
negligible.

The noise model of a capacitor is a noise current generator shunted by the
capacitor's impedance. The main noise contribution is at low frequencies,
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where the reactance of the capacitor does not effectively shunt the internal
noise. Low-frequency excess noise is the dominant noise mechanism.

For low-frequency circuit applications, large values of capacitance are
usuadly required. Electrolytic capacitors are often used because o their
smaller physicd size. Tantalum electrolytics have been used successfully in
low-noise circuits. Aluminum electrolytics with their higher leakage and
higher forming curents are less desirable.

Electrolytic capacitors are used in two principal ways bypass capacitors
and coupling capacitors. No instances have been observed when a bypass
capacitor added noise to the circuit. Its own impedance effectively shunts the
noise generators.

Coupling capacitors occasionally add noise. After an electrolytic capacitor
has been reverse-biased, it generates bursts of noise for a period of time,
from afew minutes to severa hours. Usudly, a transient causes the reverse
bias. Occasionally, during turn-on, the coupling capacitors are reverse-biased
as one stage turns "'on" faster than the next. After this happens, the
capacitor may be noisy for a while. There are three ways of avoiding this
problem. One is to design the circuit so that there is no reverse bias at any
time and no turn-on transient. A second solution is to place a low-leakage
slicon diode in parallel with the capacitor. Any reverse-bias forward-biases
the diode and preventsthe capacitor from breaking down. A third method is
to use two el ectrolytic capacitors o twice the size connected back to back (in
series). This forms a nonpolar electrolytic capacitor. Regardless of the
polarity of applied voltage, the proper capacitor takes the voltage drop.

12-3 NOISE OF REFERENCE AND REGULATOR DIODES

In aforward-biased diode the principal noiseis the shot noise attributed to
the dc. Thereis also excess noise in theforward-biased diode; as discussedin
Chap. 5, the base—-emitter diode of a transistor exhibits excess noise. A
reverse-biased diode has two breakdown mechanism that exhibit different noise
properties. These are the Zener and avalanche mechanisms.

Internal fiedld emission, the Zener effect, is the predominant mechanismin
diodes with low (7 V or less) reverse-breakdown voltages. At a very thin
junction, the electric field can become large enoughfor electronsto jump the
energy gap. The Zener mechanism exhibits shot noise. There is little excess
noise. Some Zener diodes have 1/f noise comers lower than 10 Hz Being
shot noise limited, the rms noise current can be calculated from the direct
current by usng Eq. 1-50 for shot noise current from Chap. 1:

Zener noise voltage E, is the product of shot noise current from Eq. 1-50
and the dynamic resistance r, of the Zener diode at the bias point as shown
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in Eq. 12-12:

The Zener diode is a low-noise regulator or reference diode.

In a diode with a larger junction width, breakdown occurs at a lower
voltage than can be explained by the Zener effect. This is avalanche break-
down. As the reverse bias on the diode is increased, carriers are accelerated
to an energy leve great enough to generate new hole-electron pairs on
collison. These new pairs are accelerated by the electric fiedld o the bias
voltage and generate more hole—electron pairs. The process cascades and is
sdlf-sustaining as long as the field is maintained.

The noise of an avalanche breakdown islarger and more complicated than
Zener noise. There is noise due to the avalanche mechanism and also a
multistate noise mechanism. As with forward-bias shot noise, the avalanche
mechanism results in the random arrival of carriers after crossing the
junction. In this case, there are bundles of carriersthat give an amplified shot
noise. The avalanche noise has a flat frequency spectrum; hence it is white.

The more troublesome noise in a reverse-biased avalanche diode is the
multistate noise. It gets its name from the fact that the noise voltage appears
to switch randomly between two or more distinct levels. These levels may
differ by many millivolts. Asthe reverse current o the diodeisincreased, the
higher level is favored until findly it predominates. Although the average
noise current is constant, the period is completely random ranging from
microseconds to milliseconds. The switching time between levelsis extremely
fast. Multiple-level operation is apparently due to defects and localized
inhomogeneitiesin the junction region. These can create a local negative-
resistance area with either switching or microplasma oscillation.

Multistate noise has a wide frequency range, but it is predominantly 1/f
noise. It is definitely an excess noise mechanism that does not need to exis.
It is process dependent and varies from manufacturer to manufacturer.
Lower-noise units can be selected from a production run. High multistate
noise generally indicateslower devicevoltagereference stability. If alow-noise
reference diode is needed, the most acceptable solution is to use the
lower-voltage Zener diode. When the need exids for a reference in the
avalanche region, greater than 5V, select unitsfor low noise.

The noise behavior of breakdown diodes is depicted in Fig. 12-4. For this
diode series, units with breakdowns below 3 V exhibit very little noise; units
breaking down above 5 V are quite noisy.

Breakdown diodes are not recommended as coupling or biasng elementsin a
low-noise amplifier because of their noise behavior. When a regular or refer-
ence diode is used in the power supply of a low-noise amplifier, it should be
decoupled by an RC network or a capacity multiplier as described in Chap.
13. If a reference diode is used as a low-noise calibration source, select a
low-voltage Zener type and shunt it with alarge bypass capacitor.
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Figure12-4 Noisevoltageversus breakdown voltagefor afamily of diodes.

Batteries are desirable power supplies for low-noise amplifiers for severa
reasons. The battery can be located with the amplifier in a shielded case to
avoid pickup. An isolated battery power supply is less likely to have ground
loops and 60-cycle pickup.

In general, batteries are not noise sources. Since a battery has current
flowing and an internal impedance, there is some noise. A battery serves asa
large capacitor and therefore shunts its own internal noise. Only when nearly
exhausted does the noise rise. If the noise of a battery supply is a problem,
bypass the supply or decouple the noise with a capacity multiplier. This also
reduces the series impedance of the power supply and helps to prevent
regeneration and motorboating in the amplifier.

12-5 NOISE EFFECTS OF COUPLING TRANSFORMERS

Transformersare used in severa typesd low-level applications. data acquisi-
tion, data transmission, geophysical measurements, dc chopper amplifiers,
bridges, and so forth. They perform one or more of the following: isolation,
Impedance matching, noise matching, and common-mode rejection. Low-level
transformers are used to discriminate against the interference that often
accompanies signal voltages. These interfering signals come from stray mag-
netic fields, ground loops, common-mode signals, and machine-made noise.
Types of magnetic components used in low-levedl systems include input
transformers, chopper input transformers, interstage transformers, output
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transformers, filter reactors, and low-pass filters. Our particular interest in
this section is with input transformers and chopper transformers. An input
transformer is used to match the amplifier noise characteristicsto the sensor
impedance. Thus it is possble to design an amplifier for operation at its
optimum noise factor F,,, and then transform the sensor impedance to look
like R,. This transformer noise matching is discussed in Chaps. 8 and 9.

There are several second-order effects that can add noise to a low-leve
transformer circuit. Some o the considerations necessary in the proper
application o transformers are common-mode regection, magnetic shielding,
primary inductance, frequency response, and microphonics. The following
sections discuss each o these effects.

12-5.1 Electrostatic Interwinding Shielding

All instrumentation transformers incorporate electrostatic Faraday shields
between the windings for isolation and common-mode rgection. This is
illustrated in Fig. 12-5. This interwinding shield may consist of a copper fail
interleaved between the layers, or it may be a complete box-type construction
as shown in Fig. 12-5. Consider that a common-mode voltage between the
sensor and ground is present at the primary terminals of the input trans-
former. Any capacitive coupling between the primary and secondary windings
couples part o the common-mode voltageto the secondary. The interwinding
Faraday shield terminatesthe electrostatic fild from the primary. The more
the shiddd encloses the primary winding, the better the common-mode
rejection.

The effectivenessd the electrostatic shielding can be tested. A common-
mode voltage V,, is connected between the primary and ground. The
secondary voltage V, is measured. Any coupling impedance, X, is consid-
ered to be an equivalent primary-to-secondary capacitance. Therefore, the
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Figure1l2-5 Windingshieldsin instrumentation transformers.
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equation V., /V. = R, /X, Can be solved for the interwinding capacitance.
Typical capacitances can be as high as 10 pF or aslow as5 X 1077 pF.

In addition to low interwinding capacity, common-mode rejection requires
a balanced primary with symmetrical capacitances. If there is unbalanced
shunt capacity between the center tap and the two ends of the primary, a
common-mode voltage injected in the center tap causes unbalanced voltages
in the primary winding. This, then, is a true differential-mode signal. The
common-mode rgjection of a good transformer is difficult to measure and
even more difficult to specify.

12-5.2 Magnetic Shielding

For low-levd use, a transformer must be shielded from externaly caused
magnetic fields. Magnetic pickup can aso be reduced by coil construction
techniques. External fields are rejected by the " hum-bucking” winding tech-
nique. ""Hum-bucking'" implies that the transformer has two secondary wind-
ings oppositely wound on the core. An externaly generated magnetic field
induces equal and opposite voltages in the windings. This is most effective
when thefield is distant and the transformer can be spatially oriented.
Magnetic shielding is accomplished by surrounding the transformer with
multiple layers of mu-metal interleaved with heavy copper shorting layers.
Multiple layers provide higher attenuation than a single layer of equal
thickness. Magnetic shielding provides a low reluctance path around the
transformer corefor the interfering signa. Any fields that penetrate the first
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magnetic layer induce eddy currents in the copper layer beneath it. These
currents generate a reverse magnetic field to oppose the interfering field.
Multiple layers can be noted in the expanded view of a transformer givenin
Fig. 12-6.

Magnetic-shielding effectivenessis the ratio of the pickup in atransformer
with and without shielding. It can be measured by placing the transformer
between two large Helmholtz coils. The coils are driven with an ac that sets
up a known magnetic-field intensity between them. This test is described in
MIL-T-27.

12-5-3 Transformer Primary Inductance

Transformer primary winding inductance is important because it determines
the low-frequency response of the transformer, and reducing inductance
increases the equivalent input noise voltage of the amplifier. The low-
frequency cutoff of the transformer occurs when the primary impedance
equals the parallel resistance of the source and reflected load resistance.
Beow this frequency, the equivalent noise voltage generator of the amplifier
Is increased as shown in Chap. 7.

To measure the inductance of a low-levd transformer accurately, use a
low-frequency impedance bridge with very small drive signals. Measure the
inductance at the lowest frequency used.

It is difficult to control the primary inductance of a transformer. The
number of turns can be held constant, but the core permeability and stacking
efficiency of the laminations vary from unit to unit. Permeability can vary
over 4:1 range. The permeability of the core is more constant if an air gap is
introduced, but this increasesthe size of the transformer and makesit more
susceptible to magnetic pickup. Because of permeability tolerances, the
minimum acceptable inductance must be determined. One of the differences
between transformer manufacturers is how well they handle their stacking
factors. If they stack tighter and increase the permeability of the core, the
transformer has greater inductance or smaller size. This reduces the cost as
well.

12-5-4 Frequency Response

The low-frequency response of a transformer is determined by the shunting
effect of its primary inductance. The high-frequency cutoff is determined by
the shunting effect of itswinding capacitance. The widest-frequency response
Is obtained when the primary and secondary inductances are terminated in
their nominal impedances. A transformer can be used, of course, at other
than its nominal impedances. Usudly, low-frequency response can be im-
proved by lowering the source impedance below nominal. The converse aso

applies.
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In general, the equivalent input noise increases when operating outside
the passband. Beyond rall-off, amplifier noise remains constant while the
sgna passed by the transformer falls off; therefore, the equivaent input
noise increases. In addition, core losses and transformer noise increase with
frequency.

12-5-5 Microphonics and Shock Sensitivity

High-inductancetransformers generate extraneous voltageswhen shocked or
vibrated. This can be caused by changesin the permeability of the corein the
presence of an internal or an external field, or by a change in coupling with
the internal or external magnetic field. If a transformer is vibrated, the
laminations may shift in position or the core may be stressed. I n either case,
the permeability of the coreismodulated. If thereisa magneticfield present,
the changing inductance generates a voltage. With very high inductance
windings, just squeezing the transformer with your fingers generates a
voltage.

An external dc magneticfield is also a problem. A power supply choke is
one source of such a field. The earth's field is another. If the transformer
vibratesin thefield or if the magnetic-field source vibrates, a voltage can be
generated directly in the coil or indirectly by inducing a voltage in the shield
and then into the coil. Motion of a magnetized shield also induces a voltage
In the transformer windings.

Laminations and shielding cans should be demagnetized by the manufac-
turer before assembly in order to minimize the residual flux in those parts of
the transformer assembly. Once it is assembled it is difficult for the user to
degauss a transformer adequately. | nadvertent magnetization can result from
the passing of a dc bias current through a winding or from measuring the
winding continuity with an ohmmeter. A small dc in the windings, such as a
transistor base current, can make the transformer more microphonic. If a
transformer is inadvertently magnetized, it can be degaussed by passing
low-frequency ac through the windings and dowly decreasing the amplitude
of thiswave to zero. To minimize shock sensitivity the following can be done:

1. Have the core vacuum-impregnated so that the laminations cannot
move with respect to one another.

2. If space permits, mechanically isolate the coil and laminationsfrom the
shields and the shields from each other.

3. Specify that the core and shields are to be demagnetized before
assembly.

4. Shock-mount the transformer on the chassis.

Shock-mount any other magnetic-field sources such as power trans-

formers or chokes.

6. Do not check the dc continuity of any of the transformer windings
unless they can be adequately demagneti zed!

o
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Chopper transformers adso have a problem with thermoel ectric voltages.
In a circuit formed with wires of different metals, a temperature difference
across the junction will generate a thermoelectric voltage. This thermaly
generated voltage (thermal EMF) can add or subtract from the dc signd
being modulated and cause an error. Therefore, locate the transformers avay
from any heat sources.

SUMMARY

a In addition to therma noise, resistors exhibit excess noise when dc is
present.

b. Excess noise can be minimized by proper selection o the resistor manu-
facturing process. Meta foil and filmunits are usudly superior.

c. The noiseindex is given in units d microvolts per volt per decade, or

over the frequency decade used to determine E,,.

d. Capacitors usudly do not present a noise problem because their own
capacitance shunts the internal noise. Electrolyticswith high leakage can
be troublesome.

e. Low-voltage Zener diodes are lower-noise devices. Avalanche-breakdown
devices can be noisy, and selected units may have to be used if the
applicationis critical.

f. Breakdown diodes do not make good coupling or biasing elementsin a

low-noise system.

Batteries are not a source of noise except when nearly exhausted.

Coupling transformers should have electrostatic interwinding shielding

and magnetic shielding.

i. To control microphonics in interstage transformers, manufacturing tech-
niques and handling and inspection must be tightly controlled.

> @

PROBLEMS

12-1. Find the total mean squared noise voltage in a 620-k€) resistor in a
decade o frequency geometricaly centered at 1 kHz. The noise index
d theresistor is0 dB, and thereis5 V o dcvoltage across the resistor.

12-2. A noisetest on an integrated resistor yiddsthefollowingdata: R = 100
k{; total noise voltage (including thermal) is 600 nV for a noise
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pbandwidth of 1 Hz and V. = 4 V. Determine the noise index in
decibels and the noise index in uV/Vy-/Hz'/? at a frequency o
100 Hz

12-3. A 1-kQ resistor has a noiseindex of 0 dB with 1V of dc bias voltage
across it. Determine the noise bandwidth, Af, for which the thermal
noise is equal to the excess noise.

12-4. How much forward biasing current must be supplied to a diode in
order for it to generate the same amount of noise as a 1-k{) resistor?
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CHAPTER 13

POWER SUPPLIES AND VOLTAGE
REFERENCES

In the design of low-noise systems, the noise contributionsof al parts of the
system, including power supplies, must be minimized. When designing a
power sourcefor low-noise electronics, the supply must be quiet and unvary-
ing. Since many low-noise amplifiers are ac coupled, the supply may not need
to be regulated, only isolated and well filtered.

A dc power source for low-noise electronics must remove the common-
mode power line voltagesthat may be coupled into the supply, remove the
ripple generated in the supply rectifiers, and remove any noise generated in
the regulator. Common-mode voltages originating in the ac power lines can
be isolated by decoupling and shielding. Cross-talk from other circuits can be
minimized by layout and adequate ground connections. If the supply can be
filtered, noise is not a serious problem, for the means of ripple remova aso
attenuates noise coming from regulators and components in the supply.
When a regulated supply must be used, the regulator and voltage reference
must be carefully chosen as described in the following sections.

13-1  TRANSFORMER COMMON-MODE COUPLING

On mogt power lines there is a lot of noise and other spurious signals that
can modulate or add to the power frequency. There can also be a common-
mode voltage CMV, present between the line and ground and asignal CMV,
between power and earth ground, as shown in Fig. 13-1. These noisevoltages
are coupled into the circuit power supply by the transformer primary-to-



TRANSFORMER COMMON-MODE COUPLING 307

& 1 Rectifier I
CMV,

! —— Ll ) -~

‘ "

i 1

| Rram

| -

1 : —”—J - AL ' Chassis
Earth /7|,7 _

ground PowerC ground

ground

Figore 13-1 Powe line commonmoaode voltage coupling.

secondary interwinding capacitances C. Typicdly, this noise can be coupled
to the amplifier as an extra noise mechanism. In medical equipment, these
voltages can be large enough to be life threatening.

There is another way for this common-mode signa to get into the
amplifier. At some location the amplifier output is connected to ground or
earth. This may be after some additional stages, but eventualy the circuit
ground is connected to the earth or power line ground. This provides two
grounds in the system, one at the common-mode signal and the other
through the amplifier, and we have a ground loop through R 41 and R 5.
This loop provides the potential for a small circulating current through the
circuit and is an additional source of noise and line frequency pickup.

A vay smal amount o circulating current can cause a lot o pickup. As
Ohm pointed out: “One microampere through 4 milliohms is 4 nanovolts;"
and that is equal to the thermal noise o a 1000-R resistor in a 1 Hz
bandwidth.

The question that arises is, ""How can we eliminate these sources o
pickup?' A battery power supply will eliminate the coupling to the line but
thisis not dways practical. To use an ac power supply, we must break the
ground loops. This can be done with a shielded power transformer containing
interwinding Faraday electrostatic shields built by Topaz and other trans
former companies, as was discussed in Sec. 12-5.

The transformer isolates in two ways. Firdt, it isolates by shielding. The
primary shield o the transformer decouples from the circuit power supply,
and the secondary shield decouples from the electronic syssem. The levd o
decoupling is dependent on the effectiveness o the shielding. When using
thistype of shielded power transformer do not bring the ac supply lineinside
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the case. The primary transformer leads are shielded and can be brought out
to a bulkhead terminal or to a terminal strip external to the shielded
enclosure d the dc power supply. Second, it limits the frequency response to
prevent high-frequency transients from passing into the system.

All low-noise equipment needs an isolating transformer with decoupling
shielding. If the equipment isused in life support medical applications, then
it is probably engineering malpractice to design an instrument without an
isolating transformer [1].

13-2 POWER SUPPLY NOISE FILTERING

Noise and stray signals can be coupled into the amplifier system through the
biasing power supply. Because of the balanced differential style of op amps,
dgnals on the power lines are strongly attenuated. Typically, low-noise
operational amplifiers have a power supply noise rgjection of 100 dB at low
frequencies. This means that signalson the power lines are attenuated by 10°
at the input. To achieve an equivalent input noise of 1 nV/Hz the power
supply noise must be less than 100 uV/Hz. Commercid voltage regulators
typically have an output noise of afew microvolts over a bandwidth of 0.1 to
10 Hz with reduced noise at high frequencies. For most operational amplifier
applications, this is sufficient because the amplifier is differential and has
high power supply noise rejection.

There are other applications, such as single-ended amplifiers, which do
not exhibit the high power supply noise rgjection. In these instances, addi-
tional filtering o the supply lines may be required. Biasing supplies for
sensors and detectors are particularly critical for noise since the supply noise
is divided and coupled directly to the input signal.

Since a highly regulated supply voltage is usudly not needed for a
low-noise ac amplifier or a bias supply, a filter stage can be added on the

0 +Vop

+ __L_O +Vpp + —_L
T° T"
Filtered dc — Filtered dc

Figure13-2 (a) RCfilter and (b) LCfilter.
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board near the amplifier stage. The seriesimpedance of thefilter will usually
increase the output impedance of the supply and decrease the regulation. By
placing thefilter physicaly close to the amplifier or sensor, ground loops are
minimized and pickup on the supply line can be attenuated.

There are three principal methods of power supply filtering. The first is
the straightforward RC or LC filter asillustrated in Fg. 13-2. A second is
the capacity multiplier discussed in the next section and shownin Fig. 13-3. A
third is theripple clipper circuit shownin Fig. 13-4.

The acfiltering of Fig. 13-2a is proportional to the RC product. Thismay
require largevaluesof R or C or both.

13-3 .CAPACITY MULTIPLIER FILTER

Using an active device as a capacity multiplier can reduce the size o the
capacitor dramaticaly, as shown in Fig. 13-3.

Thefiltering of the V5 source is determined by the parallel time constant
o R,, R,,and C,. Evenif C, issmdl, thevaluesdf R, and R, can belarge
since the input impedance of the amplifier islarge. The maximum values of
R; and R, are determined by the offset current of the amplifier used. The
total noise df the filtered output is the rms sum of the filtered noise of Vg,
amplifier noise voltage E,, amplifier noise current I, Z., and any noise of
Vpp ot rejected by the amplifier. Impedance Z isthe parallel impedance of
R,, R,, and X;. The amplifier noise current I, will not be a factor if the
impedance of C,; is smdl. Resistors R, and R, will generate excess noise
because of the dc drop. Therefore, use resistorswith a low noise index.

Since this capacity multiplier circuit is supplying power to another circuit,
select an amplifier with a low output resistance capable of driving a load. A
series-pass transistor or a second buffer op amp can be added for additional

load capacity.

Filtered
dc

Figure13-3 Activecapacity multiplier.
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Filtered
dc

Figure 13-4 Noiseclipper circuit.

13-4 NOISE CLIPPER

A third type o filtering circuit is the noise clipper shown in Fig. 13-4. This
circuit strips the noise from the dc, invertsit, and subtracts the noise from
the dc reference supply. The ac noise and ripple are coupled by C, into
buffer amplifier A,. The noise signal is then inverted in unity-gain amplifier
A,. For frequencieswhere X-; < R,, the output of A, isequal to and 180°
out of phasewith theinput noise. Then the output of A, issummed through
R, with the supply voltage and noise at the input of A,. Since the ac signal
from A, isequal to and out of phase with the incoming noise, it cancels ac
fluctuations and ripple. This is limited at higher frequencies, where the
frequency responsesof A,, A,, and A, are not identical, and at very low
frequencies, where the reactance of C, becomestoo largewith respect to R,.

13-5 REGULATED POWER SUPPLIES*

Idedlly, a perfectly regulated supply would have no noise. Given a noisy,
unregulated input voltage, it would regulate to zero output variation. In
practice it only regulates as well as its rejection of the noise in the unregu-

*
The following sections on regulated supplies and voltage references were contributed by
W. T i Holman, Georgialnstitute o Technology, Atlanta, GA 30332.
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Figure13-5 Block diagram of aregulated power supply.

lated input voltage plus any reference, amplification, and regulator noise. A
block diagram of a typica regulated supply is shown in Fig. 13-5]2].
For thiscircuit configuration, the output noise can be expressed asfollows.

where

E, = noise voltage generated by the unregulated supply
E ... = output noisevoltage generated by the voltage reference
E, = equivalent input noise voltaged the output buffer
I, = equivalent input noise current o the output buffer
K, = voltage gain of unregulated supply noise through the voltage reference
K, = voltage gain of unregulated supply noise through the output buffer
r, = output resistance d the voltage reference
A, = voltagegain d the output buffer

In practical terms, a good low-noise voltage regulator should have high
power supply noise rgjection (K, and K, approachingzero), and theinternal
noise generated by the reference and output buffer circuits should be made
as low as possble. Other common specifications for voltage regulators
include the following [3-51:

Accuracy. Each regulator should generate a specific voltage with a mini-
mum (or absence) o trimming and should maintain that voltage with
aminimum of long-term drift.

Temperature regulation. The reference voltage should be independent o
the operating temperature. Temperature regulation is usualy ex-
pressed as a temperature coefficient (ppm /" C).
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Power supply regulation. The change in dc output voltage with respect to a
change in dc supply voltage should be as small as possible.

Load regulation. If the regulator is designed to sink and source current,
the changein output voltage with respect to a change in load current
should be as smal as possible.

Power consumption and efficiency. The quiescent power consumption of
the regulator should be minimized. If the circuit is designed to snk
or source current, the ratio of maximum output power to quiescent
power should be as large as possible.

Sability and transient response. The regulator should be stable and should
respond to changes in supply or load conditions as quickly as
possible.

Power supply noise rejection is generaly frequency dependent and will
decrease with increasingfrequency. The designer of a discretevoltage regula
tor usualy has the option of adding filtering at critical nodes to limit the
output noise bandwidth of the circuit. Integrated circuit designers, on the
other hand, cannot rely on the availability of large capacitors or inductors,
since these components are generally expensive or impractical to fabricate in
typical | C processes. Also, high levelsof 1/f noisein avoltage regulator will
result in excessve output noisein arange of frequencies (typicaly 10 Hz and
below for BJT regulators and 1 kHz and below for CMOS regulators) that is
difficult to filter even with discrete components.

In most voltage regulator applications, 1/f output noise will have a much
greater effect on the output voltage error than thermal or shot noise.
Reduction of 1/f noise should be a prime consideration in the design of a
high-performancelow-noise voltage regul ator. However, some high-frequency
low-noise systems may be very sensitive to the level of white noise in the
regulated power supply, so this component of the output noise should not be
ignored.

Voltage regulators generally fall into two categories: linear regulators and
switching regulators. Switching regulators have the advantage of higher
efficiency than linear regulators, but they are aso extremely noisy due to the
clock signal and switching transients, especially in high-current applications
[6]. Unless extensive external filtering and shielding are available to the
designer, good low-noise regulator design will require a linear approach.

13-6 INTEGRATED CIRCUIT VOLTAGE REFERENCES

In broad terms, a voltage regulator can be considered a voltage reference
with a low-impedance output buffer. The voltage reference is usualy the
dominant source of noisein aregulator circuit. Since the design of low-noise
amplifier (buffer) stages has been discussed in the previous chapters, we shall
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focus on a noise anaysis o commonly used references in integrated circuit
design.

As stated previoudy, an ideal voltage reference should have infinite
regjection of supply noise. However, if the power supply iswell regulated and
wdl filtered, a voltage reference with poor power supply noise rejection can
still be useful in many applications. For example, a designer may wish to
generate a stable bias voltage from a regulated low-noise power supply. In
this case, reduction of noise generated by the reference circuit itsdlf is more
important than the ability to reject external noise.

13-6-1 Resistor Voltage Divider

One o the simplest possible voltage references in an integrated circuit
technology is two resistors connected as a voltage divider [3] (Fig. 13-6). This
circuit has the advantage of a low temperature coefficient (provided the
resistors havesimilar geometriesand are made of the same material), and the
output voltage can be set to any selected voltage for any supply voltage.
Disadvantages include poor output and supply regulation. Noise from the
Vo supply isonly attenuated at the output by the ratio of R, to the sum of
R, and R,. However, given a well-filtered and well-regulated supply voltage
and a high-impedanceload, the resistor divider can be an excellent low-noise
reference limited by the thermal noise of the resistors. By adding alow-noise
buffer at the divider's output, a high-performance ™ virtual ground" can be
created.
The intrinsic output noise of a resistor divider can be expressed as

where E,; and Eg, are theintrinsic noise sources of resistors R; and R,,
respectively. These noise sources are the rms sums of the thermal noise and

Figurel3-6 dcand acequivdent drcuitsd aressor divider.



the excess noise of the resistors. The noise index for polysilicon resistorsin
integrated circuits is typicaly about —30 dB, which means that, for large
supply voltages, excess noise will dominate. For lower supply voltages, ther-
mal noise will be dominant. The limiting noise of the divider is the thermal
noise of the two resistors in parallel,

If a discrete divider is built using resistors with a high noise index, for
example, carbon composition types, the excess noise will be the dominant
output noise mechanism.

Example 13-1 What are the excess and the therma noise of a 10,000 ()
resistor with a noiseindex of —30 dB and a dc voltage drop of 10 V across
the resistor (a) in a bandwidth from 0.01 to 10 Hz? (b) in a bandwidth from
10 to 10,000 Hz?

Slution (&) From Eq. 13-3, the thermal noise d a 10-k{} resistor is 12.6
nV/Hz. In a 10-Hz bandwidth it is multiplied by y.. to give 40 nV d
thermal noise. Referring to Sec. 12-1, a —30-dB NI trandlates to 30
nV/V /decade of frequency. The frequency range from 0.01 to 10 Hz is 3
decades of frequency. The excess noise of the 10-kQ resistor with a 10-V
drop isthen E_ =30 nV x 10 X V3 = 520 nV. So the excess noise is 520
nV, compared to 40 nV of thermal noise.

(b) The thermal noise of the 10-k{) resistor in a 9990-Hz bandwidth is1.26
wV. The excess noiseis 30 nV x 10 X ¥3 = 520 nV.

13-6-2 CMOS Voaltage Divider

A smple voltage reference can be constructed in a CMOS technology by
connecting a PMOS and an NMOS transistor in series as shown in Fig. 13-7
[3]. Ignoring the effects of channel length modulation, the reference voltage
can be expressed as

where K, and K, are the respective transconductance parameters of the
NMOS and PMOS devices, W, and W, the gatewidths, L, and L, the gate
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Figurel3-7 (@) dc and{b) ac equivaent circuitsd a CMOSvoltagedivider.

lengths, and V7, and V7, the threshold voltages. (For a detailed explanation
of MOSFET behavior and parameters, see Allen and Holberg [3].) Like the
resistor divider, this voltage reference has poor supply noise rejection and
supply regulation. The threshold voltages of the transistors are aso tempera-
ture dependent, leading to a variation in V., with respect to temperature.
From the small-signal model in Fig. 13-7, the intrinsic output noise is

where g,,, and g,, are the transconductances o the transistors, C,,, and
C,s» the gate-to-sourcecapacitances, r,,, and r,,, the drain-to-sourceress-
tances, and £,, and E,, are the thermal noise voltages of the PMOS and
NMOS devices. Assuming that r,, and r,, are very large and can be
neglected, the noise voltages of the individua MOS transistors will be
attenuated by the voltage dividers formed by their transconductances at low
frequencies and by the voltage dividers formed by the gate-to-source capaci-
tances at higher frequencies. The thermal and 1/f components of E,, and
E, . can be reduced by increasing the device transconductances and gate
areas, respectively.

At low frequencies, assuming g,,, = 8., ad the drain resistances are
very large, Eq. 13-5 reduces to

when E, =E,,=E,.

nn



13-6-3 Bipolar Diode Reference

Better supply noise rejection than asmple voltagedivider can be achieved by
usng a Imple pn diode reference as shown in Fig. 13-8. The reference
voltage is smply the voltage drop across the diode, or

nkr (I _ T (v, = Vi
el = — | DD re
Vig = Ve = —q— |09,( I ) g W —LR, (13-7)

5

where » is a process parameter typicaly between 1 and 3, I is the dc
current through the diode, and I, the diode's reverse saturation current.
Because of the logarithmic relationship between diode current and voltage,
supply noise rgection and regulation are considerably improved. By replacing
the supply resstor R, with a current source, these parameters can be
improved to the point where the characteristics d the current source will
determine the power supply regulation and noise rejection. However, the
temperature coefficient d a pn diodeis about —2 mV /°C, 0 considerable
output voltage variation W| occur as the operating temperature varies. From
the small-signa modd of Fig. 13-8 the intrinsic output noise o a reference
with a supply resistor is calculated to be

where r,;; isthe dynamicresistance o the diode, Eg; isthermal plus excess
noise of resistor R,, and I,,is the shot noise and excess noise o the diode. If
load resistor R, is large and diode resistance r;; < R,, then Eq. 138
reduces to the shot noise voltage o the diode,

(a) (b)
Figure13-8 (&) dcand (b) ac equivaentcircuitsd adiode reference.
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Two or more diodes can aso be stacked together to obtain higher
voltages. If a supply resistor is used, the output noise voltage of a reference
with multiple diodesin seriesis

where n is the number of diodes and r, is the dynamic resistance of any
sngle diode. Note that while the reference voltage increaseslinearly with the
number of diodes, the output noise voltage due to shot noise roughly
Increases as the square root of the number of diodes due to rms summing of
the individual noise currents. This fact illustrates an interesting principlein
low-noise reference design: lower output noise can be achieved by adding
several reference voltages together rather than by multiplying a reference
voltage to increase its vaue. Adding n voltages together results in a vn
factor reduction in the value o the total noise voltage as opposed to
multiplying a single voltage by afactor of n.

Now consider Eq. 13-8 again. If V5, is much greater than V, then R,
will be much greater than r;, and the effect of £5; on the output will be
greatly attenuated by the resistor divider formed by r,; and R;. As a result,
the noise current of the pr diode will be the dominant component of the
reference output noise. Idedly, this noise current is due entirely to shot
noise, but in practice some amount of excess I/f noisewill be present in the
diode due to surface and bulk defects. As the diode current increases, this
excess noisewill increasewhile the shot noise decreases, and the excess noise
will become the dominant noise component at fow frequencies. This 1/f
noise contribution becomes even more apparent if the smple pn diode is
replaced with an npn transistor with its base connected to its collector as
shown in Fig. 13-9. In this case the intrinsic output noise voltage can be
expressed as

where E, and I, contain 1/f noise components as discussed in Chap. 5. In
general, higher collector currents in the transistor will result in greater 1/f
noise and lower shot noise. Aswith any low-noise bipolar transistor applica
tion, a larger B, will reduce I/f output noisein the reference. If Z_ > r,,
r,> R,,and g,,Z_> 1, Eg. 13-11 can be smplified to
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(@) (b)
Figurel3-9 (a)BJT diodeand (b)ac equivdent dircuit d voltage reference.

13-6-4 Zener Diode References

The smplest Zener diode reference, like a smple p» diode reference,
consists of the diode in series with a resistor or current source, with smilar
small signal models. However, the noise output of a Zener diode depends on
whether the diode uses the Zener effect or avalanching to achieve its
breakdown voltage. Zener breakdown usualy occurs at voltages of 5 V or
less, while avalanche breakdown dominates at higher voltages. A diode in
Zener breakdown will have shot noise and excess noise like that of a pn
diode, but a Zener diode in avalanche breakdown will generate a much
higher level of white noise due to the avalanche generation of carriersin the
junction. It is best not to use Zener diodes as a low-noise voltage reference
unless breakdown occurs from the Zener effect.

There is a class of Zener diode references (called TC Zeners) which
achieve a very low temperature coefficient and low noisein the 0.1 to 10 Hz
frequency range by cancelling the negative temperature coefficient of a pn
diode with the positive temperature coefficient of a Zener diode in avalanche
breakdown, resulting in a typica reference voltage of 69 to 7V [7, 8L Some
of these hybrid devicesalso include a heater to maintain the temperature of
the substrate within precise limits. The Zener diodes are created as ' buried'
components in the substrate by using ion implantation, leading to very little
excess noise in the reference from surface effects in the integrated circuit.
Since these references are designed for use as discrete components, the
additional white noise generated by the avalanche effect can be filtered or
bandwidth limited. Two examples of this type of buried Zener reference are
the LM199 from National Semiconductor and the LTZ1000 from Linear
Technology. The LM199 has 0.7 ¢V peak-to-peak output noise from
a bandwidth of 001 to 1 Hz and a typicd temperature coefficient of
1 ppm/°C. The LTZ1000, which uses an internal heater, has a maximum of
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2 pV peak-to-peak output noise from 0.1 to 10 Hz and a temperature
coefficient of 0.05 ppm/°C.

13-6-5 MOS Diode Reference

As shown in Fig. 13-10, a MOS transistor can aso be used as a simple diode
in areference circuit by connecting together the drain and gate [3]. Ignoring
channel length modulation, the reference voltageis

where I, isthe current flowing through R, and M,. Thisreference has the
advantage of a wider range of output voltages than the bipolar diode
reference due to the square-law relationship between gate—source voltage
and drain—source current in the MOSFET. However, this increased voltage
range also results in poorer supply noise rejection and supply regulation
unless R, isreplaced with a current source. Using the small-signal model of
Fig. 13-10, the intrinsic output noise of the referenceis

Assumingthat r,, isvery large and g,,R, > 1, at low frequencies the output

oFE,,

Tds

(a) (b)
Figure13-10 (a) dcand (5) ac equivalent circuits of a MOSvoltage reference.
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noise can be approximated by

The 1/f equivalent input noise of the MOSFET will be the main component
o the intrinsic low-frequency output noise, while the transistor's channel
thermal noise dominates at higher frequencies.

13-6-6 V- Multiplier Reference

A very common method of generating a referencevoltagein |C designsisthe
Vzr multiplier circuit of Fig. 13-11. Ignoringthe transistor's output impedance
and assuming that B, isvery large, the referencevoltageis

Like the bipolar diode reference, the power supply regulation and noise
rgjection o the V;; multiplier circuit can be greatly improved by replacing
R; with a current source. However, the negative temperature coefficient o
thereferencevoitage will be multiplied by the samefactor asthe base—-emitter
voltage with respect to a single diode voltage drop. From the small-sgna
diagram o Fig. 13-12, the intrinsic output noise voltage o the ¥, multiplier
is found to be

assuming g, R, > 1, g,,R; > 1, and R; isvey large.

e

Figure13-11 TheV;, multiplier reference. —



Figure13-12 acequivaent drcuit for aV; multiplier reference.

This equation shows that the transistor's equivalent input noise and the
noise of resistor R, are multiplied by the feedback ratio of R,/R; to
produce the output reference noise.

13-6-7 Vg Multiplier Reference

The same feedback principle used in the V3 multiplier can also be applied
with an FET to create a V¢ multiplier reference (Fig. 13-13) [3]. Neglecting
channel length modulation effects, the reference voltageis

Because of the sguare-law relationship between drain current and

Figure13-13 TheV,;, multiplier reference.
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Figure13-14 acequivdent circuit o the V;¢ multiplier reference.

gate—-source voltagein a MOSFET, supply noise rgjection and supply regula
tion are not as good aswith the Vg multiplier circuit, although they can also
be greatly improved by replacing supply resistor R, with a current source.
The gate—source voltage also exhibits a negative temperature coefficient
which is multiplied by the resistor feedback ratio. Referring to the small-sig-
nal equivalent circuit in FHg. 13-14, the intrinsic output voltage of the Vi
multiplier will be

assuming g,,R; > R,/R;.

Just as with the V5 reference, resstors R, and R; establish gain ratios
which multiply the noise contributions o the transistor's equivaent input
noise and resistor R4 at the reference output.

13-6-8 Noise in Current Sources

One obvious method of generating a referencevoltage o any desiredvaueis
to source or sink a current through a resistor. The intrinsic output noise o
the current source can amply be modeled as a noise current in parallel with
the output resistance of the source. However, there is a significant noise
mechanism in current sources besides the intrinsic shot or thermal noise o
the source transistor. Any high-performance current source requires a bias
circuit or current mirror to set the value of the output current as shown in
Fg. 13-15. As a result, any noise source present at the base or gate of the
current source transistor is amplified by the gan o the common-emitter or
common-source stage formed by the current source. If the load resistance is
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Figure13-15 (a) Simplebipolar and (56) MOS current mirrors.

much smaler than the output resistance of the current source, this voltage
gain is gpproximately equal to the load resi stance times the transconductance
o the transistor. Given the smal-signd diagram o a BJT current mirror as
shown in Fig. 13-16, the output noise can be expressed as

where I, and r, are the noise current and dynamic resistance d the current
mirroring diode and 7, and r,;,, are the equivalent noise current and
output resistance o the dc bias current circuit |, Assuming that Z_ is
very largewith respect to r,; and r,, and assuming that r, is much larger than

Figure13-16 acequivaentcircuit of aBJT current mirror.
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R, theoutput noise of the BJT current source can be smplified to

Since the reference voltage across the load is proportional to the value o
Isource- the transconductance of the source transistor cannot be lowered to
reduce output noise without reducing the desired reference voltage. How-
ever, the small-sgna impedance of the load may be reduced by bypassing R;,
with a capacitor or by replacing the load resistor with diodes at the cost of
increased temperature dependence o the reference voltage. If the dominant
noise mechanism o the bias circuit is the shot noise of the mirroring diode,
Increasing the bias current I, will aso reduce the output white noise,
although the I/f excess noise level may increase as a result d the higher
current. The equivalent input noise voltage and current (£, and I,) of the
source transistor should also be minimized by choosing a good low-noise
device whenever possible.

13-7 BANDGAP VOLTAGE REFERENCE

For many applications, one requires an integrated circuit voltage reference
that is independent of both supply voltage and operating temperature.
Although severa different types of circuits have been developed over the
years to meet these requirements, the most popular method remains the
bandgap voltage reference [3, 4, 9. The bandgap reference achieves a very
low temperature coefficient by canceling the negative temperature coefficient
of a pn diode with the positive temperature coefficient of the voltage
difference between two pn junctions. Bandgap circuits can be implemented
in standard bipolar, BICMOS, and CMOS technologies without the need of
specia process steps asin the case of ion-implanted Zener diode references.
Commercial bandgap references typicaly have about 50 pV peak-to-peak
output noise from 0.1 to 10 Hz with temperature coefficients ranging from 5
to 50 ppm /°C [5, 100

A standard bandgap voltage reference has an output voltage value that
can be expressed as

where K is a gain constant ranging from 4 to 8 for most circuits. The circuit
will achieve minimum temperature coefficient when V., is approximately 1.2
V, near the bandgap voltage o silicon (hence the name). At thisvoltage, the
negative temperature coefficient of 1V will be canceled by the postive
temperature coefficient of K(AVgg). In the past several years, high-perfor-
mance bandgap circuits have been implemented using both linear and



BANDGAP VOLTAGE REFERENCE 325

switched-capacitor topologies. Switched-capacitor bandgap circuits offer can-
celation of the offset errors and 1/f noise o the buffer amplifier, but also
require a high-speed clock and can only generate the referencevoltagefor a
portion of the clock cycle [9]. Linear bandgap circuits, on the other hand,
require no clock and generate a constant output voltage, but are generally
subject to offset errors and 1/f noise contributionsfrom the amplifier.

13-7-1 Analysis of a Bandgap Voltage Reference

To get a better idea o the relative contributionsof each noise source at the
output o a typicd bandgap voltage reference, consider the circuit in Fg.
13-17. Assuming a noisy operational amplifier with infinite gain, infinite input
resistance, and zero output resistance, the referencevoltage will be

In order to generatethe AV, voltage, diode D, must have alarger reverse
saturation current than diode D, (i.e., larger junction area), or the current
through D, must be smaller than the current through D;, or both. Note that
there is no direct connection to V5, in thiscircuit. Ideally this circuit would
have infinite rgection of power supply noise, athough the actual circuit's
noise rgection is limited by the power supply rgection ratio of the opera-
tional amplifier. In addition, this bandgap circuit will have a second stable
state with an output voltage d zero, requiring the use o a start-up circuit to
guarantee proper operation.

Because o the relatively low dynamic resistance o a diode for a given dc
current, one can safely assumethat R; and R, will be much greater than r,
and r,, if the bandgap output voltage is about 1.2 V. Also assume that
R, > R, (usudly only four to eight times larger, so it is a cautious assump-
tion). Using these assumptionsand the small-signa diagram of Fig. 13-18, the

Figure13-17 A smplebandgap reference.
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Figure13-18 acequivalent circuit o the bandgap reference.

output noise voltage can be expressed as the equivaent input noise voltage
times the gain R,/(R; + r;,)

1 ee

As these results show, output noise multiplication in the bandgap circuit is
caused by the feedback network formed with R, and (r,, T R;). Thisratio
can be reduced by increasing the AV, voltage across R; by making D,
much larger than D; and/or setting the current through D, much smaller
than the current through D,. However, in practiceit is difficult to make AV,
much larger than 150 mV due to the exponential current—voltage behavior o
abipolar diode, so R, will aways be considerably larger than (7, + R3). A
second possbility isto bypass R, with a capacitor to reduce the ac gain o
the bandgap reference while preserving the dc characteristics. The noise gain
will be attenuated above the frequency set by the pole o R, and the
capacitor, although area considerationsfor most circuitswould limit the sze
of an integrated capacitor. An external discrete capacitor is a more practical
solutionin this case.

Besides reducing the gain of the feedback network, the intrinsic noise
sources themselves can be reduced by using a good low-noise operational
amplifier and by reducing the valuesof R, through R, while preserving the
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Diodes D, though
D D, are identical.

Diodes Dg though
D+ are identical
devices of greater

Figure 1319 A sSmple low-noise
bandgap reference.

required AVz gain. The trade-off in this case will be higher dc currentsfor
lower noise, athough excess noise in the diodes will aso increase as the
currentsincrease. The find limit of noise is the shot noise currents |,, and
I, of the two reference diode strings and the thermal noise o R..

13-7-2 Low-Noise Bandgap Reference Topology

In the previous noise andyss for the bandgap reference, it was shown that
the multiplication of the AV, voltage leads to an undesirable increase in
noise at the output of the bandgap circuit. By generating the ful AVge
voltagedirectly, the output noise o the bandgap circuit could be sgnificantly
reduced. Figure 13-19 shows one possible method o direct bandgap voltage
generation. By stacking diodes D; through D,, the AV voltage drops
across R, are effectively summed together. Since most o the current from
Isource flows through the D, to D, path, the current source has a very low
ac load impedance, which minimizes the contribution of the bias circuit
noise. If a unity-gain buffer amplifier isrequired at the output of this circuit,
the noise contributionsof the buffer will not be multiplied by a gain factor.
The disadvantages o this circuit include larger circuit area, higher current
consumption, and a larger minimum operating voltage than conventiona
designs. Furthermore, this design can only be implemented in integrated
circuit processes where afloating pr diode is available.

SUMMARY

a To diminate stray common-mode coupling, as well as other sources of
pickup, transformer shielding is recommended.
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power supply that provides good ripple filtering aso discriminates

against noise reaching the electronic system through the power supply.

The ripple clipper circuit uses negative feedback from the load to control
conduction in a series-pass transistor.

A

power supply regulator will remove much of the power supply noise.

The regulator is essentialy a voltage reference followed by a buffer
amplifier.

Noise dof avoltageregulator comes primarily from the noise sourcesin the
voltage reference with contributionsfrom the buffer amplifier.

A

low-noise regulator must start with a low-noise reference.

PROBLEMS

13-1.

13-2.

13-3.

13-4.
13-5.

13-6.

Given a CMOS voltage divider as in FHg. 13-7a with V,, =5 V which
uses the CMOS deviceswhose parameters are for the n-channel device
K, =418 uA/V?% V=079V, and A = 0.01 V~L. For the p-channel
device K, = 155 pA/V3 V.= -093V, and A = 0.01 VL Design
the divider circuit by determining reasonable W, /L, and W,/L , aspect
ratios so that V., = 25 V.

Compare the output noise voltages for a diode and base-collector
shorted npn transistor with each device carrying 1 mA o bias current
and V,, = 9 V. For the transistor assume g = 200, r, = 100 {2, and
the Early voltage £, = 200 V.

Find the aspect ratio required for M, in Fig. 13-10a if we desire a
Vig=25V and Vpp =5 V. Assume that V' =1V and that the dc
drain current is 200 pA.

Venfy Eq. 13-16 for the V3 multiplier voltage reference.
Show that AVge in Eq. 13-23 is given by

where |, represents the diode current, and I is the reverse saturation
current.

For Fig. 13-19 show that

where I, and |, are the currents through the left and right diode
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strings and |,, and |,, are the left and right reverse saturation
currents.

13-7. Veify that the dc output voltage of the active capacity multiplier of

Fig. 13-3 is KV, and thefilter time constant is KR,C,, where
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CHAPTER 14

LOW-NOISE AMPLIFIER DESIGN
EXAMPLES

It would be a poor design manual that did not provide a few practical
low-noise circuits as examples. After all, we want to help you get started in
your low-noise application. Technology moves so rapid that it isimpossible to
provide the ultimate circuit. Also, various source impedances require differ-
ent amplifiersfor optimum noise so wewill show some examplesd amplifiers
we have designed and some selections of good designs from the literature.
These designs employ the methodologies of the previous chapters to illus-
trate their application.

14-1 CASCADE AMPLIFIER

To illustrate the design trade-offs, the basic designsfor a cascaded CE-CE
stage and a cascode-connected CE-CB amplifier are shown. These are
designed with discrete transistors and use a single power supply. A dual
power supply will smplify the biasing. Both these circuits can be integrated
using active loads and current sources. For higher impedances, FETs can be
substituted for BJTs.

Asthefirst example consider the complementary cascade circuit shown in
Fig. 14-1. The voltage gain is determined by the g, R~ of each stage of the
CE-CE pair, @, and Q,. This stage and its biasing were analyzed in Chap.
10. The output stage Q, is an emitter follower to provide a low output
impedance and to buffer the amplifier from loading.

Direct coupling is employed between stages. Capacitor C; isused at the
input port to isolate the amplifier biasing from the signal source. A value for
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* Low-noise resistor, Nl< —=20 dB

Figurel4-1 Complementary cascade example.

331

TABLE 14-1 Performance Data on Complementary Cascade Amplifier of Fig. 14-12

E, (10 kHz)
I, (10 Hz)
I (10 kHz)
R, (10 Hz)
R, (10 kHz)

1 mA
3mA
470k
220k}
3kR
36 k()
820 Q)
18k
1k
6700
240 kHz
11k
310 pF
20 nV
1.5nV
6.0 pA
09 pA
330 O
17kQ

100 p A
300 LA
47MQ
22MR
30kO
36k
82k}
18k}
1k
5250
36.5 kHz
NkO
280 pF
25 nV
2nV
1.2pA
03 pA
24 k)
6.7 kQ}

10 p A
O A
3IOMR
2MR
300 k)
360k
82k
180k}
100k}
2000
75 kHz
825k}
160 pF
54nV
5nV
04 pA
01pA
135k
50kO

1A
10 A
3AOMR
2 MR
3MQ
3MQ
240k )
500k
100k
600

40 kHz
3MR
62 pF
14nV
14 nV
0.1 pA
0.06 pA
140k Q)
230k

'Noise valuesare given on a hertz~ /2 basis.
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the coupling capacitor is determined by the product of the source resistance
and the noisecurrent 7, of thefirst stage at the lowest frequency dof interest.
To assure that 1, does not contribute noisg, it is necessary that

at the lowest frequency of interest.

In order to show the characteristicsaof this amplifier, performance data for
variousvalues o 1, aretabulated in Table14-1. Thefour columns represent
four values of quiescent I~ ranging from milliamperes to microamperes. To
achieve these operating points, the values of the biasing elements must be
changed. For areductiondof 10:1inl,, R and R, increase by afactor of 10
to maintain the designed bias and gain. £, and |,, are the total noise
voltage and noise current of the total amplifier at the input. Usuadly this is
the same as thefirst stage E,, and 1.,.

Certain trends are clear from the data. The voltage-gain upper-cutoff
frequency f, declines with decreased |,, as does the input capacitance C;
and the voltage gain. Input resistance, as expected, increases.

From the listing of noise parameters, we find that 1,, is reduced by a
factor of 10 and E,, isincreased by 10 when /- is lowered. The optimum
source resistance R, increases by more than 100:1.

14-2 CASCODE AMPLIFIER

A discrete cascode amplifier is shown in Fig. 14-2. This circuit was aso
described in Chap. 10. Although the componentsand noise are similar to the

* Raq and Rp, are low-noise resistors, Nl< —20 dB

Figure14-2 Cascode amplifier example.
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TABLE 14-2 Performance Data on Cascode Amplifier on Fig. 14-2°

Iy 100pA  10pA  1pA
. 100 A 10xA  1uA
R, 3MR 20MQ  20MQ
Ry, 15MQ 10MAQ IO0MR
Ry, 0O 00k 3MQ
Res 30k 300 k{2 3IMR
100k 1MR 1M
A, 115 120 145
) 500kHz  47kHz  53kHz
R, (1 kHz) 75k0 70kQ 40 MQ
C; (1 kHz) 34pF 35pF 27 pF
E,.r (10 Hz) 2.5nV 54 nV 14nV
E,; (10 kHz) 2nV 5nV 14nV
I, (10 H2) 1.2pA 04pA  O1pA
1, (10kHz) 03 pA 0.1pA 0.06 pA
R, (10 Hz) 24 k) 135k 140k Q2
R, (10 kHz) 6.7 k0 50kQ 230k

®Noise values are given on a hertz~1/? pasis.

cascade amplifier, the frequency response and impedance are different. This
illustrates that similar noise performance can be obtained with quite different
sgna performance. This is similar to using overal feedback to have low
noise and still optimize signal performance.

A performance summary is given in Table 14-2 for the cascode amplifier.
When compared with the cascade data, the total voltage gain o the cascode
circuit is lower than the CE-CE. The noise parameters are about equal. A
major reduction in C; for the cascode is achieved and the voltage-gain
upper-cutoff frequency is extended.

14-3 GENERAL-PURPOSE LABORATORY AMPLIFIER

When making low-noise measurements, it is handy to have a low-noise
amplifier to quietly amplify the input signals. This amplifier should have
low-noisevoltage E, to operatefrom low source resistances, low 1/f noiseto
operate at low frequencies, and high input impedance so it will not load the
test circuit. The AD745 is a BIFET op amp with high input impedance and
low noise voltage. With the 20-MHz gain—bandwidth, it can be used into the
megahertz region. Most of the noise measurements for this book have been
made with the circuit shown in Fig. 14-3. This circuit cascades two amplifiers
for again a 1000 x and afrequency response of 500 kHz. If the gain of each
stage is reduced to 10 X for an overall gan o 100 X , the bandwidth
increases to 1. MHz. The input impedance is set by the 10-M £ input bias
resistance. The input is E,, =25 nV/Hz'/? I/f corner =50 Hz, [ .=
10 fA /Hz'/2.
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Figure 14-3 Low-noise lab amplifier. E, = 25 nV/Hz'/2, A, =1000, f, =
500 kHz.

To avoid ground loops and power supply noise, use two 9-V batteries fo
power. The maximum load resistance is 600 (2, without adding a unity-gai
buffer stage.

14-4 1C AMPLIFIER WITH DISCRETE PARALLEL INPUT STAGES

When the noised an integrated amplifier is too high, it is possible to reduc:
the input noise by adding a discrete transistor to the input of the IC. Thisca
be a specia transistor with avery low base resistance or the designer can usi
several transistorsin parallel as shown in the nove circuit of Fig. 14-4 fron
D. Bowersd Analog Devices[1, 2]. Thiscircuit startswith a low-noise OP-2
or one of the later lower-noise versions and adds additional gain stagesaheas
of the op amp. The three MAT-02 transistor pairs operate at a collecto
current of 1mA each and give a reported noisevoltagedf only 05 nV /Hz!/

For a MAT-02 with a noise of 09 nV /Hz'/? for each transistor, a pai
would have a noise of y. x 0.9 = 1.27 nV /Hz!'/2. By paralléeling the thre
pairs, the noise is reduced by ¥3 so the input noise would now b
1.27/ V3 = 073 nV /Hz'/2. Additional stageswould decrease the noise volt
age E,, proportional to the square root of the number of stages and increas
the noise current 7, proportional to the square root of the stages as derive:
in Chap. 10.

Another novel feature o thiscircuit isthe use of thered LED to biasth
2N2905 transistor providing the 6-mA emitter bias for the MAT-02 transis
tors. The LED has about 1V more forward voltage drop than the transistor
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Figurel4-4 |C amplifier with discrete parallel input stages.

but about the same temperature coefficient. This generates a stable voltage
across the 180-Q emitter resistor R,. The 390-£) emitter resistors R, through
R, provide equal current splitting between the MAT-02 transistors.

14-5 DIRECT-COUPLED SINGLE-ENDED AMPLIFIER

Another example of an amplifier that uses both discrete and integrated
stagesis shown in Fig. 14-5 [3]. This amplifier has a single-ended input with
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Ry, Ry,
3 kR 3 kQ
4 -7 Output
—
B TR,
= 20k

Q,, Q3 2N2222A
Figurel4-5 Direct-coupled single-ended amplifier.

overal feedback to set the gain at 1000 x . Thiscircuit offers the advantage
of both low noise and direct coupling. There are no large capacitors. The
noise voltage E,, is determined by the input differential stage Q, as v2
timesthe noise d one transistor. E, isthen the noise o asingle transistor,
(09 nV/Hz!/?) x 1414 = 1.27 nV/Hz'/%2. The noise current 1,, is the
same as the noise current o one single transistor & the MAT-02. The gain is
set by theratiod R, to R.

One advantage d using a matched dua monolithic transistor is the
improved rejection o the noise o the bias circuit consisting d @, and Q..
The noise generated in the current bias circuit is rgected in proportion to
the common-mode rgjection ratio. This is significant Since the noise o the
bias is greater than the amplifier itsdf. The load resistors R; should be
matched or 1% tolerance.

14-6 ac-COUPLED SINGLE-ENDED AMPLIFIER

Additional design flexibility is gained by capacitively coupling the input stage
to the IC amplifier stage as shown in Fig. 14-6. Although this circuit uses a
matched pair for low E, ;, there are other arrays o transistors such as the
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Figure14-6 ac-coupled single-ended amplifier.

HA 3046 from Harris Semiconductor. Also, discrete or pairs of JFETSs can be
used to obtain higher impedance and isolation while maintaining the lowest
available noise.

The overdl gain of the amplifier is 1000 X with 100 X in the first stage
and 10 X in the second. E,_; is 0.7 nV/Hz'/? and the frequency response
ranges from 10 Hz to 1. MHz.

SUMMARY

a. The input noise of a cascaded BJT amplifier stage can be adjusted by
selecting the operating point of the devices.

b. Using a cascode connection alows a trade-off of frequency response
versus gan.

c. The addition of parallel stages to the input of an op amp will reduce the
input noise voltage by the square root o the number of parallel stages.

d. The use of ac coupling with a single-ended input will give the lowest total
equivaent input noise.
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Broadband white noise is shown in the top trace. When passed through a 2-kHz
crystal filter with Af = 50 Hz, we obtain the middle trace. In the bottom trace, the
same noise is passed through a 2-kHz RLC high-Q filter with Af = 50 Hz. Note the
"ringing™ effect in the bottom trace. Horizontal sensitivity is 5 ms/cm.



CHAPTER 15

NOISE MEASUREMENT

When designing low-noise el ectronic sysems, we measure the system noiseto
evaluate performance or to compare alternate desgns. Noise is measured in
much the same manner as other eectrical quantities; the most significant
difference is the voltage level. Severa specific noise parameters have been
derived such as equivaent input noise voltage E,, equivalent input noise
current 1,, and noise figure NF. These are useful unambiguous quantities
capable d being measured and serving as comparison indexes among differ-
ent amplifying systems.

Since noise voltages are often in the nanovolt (107 V) region, it is not
possible to measure noise directly at its source. We cannot put a sendtive
voltmeter at the input d the amplifier and say, "Here is the noise." Often,
noise generation is not phydcdly located at the input but is distributed
throughout the system. The total noise is the sum o contributions from all
noise generators. In any case, the signal-to-noiseratio at the output is the
main concern, for that is where the response, actuator, relay, meter, display,
or other output deviceislocated. Noiseis measured at the output port where
the levd is highest and then referred to the input for reference to the sgnal
source.

15-1 TWO METHCODS FOR NOISE MEASUREMENT

Two general techniquesfor noise measurement are the sine wave method and
the noise generator method. In the sine wave method we measure the rms
noise at the output d the amplifier, measure the transfer voltage gain with a
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sine wave sgnal, and, finally, divide the output noise by the gain to obtain the
equivaent input noise. In this way, both the noise and the gain can be
measured at high levels.

For the noise generator method we use a calibrated broadband noise
generator placed at the amplifier input. With the noise generator set to zero
noise, the total noise power at the output of the amplifier is measured; then
the calibrated noise voltage is increased until the output noise power IS
doubled. This means the noise generator voltage is now equal to the equiva-
lent input noise of the amplifier.

Sine wave and noise generator methods each have certain arcas d
application, as well as specific limitations. The choice between methods
depends on the frequency range and the equipment available. The sine wave
method requires more measurements, but it uses common laboratory instru-
ments and is more applicableat low frequencies; the noise generator method
Is usualy smpler and more applicable at high frequencies. These methods
are contrasted in Sec. 15-5.

15-2 SINE WAVE METHOD

When considering the noise of a component such as a resistor, we are often
concerned with a single-noise mechanism. With a sensor—-amplifier system we
seek not only the noise of an amplifier composed of many noise sources, but
the signal-to-noiseratio of the entire system. Since the signal islocated at the
input of the amplifier, it is logical to sum al of the amplifier and input
network noiseinto an equivalent input noise parameter.

We have defined the equivalent input noise voltage E,; as a Thevenin
equivalent noisevoltage generator located i n serieswith the sensor impedance
and equal to the sum of the sensor and amplifier noise as in Fig. 15-1. This
places all of the amplifier and input noisein serieswith the signa. Since the
signal and noise generators are located at the same point and the same
transfer function applies, the equivaent input noiseis inversely proportional
to the sgnal-to-noise ratio.

The measurement of equivalent input noiseis basic to both the determina-
tion of NF and the characterization of the amplifier noise voltage and noise
current parameters. Either the sine wave or the noise generator method can
be used to measure E,...

Figure 15-1 Measurement of equivalent in-
put noise using the sine wave method.
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The sine wave method requires measurement of both output noise £,
and transfer voltage gain K,. The procedure for measuring equivalent input
noise for a voltage amplifier is

1. Measure the transfer voltage gain K,.
2. Measure the total output noise £,,,.

3. Cdculate the equivalent input noise E,,; by dividing the output noise by
the transfer voltage gain.

Referring to Fig. 15-1, the transfer voltage gain K, can be defined as

where ¥V, isthe input sne wave signal and V,,, isthe output sine wave signal.
The equivaent input noise E,; is then the total output noise divided by the
gan:

where E,,, isthe output noise of the amplifier.

Now, following the preceding three steps to measure the equivaent input
noise, we can measure the transfer voltage gan X, by inserting a voltage
generator V, in series with the source impedance Z, and measuring the
sgna V,. The transfer voltage gain K, is the ratio of ¥, to ¥,. Snce this
gain must be measured at a 9gnal levd higher than the noise level, ensure that
the amplifier is not saturating by doubling and having the input signd; the
output signal should double and halve proportionately. It isimportant to note
that this transfer voltage gain K, is dependent on the source impedance and
amplifier input impedancewhile the typica voltagegain A ,isnot. By usinga
transfer voltage gan K,, the input noise is independent o the input
impedance!

The transfer voltage gain must be measured using a generator impedance
equal to the impedance of thesigd source. Do not use the voltage gain of the
amplifier. If the equivalent input noise is to be measured at variousfrequen-
cies or source impedances, both the transfer voltage gain X, and the output
noise £,, must be remeasured each time with each source impedance at
each frequency.

The next step in calculating E,,; is measurement o the total output noise
E, .. Remove the sgna generator and replaceit with a shorting plug. Do not
remove the source impedance Z,. The output noise E£,, is now measured
with a rmsvoltmeter as described in Sec. 15-3-7. The equivaent input noise
E . istheratio E, _/K,.
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The signal generator must be removed from the noise test circuit before
measuring the noise. This is necessary whether the signal generator is ac or
battery operated. In either case, its capacitance to ground can result in noise
pickup. Also, if it is plugged into the line or grounded, there isa possbility of
ground loop pickup.

If the output noise is measured on an average responding rather than a
rms meter, multiply by 1.13 to get the rms. Thisisdiscussed in more detail in
Sec. 15-3-7. To obtain the noise spectral density, divide the equivaent input
noise by the square root of the noise bandwidth Af.

15-2-1 Measurement of E, and I,

The amplifier noise voltage E, and noise current 1, parameters are cacu-
lated from the equivalent input noise for two source resistance values. As
defined previoudy, the equivalent input noise is

Measurement gives the total equivalent input noise E,,;. To determine each
o the three quantities, E,, 1,, and E,, make one term dominant or subtract
the effects of the other two. In general, the correlation coefficient C is zero
and can be neglected. Measurement of C is discussed later in this section.

To measure the noise voltage E,,, measure the equivaent input noise with
a small value of source resistance. When the source resistance is zero, the
thermal noise of the source E, iszero and the noisecurrent term I, R, isaso
zero; therefore, the total equivalent input noise is the noise voltage E,,. How
small should R, befor E, measurement? The thermal noise E, of R, should
be much less than E,. Usualy 5 Q is adequate, 50 {2 can add some noise,
and 500 (2 istoo large.

To measure the noise current |,, remeasure E,; with avery large source
resistance. Measure the output noise and transfer voltage gain again to
calculate the equivalent input noise E,;. Assuming the I,R, term to be
dominant, I, is snply the equivalent input noise E,; divided by the source
resdance R,. If R, islarge enough, the I, R, term dominates the E, term,
and it aso dominates the thermal noise since the thermal noise voltage E,
increases as the square root of the resistance, whereas the IR, term
increases linearly with resistance. When the I,R, term cannot be made
dominant, the thermal noisevoltage [E, = (4kTR A f )/2] can be subtracted
from the equivalent input noise. Since this is a rms subtraction, a thermal
noise of one-third the noise current term only adds 10% to the equivalent
Input noise.

The source resistor for measuring 1, can be calculated in a general way
for any amplifier since the noise current source is physicaly located at the
input of the amplifier. The limiting noise current 1, is caused by the shot
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noise of the input dc gate or base bias current |,

To make the noise current term dominate the thermal noise of the measuring
resistor, we have

Solving for source resistance R,,

This defines the minimum value of a series source resistor for |, measure-
ment.

Example15-1 What are the minimum source resistancesfor a BJT amplifier
with 1L wA bias current, a JFET amplifier with 0.2 nA bias current, and a
MOSFET amplifier with 1 pA bias current?

Solution For the BIT amplifier, R, =450 kQ; for the JFET ampli-
fier, R, =225 GR; and for the MOSFET amplifier, R, =450 GR or
45 X 10™ Q.

Amplifier gain and bias requirements, however, may make it difficult or
Impossible to achieve these values since each o the amplifiers in Example
15-1 will have an input offset of at least 0.45 V with an unbalanced input.
From Eg. 156, IR, = 045V. For an amplifier with a balanced input and
equal resistorsin each input, the voltage input offset will be determined by
the unbalance in input currents which is about 10% o 1,,, as shown by
typical |C specifications. With the same value of source resistance in each
input, the offset will be reduced to about 50 mV. It may be necessary to use
additional feedback to reduce the overal amplifier gain to avoid excessve
offset at the amplifier output. For the amplifier with an unbalanced input, it
Is usualy necessary to use a gain o less than 10X to stay within linear
operation.

For an accurate |, measurement, the amplifier input biasresistorsmust be
much larger than the source resistance R, or you will only be measuring the
noise current of the shunting biasing resistors. It is best to use the measuring
source resistor as the bias current path.

The source resstor should be shidded to prevent pickup of stray signals. The
resistor used for R, need not be low noise as long as there is no dc voltage
drop acrossit. When the source resistance is aso used for biasing, a resistor
with alow noise index may be needed.
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Another method of obtaining a high source impedance for I, measure-
ment is with a reactive source. A low-loss 47-pF mica capacitor can be used
for R,. Now, the I, X, term islarge and since the reactive impedance has no
thermal noise, the equivalent input noiseis

where X_. is the reactance d the source impedance at the measurement
frequency. I, iscalculated from

The only unknown in Eg. 15-8 is I,.. This method is most useful at frequen-
cies bdow 100 Hz. One difficulty with a capacitive source is biasing. To
provide a path for the input bias current or the offset current, it is necessary
to parallel the amplifier input terminals with a large resistance. This bias
resistance R, generates thermal noise current I, = (4kT Af/Rz)** which
can eadly dominate the amplifier input shot noise current. A FET input
amplifier often has a noise current of less than 10 fA/Hz!/2. This is
equivaent to the thermal noise of a 160-MO resistor. Thus the bias resis-
tance for all FET I, measurements must be in the GO (10°) range.

The correlation coefficient C can be measured after the other three
quantities, E,, 1, and E,, have been determined. Select the optimum source
resistancevalue, R, = R, such that I, R, isequal to E,. For this resistance

TABLE 15-1 Tablefor Recording Measured NoiseValues

Frequency

|, (dccallector current ar operating point)
V, (acgenerator terminal voltage)

V, (V,/attenuation)

V., (output sgnal)

K, = Vyo/ V)

R_ (sourceresistance)

E, , (total output noise)

E,, (postamplifiernoise at measurement fregquency)
E:zo = (Er%o - E34)1/2

Eni = (Errio/Kr)

Af (noisebandwidth)

M (meter correction factor)

Ex/Hz/? = ME,,/Hz'/? = E,,,if R, is0
E, (sourceresstancethermal noise)

I;R? = (E,/Hz"/*? - (E,/ '*? - E}
In - IHRS/RS




the correlation term 2CE,I,R, has a maximum effect. To determine C,
measure the equivalent input noise a third time with the optimum source
resistance R,. The correlation coefficient C can be calculated from Eq. 15-3
by subtracting the contributions of E,, I,, and E, This is a difficult
measurement of E,; since the correlation term can increase E,; at most by
40% when R, =R, and C=1

A table for systematically recording measured noise data and calculating
E, and I, isshown in Table 15-1. This table serves as a reminder to include

the various correction factors.

15-2-2 Noise Figure Measurement

An amplifier's noise figure (NF) must be measured with a specific source
resistance. The determination of NF is straightforward once you have the
equivalent input noise E,; for that value of source resistance. The noise
figureistheratio of the total amplifier and sensor noise to the thermal noise
d the sensor aone;

2

i

NF = 10l -
— ogE_t2

Another definition of NF is the degradation in the signal-to-noise power
ratio when the signal is passed through a network. This definition in equation
formis

NF = 10log

Si/ M, 101 % 101 % 15-10
5./, 10log 7 — 10log = (15-10)

I a

where §; and N, are the signal and noise powers at the input, and S, and N,
are the sgna and noise at the output. In terms of voltage, Eg. 15-10 is

The NF of atransistor can be measured using the definitionin Eq. 1511
Make the input signal level equal 100 times the thermal noise. Then Eq.
15-11 becomes

Using a meter that is calibrated in decibels as well as voltage, adjust the gain
of the amplifier with an attenuator or post amplifier until the output meter
reads OdB on some convenient range, while the 100X input signa is
connected. Now remove the input signal and increase the meter sensitivity by
40 dB, reduce the meter range by 100X. Substituting 40 dB for the v, term
in Eg. 15-12 gives

NF = 0log E,, (15-13)
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The meter reading, after removing the input signa generator, is equal to the
NF in decibels.

If the amplifier considered in the preceding discussion was nearly noise-
less, then the input and output signal-to-noise ratios would be 40 dB. On
remova o the input signa, the output meter would decrease by 40 dB to
0 dB on the new scale. In a practical case, the amplifier is not noiseless and
the output does not decrease by 40 dB, but by some lesser value such as 35
dB. The NF is, therefore, 40 minus 35 or 5 dB. Thus the output meter
reading is easly converted to the NF for the specific source resistance and
noise bandwidth of the system under study.

15-3 NOISE MEASUREMENT EQUIPMENT

The sine wave generator method of noise measurement requires measure-
ment of total output noise and transfer voltage gain. The instruments needed
are a sine wave oscillator, attenuator, test circuit, postamplifier, spectrum
analyzer or bandpass filter, and rms voltmeter. With the exception of the
spectrum analyzer, there is no special equipment required. Most engineering
labs have this equipment available for general measurements.

A diagram o the noise measurement instrumentation is shown in
Fig. 15-2. We will now discuss the system shown in the diagram stage by
stage.

Source Device
Attenuator resistance under test

generator

= / | H Integrator
(128 i |
Path B

Oscilloscope

Figure15-2 Noise measurement instrumentation.
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15-3-1 Signal Generator

The input signal generator is a sine wave oscillator. A sine wave generator is
preferred over afunction generator because some of the function generators
radiate too much signa and the grounding is poor. An oscillator with a
built-in voltmeter and attenuator is convenient but be careful of using
attenuation over 40 dB because of radiated signal and ground loops. It is
better to use an external attenuator as shown in Fig. 15-2. If the meter is not
built in, measure the signal level before attenuation with a broadband ac
voltmeter or better yet, a spectrum anayzer.

Caution! Do not try to read the low-level sine wave source signal directly at
the input terminals of the amplifier with @ DVM or an ac voltmeter. At these
low levels, the input noise of the DVM and pickup in the leads add to the sine
wave signal and will give an erroneously high reading of the input. This will
make the amplifier gain calculation too small and will make your calculation of
equivalent input noise too large. Measure the input voltage ahead of the
attenuator or read the signa with the spectrum analyzer which rejects more
o the stray pickup interference.

The oscillator can be line or battery operated since it is disconnected
before making any noise measurements. One precaution: Some o the func-
tion generators have excessve radiated signals that can yield poor results
because of pickup.

15-3.2 Attenuator

Since low-noise amplifiers often have high gain, it is necessary to reduce the
oscillator signal below its minimum setting to avoid overdriving the amplifier.
Thisis accomplished with an attenuator that serves two functions: It reduces
the oscillator signa by a known factor and it provides a low-impedance
voltage source for measuring the amplifier gain.

If a good low-impedance attenuator is not available, a calibrated attenua-
tor can be built as shown in Fig. 15-3. The attenuation is R, /(R + R,) at
low frequencies. Resistor R, provides the matching load for the signal
generator, if needed. Metal film resistors with their lower capacitance and
higher stability are recommended.

For operation above a few kilohertz, the divider must be frequency
compensated. Resistors such as R; have a shunt capacitance C; of 0.1 to
1 pF. At high frequencies, the attenuation ratio approaches C, /(C, + C,).
To compensate for a flat frequency response, connect a capacitor C, across
R, s0 that C,/(C, + C,) = R,/(R, T R,) to make R,C; = R,C,. Now the
attenuation is equal for all frequencies. To test for frequency compensation,
insert asquare waveat 7, and look for overshoot at V. Attenuations of more
than 1000 to 1 are difficult to attain in a single stage because stray capaci-
tances cause feedthrough at high frequencies.

Although the attenuator is usually removed before measuring noise, it
should be shielded because we are concerned with low-level signals and
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'shielded enclosure

Figurel5-3 Attenuator.

high-gain amplifiers. Construct the attenuator in a small shielded package
that can be plugged into the amplifier input terminals.

15-3-3 Source Impedance

To measure an amplifier noise current or NF, aresistor R, or impedance Z,
equivalent to the source impedance is required. Following the attenuator in
Fig. 15-2isalow-capacitanceresistor R, that ssmulatesthe source resistance.
It is not necessary for R, to be alow-noise resistor if there is no dc voltage
across it. Since the source resistor is often in the high megohm range, it
should be included in the shielded enclosure.

Any capacitance shunting R, causestwo kinds of measurement errors. An
apparent increasein gain K, at high frequencies results, and a reduction in
thermal noise is apparent. Such capacitance increases the transfer voltage
gain by causing a decrease in the series source impedance. | n addition, shunt
capacitance across R, shorts out part of the therma noise voltage and
therefore reduces the noise. Both of these effects cause the equivaent input
noise E,; to appear too low. (Thismay be good if you have trouble meeting a
specification, but it is a headache when trying to predict performance.)

For noise measurement the attenuator can be replaced by a shielded
resistor of value equal to the attenuator output resistance. If R, isbuilt into
the test circuit, the attenuator can be replaced by a shorting plug; thus either
the oscillator signal or a short circuit is connected.

15-3-4 Device Under Test

The fourth stage in the diagram of Fig. 15-2 represents the device or circuit
being tested. The sine wave measurement method applies equally well for
measuring the noise of a single transistor, an IC, or a complete amplifier.
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When testing an integrated op amp circuit, use overall negative feedback
to set the gain d the op amp system to some nominal value such as10 or 100.
This does not change the basic noise voltage and current measurements as
long as the feedback resistors do not add appreciable additional noise. Be
careful of noise from power supplies; they must be very well filtered. It is
good practice to use batteries mounted inside the shielded enclosure. This
avoids both pickup and ground loops.

Be careful of ground loops in your instrumentation. It is best to have a
single ground at the amplifier input. There is a very good reference on the
subject o grounding and shielding by Ott [1].

When measuring the noise of a discrete transistor, the noise is the same
for al three configurations; but it is normally measured in the common-emitter
or common-source configuration. The biasing network must not contribute
additional noise. When measuring noise over a wide range o collector
currents and frequencies, biasing becomes a problem. It is best not to use
variable resistors at these low levels.

Careful packaging of the test circuit is important. If the test circuit is
constructed as a breadboard and operated on a bench, significant low-
frequency pickup is likely. As a rule of thumb, construct the test circuitry to
be as compact as possible and place it in a small shielded box. There is a
positive correlation between the size of the box and pickup. In fact, the
pickup seems to increase exponentially with increasing package size. We have
found that small cast aluminum boxes such as those made by the Pomona
Electronic Company do a very good job of shielding. It does require extra
effort to construct the test circuitry carefully and package it compactly, but
this pays dff later in ease of measurement and freedom from pickup. At most
frequenciesthe circuit under test can be constructed on asmall universal test
board. This dlows for easy circuit changes and source impedance adjust-
ments.

15-3-5 Preamplifier

Frequently, the output of the test stage in Fig. 15-2 is very low. Since
spectrum analyzers and voltmeters have their own noise level, the addition of
a low-noise decade amplifier with a gain of 10 or 100 after the test stage may
be needed. These amplifiers are available from several companies or better,
you can build an additional stage on your test board.

Idedlly, the noise of a preamplifier does not contribute to the noise of the
device under test. To test for added noise, terminate the amplifier input in
the output impedance of the device under test and turn the test stage **off.”
The remaining output noise comes from the amplifier and wave analyzer. If
the amplifier is contributing noise, it can be subtracted as the difference of
the squares of the voltages as noted in Table 15-1. Smilarly, any noise
contribution of the spectrum analyzer can also be removed. These noise
contributions should be checked at each test frequency.
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15-3-6 Spectrum Analyzer Techniques

For spectral or spot noise measurement, bandwidth limiting is required. The
rms noise is measured in a specified noise bandwidth Af. Two methods o
measuring noise versus frequency are illustrated in Fig. 15-2 as paths A and
B. Path A uses a spectrum anayzer and path B uses afilter.

Path A illustrates the ssmplest method for making spectral noise measure-
ments over a wide range o freguencies. Since noise is composed o all
frequencies, the spectrum anayzer will display the noise spectrum. Some
problems arise because the spectrum analyzers were designed to measure
and display continuous signals and not noise. Three issues must be consid-
ered when making spectrum analyzer readings of noise: analyzer bandwidth,
detection method, and interfering signals.

The analyzer bandwidth must be considered because noise is composed o
many frequencies occurring randomly. The bandwidth of the analyzer changes
with the scan range so the noise reading will increase with increasing
bandwidth. In effect, if the bandwidth is increased, more noise frequency
components are dlowed to be measured. Noise measurements cannot be
compared directly because more noise will be measured with higher band-
widths. The correct value is obtained by dividing each reading by the square
root of the noise bandwidth Af. This brings up another problem: The
analyzersare calibrated in terms of a resolution bandwidth and not the ideal
rectangular noise bandwidth. Although the flat-topped filters used in the
analyzer are close, they may be 10% to 50% higher than the noise bandwidth.
The best approach is to determine the equivalent noise bandwidth of the
analyzer filters from the instrument manufacturer and multiply the output
reading by 1.1to 1.5 as needed.

Most spectrum analyzers are not true rms meters. They are average
reading meters calibrated to display the rms of asinewave. In thiscasg, it is
necessary to multiply the reading by 1.13 to correct the noise reading to rms.
The analyzer instruction manual should indicate the type of meter being
used.

Often, noise measurements will have low-levdl signals buried in noise
because of pickup and interference. These signas will raise the apparent
noisefloor. Since the low-levd sgnals are usually at specific frequencies, they
can be detected by using a narrowband scan. This narrow scan isdow but will
resolve the discrete signas and show the true noise floor around the signals.
When trying to read 1/f noise at low frequencies, the 60-Hz signals and
harmonics may look like noise. Reducing the scan bandwidth will resolve the
difference between the pickup and the noise.

Some spectrum analyzers have a feature called a ""noise marker' [2]. A
series of noise measurements are made at a frequency indicated by the
marker, the readings averaged and normalized to a |-Hz bandwidth. Check
with the instrument manufacturer to see if your spectrum analyzer has this
convenient feature.
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Path B of Fig. 15-2illustrates an alternate system to be used for testing a
number of devices for a specific application. For manufacturing testing, a
repeated acceptancetest is performed. A ssimplified noise measurement setup
can be constructed to replace the dower spectrum anayzer. A bandpass filter
such as a passive RLC or activefilter, determines the noise bandwidth. The
filter of the system being designed can often be used. The signa isread on a
rms or averaging meter with a bandwidthwider than thefilter. If the readings
are narrowband, use averaging and smoothing as described in the next
section.

15-3-7 Averaging Methods

Although the long-term rms value of noise is a constant, the instantaneous
amplitudeis totally random, and therefore the meter jitters. For an accurate
noise instrument we can smooth the meter fluctuations by averaging over a
long period of time. Three principal methods of smoothing are

1. Use along RC time constant.
2. Integrate the signa over a period of time.
3. Record the signal and average its value.

Filtering or averagingwith along RC time constant isthe most commonly
used method. The time constant is increased by placing a large capacitor
across the meter terminals. Accuracy isinversaly proportional to the square
root of the time-constant bandwidth as defined in Sec. 15-6. In addition to
the theoretical averaging time, wait severa time constants for the capacitor
to charge. If the bandwidth is greater than 100 Hz, the meter response
provides adequate damping. Usudly, it is only necessary to add an external
capacitor. The charge and discharge time constants of the capacitor should
be equal. If the charge time constant is shorter than the discharge time
constant, a peak responding instrument results and the ratio of average to
rms no longer holds.

A true integration technique digitizes the noise signal with a voltage-
to-frequency converter and sums the total number o cydes on a digital
counter. The total number of cycles divided by the number of seconds gives
the averagefrequency and the average noisevoltage. | ntegration methods are
fast and give unambiguous readings, but may have the disadvantages of poor
stray noise rejection and higher cogt.

For a simple laboratory method of averaging, record the rectified noise
output on a storage scope and read the average vaue. The speed and time
constant of the trace are adjusted to see the fluctuationsin signal amplitude.
In theory, the RC method produces the same accuracy as the recorded scope
trace, but in practice the recorder has an advantage. In a lab environment
there are sporadic noise spikes. An integrating or averaging circuit sums



352 NOISE MEASUREMENT

these with the circuit noise. With the recorder method, noise spikes or a
sudden change in noise level show on the record. These spikes can often be
traced to an interference source, or a record for alonger period of time can
be made until the signal becomes more typica. Essentidly, thisis using the
operator's brain as an additional selective filter. The recorder and RC
methods are laboratory techniques since they use operator judgment. For
production testing the true integration method is both easier and faster.

For an anayzer with a 5-Hz noise bandwidth, a 2-min recording time is
used to obtain 5% repeated ability. Thisis higher accuracy than necessary for
most engineering noise work. It may be needed when measuring the noise
contribution of an amplifier that is dominated by a large thermal noise
component. As a rule o thumb, 10% is good accuracy for noise measure-
ments, considering that the excess noise o a transistor type may vary by as
much as 100% to 300%.

15-3-8 Oscilloscope

It is difficult to read noise levelswith an oscilloscope because of the random
nature of noise. Total broadband noise can be estimated by taking the
peak-to-peak 'scope reading and dividing by about 6 (£3¢). This dlows for
the "'grass’ effect of the noise.

An oscilloscope is more useful as a monitoring device. As illustrated in
Fig. 15-2, a'scope is temporarily connected to the output of the amplifier to
monitor the character of the output signal. Any clipping, distortion, or
interfering signalswill often be obvious to the eye. Thisis a course check but
it can keep you from being fooled by erroneous measurements. Remove the
'scope after making the reading to avoid introducing another ground loop
into the system.

An audio amplifier can also be temporarily connected to the output as a
monitor. One author, at one time, had a high noise level in some sensor
measurements. When he connected a speaker to the output he heard music
from a local “rock” radio station which was being picked up and demodu-
lated by the unshielded sensor. While such music might be considered
“noisg, it was not the fundamental noise which the author was trying to
measure.

15-3-9 Meters

Variationsin noise readings can frequently be traced to the use of different
types o meters to measure the output noise power. To measure noise
accurately requires that the meter respond to the rms noise voltage and have
an adequate crest factor and sufficient bandwidth.

The meter must provide a rms response proportional to the power or
voltage squared. A typica meter movement is designed to measure the
average value of constant-amplitude, repetitive waveforms. It is calibrated to
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TABLE 15-2 Cred Factorsfor Gaussian Noise [31
Peak Factor in

Percentagedf Time Peak
Peak |sExceeded S dB = 20log,,

rms

indicate the rms amplitude of a sine wave, but does not usually measure the
rms value. When such a voltmeter measures noise whose waveform is neither
sinusoidal nor d constant amplitude, we do not get an accurate reading.

Random noise has a well-defmed average value when rectified, but its
instantaneous value cannot be defined except in terms of probability (see Sec.
1-2). The percentage of time that Gaussian noise exceeds a certain peak level
is shown in Table 15-2. The crest or peak factor is defined as the ratio of the
peak value to the rms value of a waveform. As shown in Table 15-2, noise has
acrest factor o 3for 1% of the time, but it reaches 4 less than 0.01% of the
time. This means, to measure noise a meter must not overload or clip on a
signal that is three times the full-scale reading.

The meter must respond to the total signal. Its bandwidth must be much
greater than the bandwidth of the amplifier system being measured. Consider
the case where the meter and the amplifier system each have a single-time-
constant high-frequency roll-off. The transfer functionswould be

where f,, isthe —3-dB cutoff frequency of the meter and f; isthe —3-dB
cutoff frequency of the sysem. If f,, = « and Af = 7f,/2, the total mea-

sured noise would be

Now let f,, be finite. The noise bandwidth Af of the measurement system
and amplifieris
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TABLE 15-3 Output Meter Bandwidth M easurement Error
Meter Bandwidth(BW) Rdative Reading PercentageError

BW = Af 0.707 —293
BW =2 Af 0.818 _182
BW = 5Af 0.915 _85
BW = 10Af 0.956 —44
BW = 20Af 0.979 _21
BW = 50Af 0.993 ~07
BW = 100 Af 0.998 ~02
BW = 1000 Af 1,000 00

Solving gives

The relative reading for a meter with bandwidth f,, is

s
fu + 1 (15-18)

Relativereading =

As an example, when measuring broadband white noise, if the meter 3-dB
bandwidth is equal to the 3-dB bandwidth of the system, the noise reading
will be 0.707 of the correct reading (see Table 15-3). If the meter 3-dB
bandwidth is 10 times the system bandwidth, the error will only be 0.956 of
the value. It is clear that the output power meter must have adequate
frequency response.

Three genera requirements of the output noise meter, then, are that it
must respond to the rmsvalue o the signa, have a crest factor greater than
3, and have a bandwidth greater than 10 times the noise bandwidth. Con-
sider, now, the three common types of meters: true rms, average responding,
and peak responding.

15-3-9-1 True rms Instruments A rms responding voltmeter gives true
rms indication of the noise if the voltmeter bandwidth is greater than the
noise bandwidth of the syssem and the noise peaks do not exceed the
maximum crest factor of the voltmeter. The crest factor of 4to 5 on most rms
voltmeters is adequate except for a system with unusually high noise spikes
such as popcorn noise. To check for clipping, monitor the noise meter signal
with a scope or change the range switch and observe whether the reading is
identical.

Two common types of rms responding meters are the quadratic devices
and those that respond to heat. Most rms meters use a form of squaring
circuit so that the meter averages the square of the instantaneous value o
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the sgnd. The meter scale is calibrated in terms of the square root of the
quantity, thus giving an indication of the rmsvalue.

Thermal responding meters use the signal power to heat aresistor linearly
and detect the temperature rise with a thermistor or thermocouple. This
follows the basic definition that the rmsvalue of an ac current has the same
heating power as an equa dc current. Thermal-type meters are usually
dower in response and tend to be subject to burnout on overload.

15-3-9-2 Average Responding Instruments To measure the rms value
of a signal, use a rms responding meter. Thisseemsobvious, yet it isfrequently
ignored. Most ac voltmeters and spectrum anayzers are average responding
instruments. They typicaly use a diode rectifier and a dc meter that responds
to the average value of one or both haves o the rectified waveform. The
average value o a full-wave rectified sine wave is 0.636 o the peak ampli-
tude; the rmsis 0.707 of the peak. To indicate the rmsvalue of a sine wave,
the meter has a multiplying scale correction factor of 0.707 /0.636 = 111 In
other words, 1.11 times the average value gives the rms of a sine wave.

A problem ariseswhen the input signal is noise, and therefore not a sine
wave. Gaussian noise has an average value of 0.798 times the rms vaue.
Since an average responding voltmeter indicates 1.11 times higher, it reads
111 % 0.798 = 0.885 o the true rms value. The averaging meter reads too
low. When reading noise on an average responding meter, multiply the reading
by 1.13 or add 1 dB to obtain the correct value. If you do not apply this
correction, you may try to clam that the noise of a resistor isless than the
thermal noise, a phenomenon that is difficult to explain.

Average responding meters may be suitable for noise measurements with
proper precautions, but it is desirable to verify the reading with a calibrated
noise source. The accuracy o the output meter is particularly important for
the sine wave noise measurement method since there is no noise reference
signa. To measure noise with a average responding meter, two more charac-
teristics must be considered: the bandwidth and crest factor of the meter. As
pointed out in Table 15-3, the meter bandwidth must be much greater than
the noise bandwidth of the system.

The crest factor limitation is a special problem. To protect the indicator,
some average responding voltmeters are designed to saturate on greater than
full-scale readings correspondingto crest factorsof only 1.4to 2. Asshownin
Table 15-2 a crest factor of 3 to 5 is desirable for Gaussian-noise. There are
two possible solutions: Use a meter with a high crest factof, or smply read at
less than half-scale. For half-scalereading, place a 6-dB attenuator ahead of
the meter and multiply dl readingsby 2. Thisincreasesthe crest factor from
2 to 4. The attenuator must have a flat frequency response.

The addition of a shunt capacitor to increase the averaging time can
convert the meter to a peak detecting instrument. This problem arises when
the meter is connected directly to the rectifier. The averaging circuit should
have equal charge and discharge time constants.
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15-3-9-3 Peak Responding Instruments A peak reading voltmeter re-
sponds to the peak or peak-to-peak value of a signal. It can be calibrated to
indicate the peak or the true value of a sine wave. Thisworkswell when the
peak valueis constant, but as shown in Table 15-2, the peak value o noiseis
avariable.

The reading of noise on a peak responding meter depends on the charge
versus discharge time constants. Peak voltmeters of different types produce
different results. In general, noise should not be measured with a peak
responding meter unless the peak amplitude of the noise has some sgnifi-
cance such as for an application that involves level detection.

15-4 NOISE GENERATOR METHOD

Amplifier noise can be measured by comparison using a calibrated noise
source E,, and a rms output noise meter located at E,, in Fig. 15-4. The
unknown noise level of the amplifier is compared with the known amplitude
d the noise generator. Accuracy is determined primarily by calibration of the
noise generator. It must have a uniform noise spectral density over the
bandwidth of measurement (white noise). Although this criteria may be
difficult to meet at low frequencies where 1/f noise dominates, at higher
frequencies the noise generator method is the easiest form of noise measure-
ment.

The calibrated noise source is shown in Fig. 15-4 as a noise voltage
generator in serieswith the sensor resistance R,. The system equivaent input
noise issummed at E, ;. The amplifier and generator noise are measured as
E, . Alternately, a high-impedance noise current generator can be connected
in parallel with the source impedance to measure the equivalent input noise
current I ..

The purpose of the noise measurement is to determine the value of the
equivalent input noise E,; or I,;. The procedure is to measure the noise at
the output twice as E,,; and E,,,. Output noise with the generator E,,
connected is E, _,, and output noisewith the noise generator disconnectedis

nols

E, ... These measurements are described by two equations:

and

Amplifier

Figure 15-4 Noise generator method noise generator
for noise measurement.
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where K, is the transfer voltage gain as defined in Eq. 15-1. For good
accuracy, E,,; should be much larger than E,,,. From these two noise
measurements and the known value of the noise generator £,,,, the transfer
voltage gain K, can be calculated:

The equivalent input noise E,; can be calculated for any known noise
generator level asfollows

The technique most commonly employed is to increase E,, to double the
output noise power. SO

Ergol = ZEr%oZ (15'23)
By substituting this relation into the general expression for equivalent input
noise, Eq. 15-22, we find

Therefore, the noise voltage of the noise generator necessary to double the
output noise power is equal to the eguivalent input noise of the amplifier.
I n summary, the measurement procedureis

Measure the total output noise.

Insert a calibrated noise signal at the input to increase the output noise
power by 3 dB.

The noise generator signal is now equal to the amplifier's equivalent
Input noise.

An uncalibrated power meter can be used to measure the noise. First, the
noise of the amplifier is measured, then the amplifier gain is attenuated by
3 dB, and, finally, the noise generator is increased until the output power
meter returns to its original level. The added noiseis equal to the amplifier
equivaent input noise.

15-4-1 Noise Measurement Equipment

There are severa types of dispersed signal generators. Although most are
noise generators, some produce a nonrandom swept-frequency sine wave.
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Either type serves as a broadband noise source. There is one basic criterion:
For noise measurement the generator must have aflat spectral noise density.
Random noise signals are generated by temperature-limited vacuum diodes,
Zener diodes, and amplifiers.

15-4-1-1 Temperature-Limited Vacuum Diode One df theoriginal noise
sources is the temperature-limited vacuum diode commonly called a noise
diode. Asa noisediode, it is operated with an anode voltage large enough to
collect al the electrons emitted by the cathode; hence the name tempera-
ture-limited diode. When there is no space-charge region around the filament
to smooth out the electron emission, the anode current shows full shot noise
I,, asgivenin Chap. I:

where g isthe electron charge, 7. isthe direct anode current, and Af isthe
noise bandwidth. The noise is Gaussian and independent of frequency from a
few kilohertz to several hundred megahertz. At low frequencies, | /f noise
dominates. In the high-frequency region, the electron transit time can be-
come significant and the output noise decreases. The anode current is
controlled by varying the temperature d the filament. Since the emission
current is an exponential function of thefilament temperature, it isimportant
to control the filament current very accurately. Use a regulated supply.

A circuit diagram of the vacuum noise diode used as a noise current
generator isshown in Fig. 15-5. Thefilament temperature and, therefore, the
anode current is controlled by avariable resistor R,. The ac load impedance
isset by the tuned circuit C,L,. Using a resonant load minimizes the effects
of anode and wiring capacitance. The noise current I, is coupled through
capacitor C,.. Capacitors C, are bypass capacitors.

Figurel5-5 Circuit diagram of vacuum noise diode.
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Figure1l5-6 Noiseequivaent drcuit for noise diode.

Refer to the noise equivalent circuit in Fig. 15-6. The noise generator is a
current source 1,, shunted by the plate resistance r,. The plate resistance of
a noise diode is typicdly from 25000 Q to 1 M. The tuned circuit is
represented by C; and L,, and R, is the effective parallel resistance o the
tuned circuit. R, has a parallel thermal noise current generator /,. The total
noise current is the sum o the shot noise and thermal noise components:

For a calibrated noise source the shot noise term must dominate the thermal
noise. Thisrequires alarge R, or high circuit Q.

If a noise voltage source with a specific output resistance is desired, a
resistor is placed in parallel with the noise diode output. This resistor must
be much smaller than the plate resistance o the diode. The output noise
voltage is the shot noise current 7, times the shunt resstance R; plus the
thermal noise voltage o the resistor. When using a noise generator the
output cable capacitance must not serioudy degrade the noise signdl.

When aresdiveload R; isused in placed L,C,, the output noise has a
flat frequency distribution. Although required for broadband measurements,
there are two disadvantagesdf a resigtive load: The thermal noise of R; is
likely to be dgnificant, and the shunt capacitance of the tube and wiring
causes a roll-off in noise at high frequencies. In genera, a reactive load is
useful to keep the losseslow and the impedance high.

15-4-1-2 Zener Noise Diode A more common calibrated noise generator
Is the low-voltage Zener diode. The Zener mechanism is shot noise limited.
Selected Zener diodes can have a I/f noise corner aslow asafew hertz. The
higher-voltage avadanche diodes, often caled Zener diodes, may exhibit
excess noise and must be calibrated for use as noise sources.

A circuit diagram o a Zener diode noise generator is shown in Fig. 15-7.
The dc supply ¥z must be much larger than the Zener voltage so that the
bias resistor R can be large. The thermal noise current & Ry paralelsthe
output as shown in the equivalent circuit & Hg. 15-8. The capacitor Cyg
bypasses the battery or power supply noise and €. decouples the dc output
level. Theload resistor R; provides the desired generator impedance to the
amplifier input, R and r,, must be much larger than R. R; will generate
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Figure15-7 Zener diode noise generator.

Figure15-8 Noiseequivaent circuit for Zener diode.

thermal noise I, and R, generates therma noise I, (Fig. 15-8). To reduce
the noise contribution of R, and provide the maximum output impedance,
replace it with an L C circuit as discussed in the previous section.

15-4-1-3 Low-Noise Amplifier as a Noise Generator A forward-biased
semiconductor diode can be used as a calibrated noisevoltage generator. The
diode shunt resistanceis 25 Q) divided by itsforward current in milliamperes.
The noise voltage E, is equa to the shot noise current times the forward
resistance of the diode as discussed in Chap. 1. Often the base-emitter
junction of a low-noise transistor can be used as a forward-biased noise
diode. Thevalue o the shot noisevoltage of a semiconductor diode is

A low-noise amplifier operating with a shorted input and a first-stage
collector current of less than 10 nA may be a good calibrated noise
generator. In thiscase, the E, noiseislimited by the shot noisevoltaged the
first transistor so that the noiseis constant if the collector current is constant.
The amplifier gain can be adjusted to provide the desired output noise level.
This may sound like an anomaly, using a low-noise amplifier as a calibrated
noise source, but it meets the basic criteria. The amplifier noise is set by
known fundamental noise mechanisms. This feature is valuable to circuit
designers because they can use the same op amp package for both the
amplification and calibrated noise generator.
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15-5 COMPARISON OF METHODS

Comparing the sine wave and noise generator methods of noise measure-
ment, the main advantage of the noise generator method is its ease dof
measurement. The main advantage df the sine wave method is its applicabil-
ity at low frequencies and the availability of equipment.

The noise generator method is straightforward because we smply connect
a noise generator to the amplifier input and adjust the generator to double
the output noise power of the amplifier. In a wideband system this is done
very quickly. Another advantageis the availability of low-cost calibrated noise
diodes. However, these noise diodes may exhibit 1/f noise below a few
hundred hertz. Since the noise generator is a broadband source, the system
noise bandwidth Af is not required. Some form of bandwidth limiting may
be necessary to measure the spot noise. This could be a narrowband filter, a
one-third octavefilter, or a spectrum anayzer.

When using the noise generator method, the noise source is connected to
the amplifier while measuring output noise, and the probability of pickup is
increased. With the sine wave method, only a small shielded resistor is
connected to the input terminals. Another disadvantage of the noise genera-
tor method is the long measurement time at low frequencies. For the
instrumentation and control fields, noise measurements extend down to afew
hertz or less. Spot noise measurements require a bandwidth of less than 1
octave. As pointed out in Sec. 15-6, a noise bandwidth o 5 Hz requires an
averaging time constant o 10 seconds for 10% accuracy. Also, the noise
generator method requires two or more measurements of output noise, the
amplifier done and the amplifier plus the noise generator.

A generd rule of thumb: Use the sine wave method for low and medium
frequencies and the noise generator method for high frequencies and RF.

15-6 EFFECT OF MEASURING TIME ON ACCURACY

Although it is impossible to predict the instantaneous value of noise, the
long-term average of rectified noise can be determined statistically.

Let us examine thefluctuationsaf the pointer of a dc meter when rectified
noise is being indicated. It is desired that the meter indicate the average
vaue of the waveform. However, if the meter circuit has a short time
constant, the pointer will try to respond to the instantaneous value o the
noise, instead of its averagevalue. It isdf course impossible to read awildly
fluctuating meter.

A relation between noise bandwidth, output meter time constant -, and
meter relative error e is
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" Output
noise
meter

. electronics

Figure15-9 Averaging drcuit.

where ¢ is the ratio of the rms vaue of meter fluctuations to the average
meter reading. For the same level of accuracy, narrowband measurements
require alonger averaging time than do wideband measurements. For band-
widths of 1000 Hz or more, the meter time constant is usualy sufficient. On
the other hand, a 5-Hz bandwidth requires a 40-s time constant for 5%
accuracy, whereas 1%o0accuracy requires a 1000-s time constant. This illus-
trates one type of difficulty encountered when making accurate noise mea
surements.

As a rule o thumb, use the widest possible bandwidth for the shortest
reading times and greatest accuracy.

Several methods of obtaining a long time constant were described in Sec.
15-3-7. The most common way isto parallel the meter with a capacitor. The
capacitor must not interfere with the calibration of the meter. Use a low-
|leakage capacitor, such as atantalum electrolytic, so that the capacitor does
not shunt the dc signa. The capacitor also may overload the output o the
amplifier by requiring larger peak currents. Test the accuracy with a sine
wave by noting whether the presence of the capacitor changes the meter
reading. In addition to the accuracy requirements, allow severa time con-
stants for the capacitor to charge.

If the output meter is connected directly to the rectifier D,, adding a
capacitor C makes it peak responding. By connecting a small shunt resistor
R, and a large series resistor R, as shown in Fig. 15-9, the meter reads
correctly; although the gain is reduced to R, /(R, T R,), where the meter
resistanceis R;.

15-7 BANDWIDTH ERRORS IN SPOT NOISE MEASUREMENTS

Spot noise or noise spectral dendity is the noise in a 1-Hz noise bandwidth.
This implies that the noise was measured with a 1-Hz bandwidth filter. In
actual practice, the noise is measured with a noise meter or spectrum
anayzer, and the bandwidth may be significantly greater than 1 Hz. To
obtain spot noise, the reading is divided by the square root of the noise
bandwidth.
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When the noise is white, bandwidth poses no problem. The total noise
voltage in a wideband is equal to the sum of identical noise contributions
from each frequency that make up the total bandwidth. Frequently, however,
noise waveforms contain a significant amount of 1I/f noise power. The
question arises: How much error is introduced when measuring the noise
spectral density with a wide bandwidth and dividing by the sguare root o
bandwidth?

Now compare the spot noise with the integrated noise in a bandwidth,
divided by the bandwidth, for an amplifier with a 1/f noise power distribu-
tion. It was shown in Chap. 1 that the mean square value of 1/f noisevoltage
IS given by

where f, and f; are the upper- and lower-cutoff frequencies in the band
being considered. This relation can be rearranged in the form

and written as

For purposes of andysis we define a center frequency f, and consider that
Af is geometrically centered about f,. Then f, = (fi f)'/%.

The bandwidth error can be calculated. Using Eq. 15-31 to integrate over
a bandwidth and dividing by the square root of the bandwidth, we compare
this calculated value with the true value of spot noise at the center frequency
f, asshown in Table 15-4.

TABLE 154 Errorsin Spot Noise Measurementsof al /f Noise
Dominated System

Af Vaueof Wideband Valued Spot
(aspercentageof f,) NoiseDividedby Af Nois at f, Percentage Error
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Even with a I/f noise power distribution, a bandwidth o one-third the
frequency gives a negligible error. If part of the noise is white, the error is
even smaler. This is convenient because it dlows us to use the readily
available one-third octave filters. One-third of an octave is approximately
equal to one-third o the frequency. In generd, it is possible to use a
bandwidth equal to the frequency, geometrically centered around the fre-
quency, and still have negligible error. In some cases, such as with non-
Gaussian "'popcorn™ noise, the noise power spectral density is proportional
to 1/f 2. The mean sguare noise voltage is

and the total noisein the bandwidthfrom f; to f, is

Therefore,

Substituting in the noise expression of Eq. 15-34 gives

Equation 15-35 shows that the total noise voltage of a I/f > power distribu-
tion is proportional to the square root of the bandwidth Af just asfor white

noise. The measurement accuracy is independent o the measurement band-
width.

15-8 NOISE BANDWIDTH
As discussed in Chap. 1, the noise bandwidth is not equal to 3-dB bandwidth.

The noise bandwidth is dways greater than the 3-dB bandwidth. A definition
of noise bandwidth was given:

Here we add a few commentsto the discussion given earlier. If the power
gain curve is not symmetrical about the center frequency as shown in Fig.
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Figurel5-10 Noise bandwidth o anonsymmetrical transfer function.

15-10, the selection of f, is arbitrary. Consider the noise bandwidth of curve
EFF'G which has two peaks at F and F'. Two reference frequencies f, and
f. aredefined in thefigure. These produce rectangular bandwidths of ABCD
and A'B'C'D’, respectively. Each o these rectangles has the same
gain—bandwidth product, but the peak gains differ; we see that the noise
bandwidth AD is smaller than A'D'. Either determination of the noise
bandwidth can be correct, although the preferred is AD.

The noise bandwidth can be measured with a calibrated noise generator.
The noise generator must be the dominant noisein the syssem. Measure the
transfer voltage gain K, at f,. Then, with the noise generator connected to
the input terminals, measure the total output noise E,,. The output is

where K, isthe transfer voltage gain, E; istheinput noise signal in volts per
hertz!/#, and A f isthe noise bandwidth. The unknown Af is

SUMMARY

a Two widdy used techniquesfor noise measurement are the sine wave and
the noise generator methods.

b. The sinewave method requires measurement o the total output noise £,
and the transfer gain K,. Then, E,;=E,,/K,.

c ForR,—»0,E, ,=E, ForR,—» =, E,,=1R,.
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To eliminate therma noise from R,, a capacitor can sometimes be
substituted for the source resistance.

A spectrum analyzer is convenient for making spectral density measure-
ments.

The noise voltage of a noise generator necessary to double the output
noise power is equivalent to the E . of the system under test. Thus the
generator must be calibrated.

The shot noise of a calibrated noise source is used for noise measure-
ments.

The requirements for an output noise meter are: (1) it must respond to
noise power; (2) it must have a crest factor greater than 3; and (3) it must
have a bandwidth 10 or more times the system noise bandwidth. A true
rms reading meter is best; an average responding meter must be corrected
by a 1.13 multiplier; and a peak responding meter isvalueless.

PROBLEMS

15-1. Design an attenuator of the Fig. 15-3 type to match a 600-Q) signa
generator. Consider that R, = 10 Q. The output ¥, should be 1%0d
V,. Specify values for R; and R,

15-2. The spot noise figure is to be determined, but we do not have a
measuring instrument calibrated in decibels, we just have a true value
reading voltmeter. The transfer voltage gain K, is measured to be
10,000. We adjust thelevel of theinput signal so that at the output port
V., =100E ,. We measure the input signal to be 1 nV at the source
resistanceis 1000 Q). Find the NF.

15-3. Design a test setup to measure the excessnoise of resistors. Develop a
block diagram and specify the gain necessary and any special require-
ments for the equipment.

15-4. The probability density function (pdf) of a Gaussian distribution was
givenin Chap. 1 by Eq. 1-1 as

The expected value of any pdf corresponds to its average value (dc
value) and can be found by
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Now consider that a regular ac voltmeter (not a true rmsvoltmeter) is
to be used to measure a Gaussian noise voltage. This ac voltmeter uses
a full-wave rectifier to determine the dc value o any ac applied
waveform. Then the dc reading is 'scaled” to a corresponding 'rms"
value by a gain constant. Show that the expected value d the absolute

value d the Gaussian pdf is given by

Assumethat p = 0 in the pdf expression. H nt: Make a change-of-vari-
able substitution before performing the integration by letting y = x /o
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APPENDIX A

MEASURED NOISE CHARACTERISTICS
OF INTEGRATED AMPLIFIERS

This appendix contains the measured data from a smal sample of IC
amplifiers that represent the current noise technology. Since books change
dowly and technology advances rapidly, these data are only an indication of
the state of the art.

A variety of process technologies are included to contrast their perfor-
mance for various source impedances and frequency ranges. Unfortunately,
there is no single low-noise amplifier that will fill al requirements. The eight
devices shown are:

OP-27 /OP-37 bipolar op amp. Gain-bandwidth = 63 MHz (OP-37).

TLO061 JFET input op amp. Gain-bandwidth not specified.

TLO071 JFET input op amp. Gain-bandwidth= 3 MHz.

OP-97 super B bipolar. Gain-bandwidth = 09 MHz.

wA 741 general purpose bipolar op amp. Gain-bandwidth = 1. MHz.

AD745 BiFET op amp. Gain-bandwidth = 20 MHz,

TLE2037 bipolar op amp. Gain-bandwith = 80 MHz.

TLC2201 advanced Lin CMOS™ op amp. Gain-bandwidth = 2 MHz.
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OP-27/0OP-37 bipolar op amp. Gain-bandwidth = 63 MHz (OP-37).
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TLO61 JFET input op amp. Gain—bandwidth (not specified).
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TLO71 JFET input op amp. Gain—-bandwidth = 3 MHz
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OP-97 super B bipolar. Gain—bandwidth = 0.9 MHz
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wA 741 general purpose bipolar op amp. Gain—bandwidth = 1 MHz.
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AD745 BIFET op amp. Gain—bandwidth = 20 MHz
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Frequency in Hz

TLE2037 bipolar op amp. Gain-bandwidth = 80 MHz
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TLC2201 advanced LinCMOS™ op amp. Gain-bandwidth = 2 MHz.
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MEASURED NOISE CHARACTERISTICS
OF FIELD EFFECT TRANSISTORS

This appendix contains measured data on some discrete FETs to illustrate
noise performance. Compare the discrete devices with the newer data on
JFET input op amps in App. A.

Dashed linesin the plots indicate extrapolated data based on extension of
the low- and high-frequency data. The seven devices shown are:

2N2609 n-channel JFET.

2N3460 n-channel JFET.

2N3684 n-channel JFET.

2N3821 n-channel JFET.

2N4221A n-channel JFET.

2N4416 n-channel JFET.

2N5116 p-channel JFET.
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Frequency in Hz

2N2609 n-channel JFET.
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2N3460 n-channel JFET.
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2N3684 n-channel JFET.
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2N4416 n-channel JFET.
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2N5116 p-channel JFET.



APPENDIX C

MEASURED NOISE CHARACTERISTICS
OF BIPOLAR JUNCTION TRANSISTORS

Examples of the noise characteristics of BJTs are shown in this appendix.
Noise constantsfor these transistors are shown in Table 6-1. Noise measure-
ments were made on a small sample of each device to show the general
characteristics of discrete BJTs and may not represent current device tech-
nology. The eight devices shown are:

2N930 npn
2N3964* pnp
2N4124 npn
2N4125 pnp
2N4250*  pnp
24403 pnp
2N5138 pnp
MPS-A18 npn

*Same curves for these two devices.
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2N4250 AND 2N3964 PNP
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APPENDIX D

RANDOM NUMBER GENERATOR
PROGRAM* (WRITTEN IN PASCAL)

Program NOISE(input,output);

CONST
blank= "' '»
arraysize=6000;
zero =0;
index =100;
positive="P0S';
negative = "NEG';

TYPE
Random_Number = array [1..arraysizel of real;
Random—-Set=array [1..551 of real;

VAR
voltage_number ,seed,counter ,N1,N2:integer;
numbers ,output_node,neg_node,pos—_node,Nexti:integer;

Nextip,l_set:integer;

sum,mean,variance,rms,sigma,G_set:real;
time—_step,maxtime,time, next_time,last_time:real;
X:Random_Number;
result:text;
Bunch:Random_Set;

*
This program developed by Ahmad Dowlatabadi.
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function Random3{(var seed:integer):extended;

const
Big=1e9;
Local—_seed=161803398
Factor=1le-9;

begin
i f (seed<zereo) then
begin
j:= Local_seed + seed,;
if j>=zero then j:=j-Big*trunc(j/Big)
elsej:=Big-abs(j) +Big*xtrunc(abs(j) /Big);
Bunch[55]1:= j;
ki= 1;
for N1:=1 to 54 do begin
N2:=21%N1 mod 55;
Bunch[N21:=k;
ki= j-k
i f (k<zero) then k:= k +Big;
j:= Bunch[N21]
end;
for counter:z=1 to 4 do begin
for N1:=1 to 55 do begin
BunchI[N1J1:=Bunch[N1J~BunchL1+ ((N1+30) mod 55)71;

i FBunchIN1J1<zero then Bunch[N11:=BunchIN11+Big;

end;
end;
Nextiz=0;
Nextip:=31;
seed:=1
end;

Nexti:=Nexti +1;
if Nexti=56 then Nexti:z=1;
Nextip:=Nextip+1;
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if Nextip>=56 then Nextip:=1;
j:=Bunch[Nextil-BunchINextip];
if j<zero then j:= j+Big;
BunchI[Nextil:=3j;
Random3:= j*Factor;

end;

function Gaussian (var seed:integer):extended;

begin

if |l _set=0 then begin
repeat
vi:=2*Random3(seed)-1;
V2:=2*Random3(speed)-1;
radius:=sgr{vl1l) +sgr{v2);
until radius<1i;
Factor:=sqgrt(-2*ln(radius) /radius);
G_set:=vi1*Factor;
Gaussian:=vZ2*Factor;
I_set:=1;
end
else begin
Gaussian:= G_set;
| _set:=0;
end;
end;

BEGIN

for counter:=0 to arraysize do
begin
XLcounterl:=0;
end;
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assign(result,'noise.cir');

rewrite(result);

writeln("Enter the number of random numbers needed.’);
readln(numbers);

writeln('Enter an integer for seed.');
readln(seed);

writeln('Enter the duration of simulation');
writeln('(Ex. 1Tms=1e~3)");

readln{maxtime);

i f seed>0 then seed:=-1%*seed;

if seed=0 then seed:=-1

sum:=0;
mean:= 0
rms: = 0;

variance:= 0;
time:= 0O;
counter:= 0
| —_set:=0;

Calculating the mean and standard deviation (rms)
of the set.

for counter:=1 to numbers do
begin
XLcounterl:=Gaussian(seed);
sum:= XLcounterl+ sum;
end;
mean:= sum / numbers;
for counter:=1 to numbers do
variance:=variance + sqr(XLcounterl-mean);
rms:=sqgqrt{{variance) /numbers);
write(result,'*The mean and standard deviation');
writeln(result,' before transformation are?);
writeln(result,'*mean="',mean,blank,'rms="_,rms);
sigma:= Q
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Calculating new set of numbers based on the
obtained mean and rms values such that the new

numbers have mean=0 and rms=1.

for counter:=? to numbers do
XLcounterl:= (XLcounterl-mean) / rms;

The .Subckt is written here.

time step:=maxtime / numbers;

i f (numbers mod 18) =0
then voltage_number:= (numbers div 18)
(numbers div 18) +1;

else voltage—number:

for N1:=1 to voltage_number do begin

N2:=0

writeln{(result);

neg—node:= index*(N1-1);

pos_node:=index*(N1);

if N?2=1 then
begin
writeln(result,'.Subckt TDNG',blank,positive);
writeln(blank,negative);
write(result,'V',N1,bLank,pos_node:5,bLank);
write(negative:5);
end

else

if N?=voltage number then
write(result,'V',N1,blank,positive:5,blank);
write(neg—node:5)

else
write(resu[t,'V',N1,bLank,pos_node:S,bLank,

Wwrite(neg—node:5);
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If N1=1
then writeln(result)
el se begin
writeln(result,blank,time:12,'s',blank,zero);
end;
repeat
N2:=N2+1;
time:=time+time—step;
if N2 md 3=1 then write(result,’ +1');

write(result, time:12,"'s',blank);
write(XCN2+ (N1-1)%18]:10:8,blank);

iIf N2 mod 3=0 then writeln(result);
until C(N2+ (N1-1)*18>=numbers) or (N2>=18));

iFTN2 md 3=0 then write(result,'+"');
next time:= time+time step,
writeln(result, next_time:12,"'s',blank,zero,')");

end;
writeln(result);
write(result, "RLOAD', blank, positive, blank);
writeln(negative, blank, "1");

writeln(result,'.ends');
close(result);
end.

The program is interactive and is run usng Turbo Pasca. When the
program is executed, the following lines will appear on the screen and
prompt the user for information.

>Enter the number of random numbers needed.

50

>Enter an integer for seed.

1

>Enter the duration of simulation (Ex. 1 ms=1e-3)
H5e- 6

Note that the numbers 50, 1, and 5e-6 were the numbers used to generate
Example 4-4. The output file which is created is identified as “noise.cir”
default in this program. Thisfile must have the additional circuit nodes and
rms noise level added as shown in FHg. 4-14.
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ANSWERS TO SELECTED PROBLEMS

CHAPTER 1

1 1kQ: 895 nV/Hz?, 4 uV/Hz'/?, 179 uV /Hz'/?
50 kQ: 632 uV/Hz?, 283 uV/Hz'/?, 1265 uV /Hz'/?
1MQ: 283 uV /Hz'/?, 1265 uV /Hz'/?, 565.7 uV /Hz!/?

2. 89 nV /Hz'/?
3. 595 kHz
4, 100 Hz
5. 283 uV/Hz'/?, 56.6 pA /Hz'/?
6. 266 X 102 V2/Hz, 163 wV /Hz/?
7.R=350,r,=250
8 Af ==f,/8 =115 f_, 45
9. 933 Hz
10. Almost three decades
11 375Hz
14. 941 Hz
15. (a) R, =135 Q, (0) V,1mey = 238 MV, ¥, p0eme) = 149 MV,

(¢) The S/N ratio for the diode circuit islarger.
16. 637 nV, 20 nV, 316 uV
17. (a) 774597, (b) 11.5 x 10°
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CHAPTER 2

2 F=1L,NF=0dB; F=2 NF=3dB, F=3, NF =477 dB
3. NF =3 dB
6. @E,; =114 uV, E,, =234 V) E,;=1puV, E,, = 09 uV
7. (@) 509 X 10718 V2/Hz; (b) T, = 627 K; (¢) R, = 216 kQ
8. EZ =4x10716 vy?
9 E,,=183nV
10. 10.32
1L @ EZ =392 X 107 V2 (b) E?, = 418 X 10~ V2
12. (a) K, = 2536 (b) E2, =468 x 1072 V2 (c) E% =727 X 10~ V2

CHAPTER 3

1 208 nV
2. (@ A=100, B=1099, C=99 D =99, (b) E*, =109 X 10~
V2 (c) EZ=109x 1075 V2
3 (@R: 4025 <107 V% R,: 415 X 1072 V% R 595 X 10718 V3
R,:0V%(b) E:826X 1072 V2, I :14 X 107 V2 Ix2: 143 X
1075 V2 (0 E,, = 161 uV
4. I,:568X 1075 v?
5. 2475 k0
6. (@ E:(R,) =201 X 10712 v?
EX(R,) =102 X107 Vv?
EZ(R;) =197 x 10~ v?
E?(R,) =193 x 10710 V2
E2(R) =193 X 10~ v?
(MYEZ(E,) =412 X 10712 y?
E2(1)=15Xx10"12V?
7. (@ EX(R,) =1.61X 10716 V2
EZ(E) =113 x 10715 V2
E*(E) =506 x 1071 v?
ME, =161mV
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9. EZ(R) =145 X% 107 V?/Hz, E?(R,) =145 X 10~ V?/Hz,
E2(R;) =145 X 10~* V2?/Hz, E*(R,) = 145 x 10~ * V?/Hz,
E?(Ry) = 483 X 10-1® V2/Hz, E2(E ) = 90 X 10~ * V2 /Hz,

EZ(I,) =3.60 X 107 V2/Hz, E’(E,,) = 93 X 10~ V?/Hz,
E?(I,)=36x10"" V2/Hz, E?, = 601 x 107" V?/Hz

10. E2 =282 x 10716 V2

11. The inverting amplifier has twice the equivalent input noise as the

noninverting configuration.

CHAPTER 4

1L KF=64E - 17, AF =1, KF=16E - 16, AF =1

2. E,=10nV/Hz'?, f,., =200 Hz, I, = 1.2 pA/Hz"?, f,., = 1kHz.
3. =37.3dB

4. Same excess hoise. Gain is doubled.

7. 195 Hz

8. (a) E,, = 465 nV; (b) E,, = 397 uV

CHAPTER 5

1. EX(R,) = 1.61 X 10716 V2, EZ(E,) = 443 X 1075 V2, E2(I) =
116 X 10777 V%, EZ% = 46 X 10715 V2

2. E>(R;)=1078 x 10718 v?

3. E,=113 nV, E, =358 nV, E, =283 nV, |,, =68 pA, B =150,
I,, = 0555 pA, I, = 1L754 pA

4. (a) MPS-A18; (b) 2N4403

5 (a) E; =500 x 107 V? (b) T, = 354°C; () R, = 216 kQ

7. The pnp givessmaller equivalent input noise because the base spread-
ing resistanceis lower due to n-type material.

8. Amplitude, duration, and frequency of occurrence.

CHAPTER 6

1 WIL = 5789, I, = 534 mA

2 () g, = 317pA/V, |,, =184 pA/Hz?, r, = 2MQ, I,, = 0031
fA/Hz'/?, I, = 288 pA/Hz'/%; (b) R, = 293 GO; (¢) I, = 125 pA,
Vi = 3577V, Vpg = 5 V.
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3. (b) F = 1.0086, NF = 00371 dB

4. (a) 2N3821 (b) 2N3631

5. (a) 483 nV/Hz"/2? (b) 1.6 kHz (c) I, = 16 mA, Vg = 199 V
6. R, =333MQ, E2 = 259 X 10~ V2/Hz

7. 231nV/Hz'2, 566 fA /Hz'/?

CHAPTER 7

SCHORCEICE:

2 41 uv

3 NF = 1186 dB at resonance; NF = 19.71 dB at 3kHz

4. () E,; =2 uV at 3kHz, E,; =167 nV at 10 kHz, E_, = 1833 nV at
30 kHz

5. (@) 6784; (b) EA(R,) =161 x 107 V2 E%(E,) =16 X 107" V2,
EZ(I)=128x% 107 V2 E,. = 1743 nV; (c) Af = 275kHz, Eno =
6.24 mV

CHAPTER 8

2 (a) I, =98 fA/Hz'/?, I, =30 nA/Hz!/? (b) 749 kHz (c) E, =
600 nV (d) Area o the diode.

3. (a) 850.7 kHz (b) 241.3 uV

4. (@) f,s = 15915 kHz, f,, = 2456 kHz (b) I, = 205 nA

CHAPTER 9

1 R,, = 333MQ, E,, = 131nV/Hz!/?

2 E,=4nV/Hz'/? I, =09 pA/Hz'/?, R, = 444 kQ, E,; = 533
nV/Hz!/2, NF = 548 dB

3. T=5V,=10mV

4. (@) Choose I, =10 pA, E,; = 738 uV, NF= 0546 dB; (b} choose
I, =30 pA, E,; = 719 uV, NF = 0295 dB.

CHAPTER 10

1. (b) Cg, 596 Hz (c) 21.23 kHz
2 (b) C, 2.083 Hz (c) 54.35 kHz
3. (b) Cp, 1.27 Hz (c) 14.67 kHz
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4. E% =155 x 107'° v?, R dominatesat 10 Hz
E?=135x 1071 v2, R dominatesat 10 kHz
5. (a) E,; = 37.3nV at 10 Hz, E,; = 63 nV at 10 kHz
(b) E,; = 30320V at 10Hz, E,, = 630V at 10kHz
6. EZ =193 X 107 V? at 10 Hz, R dominates
E% =163 X 107" v2 at 10kHz, R dominates
7. E; =65 X 107" V2 at 10 Hz, R dominates
E%. =66.1x%x 107" Vv? at 10 kHz, R, dominates
8 E%=231x 10" v?

CHAPTER 11

CHAPTER 12

2 NI = -12880dB, E,, = 5987 x 107°
4 I =95024 A

CHAPTER 13
1 For W,/L, =4, W,/L,=1277

2. E, (diode) = 4633 pV /Hz'/?,
E, (transistor) = 1.374 nV /Hz'/2

CHAPTER 15
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SYMBOL DEFINITIONS

To designate electronic circuit quantities the system of symbols used in this
book conforms to standard practice in the semiconductor field wherever
possible, unless this adds ambiguity or creates confusion.

1. Dc vaues of quantities are indicated by capital letters with capital
subscripts (I, V). Direct supply voltages have repeated subscripts
(VBB’ VCC)'

2. Rms values of quantities areindicated by capital |etters with lowercase
subscripts (Z,,, V).

3. The time varying components of voltages and currents are designed by
lowercase letters with lowercase subscripts (g,, 7).

SYMBOLS
First Used
Symbol Definition in Equation
a Number of bursts per second 5-38
Ay Buffer voltage gain 13-1
4, Voltagegain 1-9
. Peak voltagegain 1-9
B Feedback factor 3-1
BF Bit factor 11-2
B, Short circuit current gainin BJT 51
BW Bandwidth 539

C Capacitance 1-56



412

SYMBOL DEFINITIONS

Symbol

First Used
Definition in Equation

Correlation coefficient

Reflected capacitance

Gate to drain capacitance

L oad capacitance

Collector—basecapacitance

Gate oxide capacitance

Base—-emitter capacitance

Shunt capacitance

Noise bandwidth

Meter error

Activation energy

Noisevoltaged resistors R, R,, R,

Noisevoltagedf coupling network

I/f noisevoltage

Equivalent input noise voltage

Noisevoltage of stagel and 2

Equivaent input noisevoltage

Output noise voltage

Noise of source resistance

Total input noise voltage generator

Noisevoltagedrop across r_

Noisevoltagedf popcorn noise

Noisevoltagedf reference

Shot noisevoltage

Thermal noisevoltaged aresistance

Thermal noisevoltageof r,,

Noisevoltage of unregulated supply

Thermal noise voltage of base spreading
resistance

Noisevoltage generator of Zener diode

Noisefactor

Frequency

—3-dB high—frequency comer

Sysgem — 3-dB cutoff frequency

Upper frequency limit

Noise corner frequency

Lower frequency limit

Noisefactor at R,

Current cutoff frequency

Conductancein siemens

Exponent in I/f mode

Available power gain

Channel conductance
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First Used
Symbol Definition in Equation

Output conductance 6-18
Transconductance 51
Peak power gain 1-8
Base current 5-8
Burst noise current 5-37
Collector current 52
Dc drain current 6-15
Noise current of adiode 4-3
Direct current in amperes 1-50
Quiescent drain current 6-26
Emitter current 1-51
I/f noise current 510
Dc reverse saturation gate current 6-33
Equivaent input noise current 2-7
Noisecurrent of stageland 2 316
Shot noised base current 5-8
Shot noise of collector current 59
Drain noise current generator 6-24
Gate noise current generator 6-23
Output noise current 513
Thermal noisecurrent of R, -7
Total input noise current generator 10-34
Reverse saturation current 1-51
Shot noisecurrent 1-50
Thermal noisecurrent of aresistance 1-25
Total noisecurrent 15-26
Boltzmann's constant (1.38 X 10~ W-s/K) 1-3
Dimensiona constant 1-45
Common mode gain 10-38
Differential gain 10-36
Transconductance parameter 6-15
Voltage gains 13-1
System transfer gain 2-1
Reflection coefficient 6-28
Gatelength 6-15
Channel length modulation parameter 6-15
Effective channel length 6-26
Parallel inductance 7-13
L east significant bit 11-28
Excess noise constant 12-2
Mean or averagevalue 11
n—channel mobility 6-16
Number of bits 11-1
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Symbol

First Used
Definition in Equation

Number of stages

Noise equivaent power
Noisefigurein dB

Noise power

Noise index

Available noise power

Noise coefficient

Error probability

Electronic charge(1.602 x 10~ Coulombs)
Resistance, real part o Z

|/ base spreading resistance
Biasresistance

Collector resistance

Diode dynamic resistance
Equivaent drain noise resistance
Output resistance

Emitter resistor

Shockley emitter resistance
Reflected resistance

Feedback resistance

Load resistance

Equivalent noise resistance
Optimum noise source resistance
Parallel resistance
Base—emitter resistance
Output resistanced reference
Resistancedf sgna source
Thevenin resistance

Base spreading resistance
Standard deviation

Signal to noiseratio

Spectral dendity of noisevoltage
Temperaturein kelvins(K)
Transformer turns ratio
Trapping time constant

Period

Equivaent noise temperature
V oltage (not noisevoltage)
Biasvoltage

Base—emitter voltage
Common mode signal
Collector supply voltage
Differential differencesigna
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First Used
Symbol Definition in Equation

Drain to sourcevoltage 6-15
Excess noisevoltage 4-6
Gate to sourcevoltage

Input signal voltage

Referencevoltage

Rms voltage

Signd voltage at source

Output signal voltage

Thresholdvoltage

Gatewidth

27 f

Capacitive reactance

I nput admittance

| mpedancedf coupling network

I nput impedance

Seriesimpedance

PREFIXES

The following prefixes are used to indicate decima multiples or submultiples
d units:

Multiple Prefix Symbol
102 tera T
10° giga G
106 mega M
103 kilo k

milli m
I micro H

nano n
10~12 pico P
1 femto f

Thus 1.7 GQ is an impedance equal to 1.7 X 10° Q, and 6.0 fA is a current
of 60 x 10" A.
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A/D converter, 252, 269, 272, 279, 282
Accelerometer, 196
Accuracy, noise measurement, 361
Addition of noise, 18
Amplifier(s): seed so specific amplifier,
such as CC-CE amplifier.
ac, 135, 333,336
biasng, 225
dc, 135,334,335
design, 223, 330
high impedance, 333
selection for noise, 210
Analog-to-digital converters, 252,269,
272, 279, 282
Anayzer, noise, 350
Answers to problems, 406
Attenuator, 347
Available noise power, 8
Avdanche:
breakdown and noise, 133, 297
damage to transistors, 134
diode noise, 297
Averaging, noise, 351, 361
AXxis crossings, noise, 11

Bandgap voltage reference, 324
Bandwidth limiting, 213, 354

Bandwidth:

errors, 353, 362

noise, 8, 11

noise measurement, 364
Battery noise, 299
Beta-cutoff frequency, 111
Biadng:

bipolar transistor, 225, 330

capacitors, 228

stability criteria, 227
Bipolar, mode, 110
Bipolar diode voltage reference, 316
Bipolar transistor bias, 225
Bipolar transistor noise, measured data,

385

Bit error, 252, 279
Bit error noise, 275
Bit factor, 255
Bolometer detector, 186
Boltzmann's constant, 8
Brownian motion, 8
Burst noise, 126, 248
Bypass capacitors, 228

Capacitance, shunt, 177
Capacitive bypass of noise, 228
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Capacitors:

bypass, 228

coupling, 228

noise, 296
Capacity multiplier filter, 309
Carbon resistor noise, 295
Cascade amplifier, 331
Cascaded, noise, 47, 231
Cascode amplifier, 236, 237, 332
CC-CE amplifier, 24
CE amplifier, 225
CE-CB amplifier, 236, 242
Circuit andyss

design, 207

noise, 22
Circuit-caused avalanching, 134
Circuit configuration, 224
Circuit diagrams:

cascode amplifier, 236,332

CC-CE, 24

CE-CB, 236, 242

COMmMmoN source—common emitter, 232

common-emitter, 225
differential amplifier, 242, 335
emitter coupled amplifier, 242
feedback amplifier, 334
paralel-stageamplifier, 335

CMOS divider voltage reference, 314

Cail:
noise, 178, 195
sensor moddl, 178, 195
Common, emitter configuration, 225

Common-mode, isolation, 243, 300, 306

Comparator noise, 271
Component noise
avalanche diodes, 297
batteries, 299
capacitor, 296
resistor, 289
transformers, 299
zener diodes, 297
Computer noise andyss
amplifier moddl, 79
biased resistive sensor modd, 187
bipolar transistor modd, 113
coil-RLC noise mode, 179
D/A converter, 261
diode modd, 190
integration method, 101
noise program, 79

photo diode model, 190
piezoel ectricsensor modd, 197
resistive sensor moddl, 185

sample problem, 82, 87, 90, 93, 99, 179

transformer model, 202
Computer aided design, 79
Computer program, SPICE, 80, 179
Contact noise, 25
Contoursd noisefigure, 124
Correlation, 19, 21, 23, 38, 41, 344
Coupling capacitors, 228
Coupling network noise, 173
Crest factor, 353, 355
Cryogenic, 163
CS—-CE amplifier, 323
CS-CG amplifier, 237
Current noise:

amplifier, 38

excess, 25

measurement, 41

shot, 27

thermal, 18, 20
Current source noise, 322

D/A converters, 252, 255, 282
D/A spicesmulation, 261
DC amplifier, 335
Design:
computer aided, 79
low-noise amplifier, 334
procedure, 207
Desgn examples
resistive sensor, 218

transformer coupled amplifier, 198, 219

Device selection, 210

Differential amplifier, 55, 239, 247, 335

Digital-to-analogconverters, 252, 255,
282
Diode:
equation, 28
noise, 29, 190, 297
sensor model, 188
Dynamic microphone, 194

Electrolytic capacitors, 296
Electroniccharge, 28
Electrostaticshielding, 6, 343, 349
Emitter biasing, 229



Emitter resistance, 111
Equipment, noise measurement, 346
Equivalent circuits:
anayss, 172
biased resistor, 175, 186
bipolar transistor, 110, 128, 226
capacitance, 177
coil, 178, 194
diode, 188
field effect transistor, 141, 152
inductance, 194
input noise, 39, 173
modds, 17, 172
networks, 18, 172, 175, 185
noise, amplifiers, 172
piezod ectric sensor, 197
popcorn noise, 127
resistance, 17, 185
resonant circuit, 178, 194
transformer, 198
Equivalent input noise:
application, 172, 207, 212, 214, 231
bipolar transistor, 114, 123
computer calculation, 79, 82, 83
derivation, 39, 173
equation, 41, 172
measurement, 165, 340
Excess noise, 25, 84, 88, 290

I/f noise
definition, 8, 25
measurement, 363
modd, 84, 86, 88, 113, 122, 142, 150,
153, 162, 191,291
Feedback:
amplifiers, 333
In low noise design, 53, 188, 212, 349
noise modd, 53
positive, 67
Ferroelectric ceramic e ements, 196
FET noise:
measured data, 142, 377
measurement, 162
model, 41, 152
Fiber optic detector, 188
Field effect transistor amplifiers, 224, 333
common source, 232
differential, 239
high impedance, 333

INDEX 419
Flm resstors, 24

Filtering, power supply, 308

Flash A/D converter, 269, 279

Hicker effect, 25, 84

Gain, 40, 115, 173, 341
Gain-bandwidth, 111
Gdlium Arsenide FET fabrication, 155
Gdlium Arsenide FET noise, 154, 158
Gaussian noise:

axis crossings, 11

crest factors, 11

definition, 6, 95

distribution, 6

peaks, 353
Generation—-recombinationcenters, 26,

127, 152, 153

Generator, noise, 358
GR noisg, 187, 191
Guarding, 191

High impedance amplifier, 334
Hybrid-= noise model, 109
Hydrophone, 196

| C noise, measured data, 215, 368
| C resistors, 296

Inductive sensor model, 178, 194
Infrared cell sensor, 186, 188,193
Infrared detector, 188, 193

Input impedance, 40, 85, 143
Integrated BIT amplifier, 237, 244
Integrated transistors, 111, 247
Integrated voltage references, 312
Integration, noise, 101, 247
Inverting amplifier, 59, 63
Iterative design, 208

Johnson noise, 8

Kirchoff's lav, 22
KT /C noisg, 8, 30
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L aser detectors, 188

Lateral transistors, 248

Limiting noise, bipolar transistor, 116,
119

Linear integrated circuit, measured noise
data, 368

Load resistance noise, 175, 186

Low frequency noise, 25

LVDT, 14

Macromodels, 103
Magnetic shielding, 6, 301, 349
Matching, transformer, 198, 299
M easured noise data:
BJT, 216,
FET, 164, 167, 215
integrated circuits, 368
M easurement:
bandwidth, 353
circuit, 346
current, 166
equipment, 346
FET, 164
noise, accuracy, 361
noise figure, 345
noise generator method, 356
popcorn noise, 129
sine wave method, 340
voltage, 166
Metal film resistor, 294
Metal foil resistor, 24
Meters:
average responding, 353, 355
noise, 352
peak reading, 356
power output, 352, 357
rms, 34
Microphone, 196
Micropolasma noise, 128
Miller effect, 143, 149
Modes, noise, 38, 83, 172
Monalithic I C resstors, 296
MOS diode voltage reference, 319
MOSfield effect transistor:
application, 146
measured noise, 368
noise moded, 146
Multistate noise, 298

Negative feedback:
amplifiers, 189, 212, 333

in low noise design, 53, 208, 212

noise modd, 53

NEP, 192

Noise
1/f, 8, 25,84, 192
addition of, 18
bandwidth, 8, 11
bipolar transistor, 109
bit error, 275
of cascaded networks, 47
circuit anayss, 22, 207
common mode, 243
comparator, 271
computer andyss, 79
contours, 125
current source, 322, 356
current, 25, 38, 41, 83
definition, 5
differential amplifier, 240
diode, 28, 296, 358
excess, 25,290
feedback of, 53, 212
fidd effect transistor, 140
flash A/D converter, 269
Gaussan, 6, 95
integrated circuits, 247
low frequency, 25
of passve components, 289
of reactive components, 296
resistor, 289
shot, 356, 358, 359, 360
spectral dengity, 16
summing, 18
thermal, 8, 10, 41
white, 9

Noise andyss D/A converter, 255

Noise bandwidth:
calculation, 98
definition, 11, 98
measurement of, 356

Noise current, 116

Noise current:

I, definition, 38, 83
measurement, 41, 165, 342
Noise data, measured, 43, 215

Noise diode, 297, 358

Noise equivalent power (NEP), 192

Noisefactor, 44



Noisefigure:
bipolar transistor, 120, 123
calculation, 98
contours, 125
definition, 44
measurement, 345
Noise floor, 9
Noise generator program, 95
Noise index:
definition, 25, 201
graph, 293
modeling, 88, 290
vaues, 263, 293
Noise integration, 101
Noise measurement, 164, 361
Noise models.
amplifier, 38, 172
anayss, 172
biased resistance, 186,
capacitance, 177
computer, 83
derivation, 39, 172
diode, 29
fidd effect transistor, 141
hybrid-7, 112, 128
input noise, 39
integrated circuit, 112
network, 17, 172
photo diode, 188
piezoelectric transducer, 197
popcorn, 126
resistor, 17, 185
resonant circuit, 178
transformer, 201
zener diode, 297
Noise power, 9
Noise resistance, 46, 150
Noise source, 297, 358
Noise temperature, 47
Noisevoltage, 9, 38, 41, 83, 117
E,, definition, 39, 83
measurement, 41, 166, 342
Noninverting amplifier, 60, 65
Nyquigt noise, 8

Operational amplifiers, 55

Optimum noise factor, 45

Optimum source resistance, 45, 62, 120,
210

INDEX 421

Optoel ectronic detector, 188
Oscillator noise, 68
Oscilloscope, 352

Pardlel-stageamplifier, 245, 335
Peak factor, 353
Peak reading meters, 356
Photo diode:

noise, 191

sensor modd, 188
Photoconductive sensor, 186
Photon noise, 192
Pickup, 6
Piezo€ ectricsensor modd, 196
Piezoresi stive sensor, 186, 196
PIN Photodiode, 193
Pink noise, 25

"Popcorn' noise, 126, 129, 248

Positional index, 265, 269
Positive feedback, 67
Power supplies, 306
circuit, 307, 309, 311
regulated, 310
Probability densty function, 7
Probability, 7, 252, 275
Probe, 98
Problem answers, 399
PSPICE, 98, 272
PVDF, 196
Pyroelectric detector, 185, 196

R-C filter, 308
Random noise program, 95, 393
Reactive sources, 178, 194
Recorder, noise, 351
Red noise, 26
Reference diode noise, 263, 297
Regulated power supply, 310, 312
Reliability and noise, 132
Resstance:
noise, 41, 46, 84, 175, 289
optimum source, 45, 62, 121
Resistance thermometer, 186
Resistive sensor noise modd, 185
Resistor divider voltage reference, 313
Resistor noise:
caculation, 84, 175, 253, 263, 289
definition, 8, 291
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Resonant circuit:
application, 194
noise modd, 178
Ripple clipper circuit, 310
RLC sensor, 194
Rms:
definition, 7
meters, 7, 34

Seismic detector, 196
Sensor noise, 172, 184
Shielding:
electrostatic, 6, 300, 307
magnetic, 6, 301

Shockley emitter resistance, 29, 111

Shot noise:
bipolar transistor, 113
definition, 8, 28

fidd effect transistor, 141, 149, 153

graph, 29
Shunt capacitance, 177
Shunt resistance, 175
Signa generator, 347
Signal-to-noise, 44, 172, 214
Sonar transducer, 196
Spectral dendty, 16, 101, 350, 362
Spectrum analyzer, 350
SPICE program, 80, 261,272
Spot noise factor, 44
Spot noise measurement, 350
Summing noise, 18
System design, 207
Sysem gain X,, 172

Tape recorder, magnetic, 194
Test circuit, noise, 346, 348
Thermal noise:

current, 29

definition, 8

equivaent circuit, 17, 84

fidd effect transistor, 141, 153, 160

graph, 29
resistor, 8, 10, 17, 41, 215, 289

transformer, 201
Thermocouple sensor, 185
Thermopile sensor, 185
Thick film resistors, 295
Thin film resstors, 24
Transfer function, 40
Transformer:
common mode rejection, 300
design, 299
equivaent circuit, 201
frequency response, 201, 302
interwinding shielding, 300, 307
low-noise amplifiers, 219
magnetic shielding, 301
microphonics, 303
noise matching, 198, 217
noise modd, 201
power supply, 299, 307
Transistor noise:
BJT modd, 113
FET modd, 141
Trapping, 141, 150

Vibration sengtivity, 303
Vibration sensor, 196
Voltage reference:

bandgap, 324

bipolar diode, 316

CMOS voltage divider, 314

integrated, 312

MOS diode, 319

resistor voltage divider, 313

Vgr multiplier, 320

Ves multiplier, 321

Zener diode, 318

Voltage reference noise, 263, 269, 312

Wave anayzer, 350
White noise, 9
Wideband noise, 16, 101

Zener diode noise, 297, 359
Zener diode voltage reference, 318
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