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Editor's Note:

If we want to preamplify a small signal or measure a
somewhat larger signal precisely, one of the limitations
we encounter is noisc. Most available treatments of
noise are cither highly mathematical or not readily app-
licable to operational amplifier circuits in a clearcut and
obvious way. This article, it is hoped, will help cut
through some of the confusion, and give the circuit de-
signer a few basic principles, largely capable of immediate
application to his problems, with useful results. If, after
reading thisarticle, you have any comments or questions,
either on our treatment, or in relation to specific applica-
tion problems, pleasc let us hear from you.

INTRODUCTION

An operational amplifier's output always contains signals that
could not have been predicted from the inputs and an accu-
rately-known closed-loop transfer function, taking into ac-
count all impedance loads, known or unknown. These unwant-
cd signals are called noise. Noise can be introduced into a cir-
cuit by the amplifier itself, by the components used in its
feedback loop, and by the power supply; or it can be coup-
led or induced into the input, the output, the ground return,
or the measurement circuit, from nearby — or jn some cases,
quite distant — sources.

The degree of the designer’s interest in noise depends, of
course, on (1) the desired resolution of the circuit in the band
of interest, and (2) the avoidance of transmitting noise in fre-
quency bands that are not of immediate intercst. As opera-
tional amplifiers are used more extensively as preamplificrs
and high-accuracy signal processors, resolution in operational
amplifier circuits becomes of increasingly broad interest.

Recognizing the folly and futility of attempting to deal too
comprchensively or rigorously with the complete range of
noise phenomena, the present essay will attempt to provide
tools for practical understanding, characterization, computa-
tion, and reduction of noise in the immcdiate environs of
the amplifier. Coupled and induced noise in ground leads, out-
put lteads, etc., wilt be dealt with somewhat cavaliecly by sug-
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gesting simply that attention be paid to shielding, lead dress,
and ground circuit design — all of which belong in the realms of
system design and “good circuit practice.”]

From the standpoint of noise, the operational amplifier is
uniquely qualified to serve in low-level and high-accuracy cir-
cuitry because

1. The amplifier transfer function may be cho-

sen to pass only those frequency bands of inter-

est.

2. The specific amplifier chosen for the job may
be picked from among a wide range of types
having differing noise characteristics, in order
to obtain the most nearly ideal characteristies
in the band of interest.

3. If the sources of noise are known and pro-

perly evaluated, the noisc behavior of a wide

range of amplifier circuits can usually be pre-

dicted to sufficient accuracy to permit a parti-

cular design to be done “‘on paper”, with good

probability of successful verification.
(continued on p. 5)
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Editor’s Notes:

Starting with this issue, Volume 3,

Number 1, Analog Dialogue initiates

quarterly publication. This decision

has been made for several reasons:
1. The applications of opera-
tional amplifiers and data con-
version equipment have been ac-
celeratingin quantity and breadch.,
Accordingly, the need for a pub-
lication that presents usefu) information on new products
and their applications, engages in a continuing discussion
of facts that are important in selecting and specifying
these products and digests related material appearing in
the general technical press, has expanded by a quantum
jump.

2. We have had many letters expressing alarm, concern,
and, in some cases, dismay at not having received Volume
2, Number 2 of this journal (which never did appear!)
There is nothing like absence to make the heart grow
fonder and the memory dim. Having thus established
that we have perforce been missed, we now (with apo-
logies for the past and high hopes for the future) RESET
to new initial conditions. For the information of readers,
old and new alike, there were three issues of Analog Dia-
logue in 1967 and one issue in 1968. Because of the high
demand for them, these editions are virtually ouc of
print. As an example of the kinds of material that ap-
peared, and as a harbinger of the future the tutorial fea-
ture applications articles were:

Vol. 1, No. 1: Operational Integrators
Vol. 1, No. 2: Operational Amplifier Principles

Vol. 1, No. 3: User’s Guide to Applying and Measuring
Operational Amplifier Specifications

Vol. 2, No. 1: Curtent Source Circuit Supplies Highly
Stable Lens Current for RCA’s Model BMU4 Electron
Microscope

3. Our own field of endeavor has recently been expan-
ded, as a result of the activities reported upon in an ad-
jacent column. To do even partial justice to this newly-
expanded scope of activity, we are virtually forced to
expand in either size or frequency. To make sure that
the information we present is as timely as possible, we
decided to publish more frequently, and keep the pos-
sibility of physical expansion in reserve.

With this issue, Analog Dialogue is under new editorial gui-
dance. However, its policy remains the same: to provide use-
ful and salient information on operational amplifiers, and —
more recently — data conversion products and their appli-
cations. Some of this material will be written by our own en-
gineers at Analog Devices, Inc.; some will be chosen for re-
printing from among articles appearing in the general techni-
cal press; and (very hopefully) some will be written by you,

our recaders. If you have found a new or an interesting ap-
plication in our field, and have the desire and the ability to
communicace it in an interesting manner ( and earn a modest
honorarium), by all means Jet us hear from you.

We are planning to initiate, with the next issue, a new depart-
ment, entitled “Readers’ Notes,” which will contain a samp-
ling of the more interesting and provocative items that appear
in our mail. We invite you to contribute, Since semantic dis-
cussions are often an excellent way to get mail, let us call your
attentjon to the new masthead on Page 1. It now reads “A
Journal for the Exchange of Analog Technology” to reflect
our newly-expanded interest in ficlds going far beyond opera-
tional amplifiers as such. Why then, “Analog?”” Why not “Data”
or “Analog-Digital” or “Data-Handling?"' A first answer is that
the common thread that links all our products is indeed the
handling and conversion of analog information, either to or
from other forms or levels of analog, or to or from digital. A se-
cond answer may be the argument, reported by George A.
Philbrick, in Simulation, that Digital is but a special case of
Analog. Finally, one can take “Analog” to be an abbreviation
of our corporate name, and thus an implication that any tech-
nology in which we engage is ipso facto an ‘‘Analog Tech-
nology”.

DAN SHEINGOLD

Have
You
Seen..?

“Design of Temperature-Compensated Log Circuits Em-
ploying Transistors and Operational Amplifiers” was to
have been the key article in Volume 2, Number 2 of
this Journal. Unfortunately, as we have noted, said ed-
ition of this Journal did not materialize, but a large num-
ber of requests for the article did! We have now published
this useful guide to Log Circuit design as an Application
Note, have sent it to those who had requested it earlier,
and will be delighted to send it to any other interested
persons who request it, at no charge, of course. Written
by our Walter Borlase and Erwin David, it is a four-part
guide, consisting of:

Theoretical Underpinnings
Circuit Design

Hardware

6 Useful Circuits
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Company Notes:

In keeping with the “Dialogue” aspects of our publication, we
have, on several occasions, queried the readers of Analog Dia-
logue regarding new products that you would like to see intro-
duced by Analog Devices. Asaresult of your responses, we have
introduced a number of new devices, including the Model 901
Dual Op Amp Power Supply (the first low<cost modular power
pack for op amps), and the Model 420 Wideband Multiplier.

Your responses have also indicated a strong interest in such de-
vices as Analog-to-Digital converters, Digital-to-Analog Con-
verters, and related computer interface equipment. Based on
this information and rather searching study, Analog Devices
has undertaken development of a broad line of products in
this technical area.

Our entry into computer interface hardware has been consid-
erably accelerated by the fact that Analog Devices and Pas-
toriza Electronics have seen mutual advantage in merging
their efforts. Pastoriza Electronics, our neighbor in the Boston
electronics communiry, has pioneered the development of
modular A/D’s, D/A’s, and related components. Pastoriza has
led the recent technical advances in this fast-growing field,
particularly in high-speed conversion devices.

Some of the more noteworthy Pastoriza products are:

ADC-U Series: A complete A/D Converter which combines
low cost with high speed. For example, the ADC-12U provides
12-bit conversion of +10 volt signals in less than 8 microseconds.
Including an internal reference, its price is only $795,

MINIDAC: A miniature potted D/A Converter, complete with
internal reference. Settling time for 12-bit conversion is 0.2
microseconds to *0.05%. Price for 8 bits <8100 (100’s).

ADC-F Series: The industry’s fastest A/D Converter. Makes a
complete 10-bit conversion in only 1 microsecond. Plug-in
module is only 4.5 x 2.5 x 1 inches.

DAC-14R: High cesolution, 14-bit D/A Converter. It settles to
within £1 LSB in microseconds.

DAC-T Series: D/A Converter with many available options, in-
cluding input register and choice of fast output amplifier, set-
tling within 2 microseconds.

We believe that you will find the combined talents of our com-
panies a powerful force in providing you with the most ad-
vanced hardware available at the most competitive prices in
the industry. Thank you for your helpful suggestions and your
continued support of our growing product line.

RAY STATA
VICE-PRESIDENT
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NEW
PRODUCT

ELECTROMETER AMPLIFIER-$0

SPECIFICATIONS 310/311
Open Loop Gain, min . : ks
Rated Output, min . £10V@bmA
Voltage Drift. max .30V /°C
Signal Input
Input Bias Current . ..01pA, max
Input Impedance .. 10* Ohms
Noise (.01-1Hz) i ey OOIDA PR
Price (1-9) T% A A To
C100:10t) 7 sae s et Sia Lot Sh0)

The Models 310 and 311 are varactor bridge input
amplifiers with ultra low bias currents. . . not exceed-
ing 10™A. These new amplifiers offer for the first
time a realistic, solid-state alternative to vacuum
electrometer tubes. In addition, voltage drift of only
30V /°C is 10 times less, and $50 in hundred lots is
highly competitive.
The 310 is for inverting operation and is useful where
ultra low currents are measured as is typified by
photo-multiplier tubes and gas chromatograph flame
detectors, The 311 is essentially identical but is
optimized for non-inverting circuits. It is the best
oice where voltages from high source impedances
are found (pH cells, chemical transducers, etc.)



A tracking differentiator
has noncapacitive input

The major advantages of this circuit (see figure) over con-
ventional ones are its noncapacitive input, and its indepen-
dent gain, offset, and diffcrentiating time constant adjust-
ments.

Since the amplifier in the circuit will sct the output, the
summing point will track the input and the current through
feedback resistor R 5 will be the sum of the currents through
Cy, R3, and Rg. The output is the voltage across R plus
the input.
The differentiating constant is calibrated by disconnecting
Rj and Ry and reading the difference between the output
and the input.
The output of a test unit, with the values shown, was found
to drift 10mV per day and 0.25mV/°C.
Jim Harris, Assistant Design Engineer, Westinghouse Elec-
tric Corp., Newark.
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High offset stability is achieved in this noncapacitive
differentiator. Gain, offset and differentiating time con-
stant are independently adjustable.

Reprinted from material originally appearing in the August 15,
1968 issue of Electronic Design with the permission of Hayden
Publications.

An op amp and a chopper
give precision ramp generator

Operational amplifier integrator circuits are often used to
produce precise ramp voltages. They suffer, however, from
the excessive time needed to discharge the feedback capa-
citor during the retrace time. This problem can be elimi-
nated using the configuration shown in Fig. 1a. Here one
side of the capacitor is connected to ground so that a simple
semiconductor switch can discharge the capacitor. The oper-
ation of the circuit is as follows:

The capacitor is charged by a constant current obtained in
this case from a resistor-zener combination which is re-
ferenced to the output of the op amp voltage follower in a
bootstrap fashion.

With a high-gain, high-input-impedance op amp, and stable
resistors, capacitors and compensated zeners (if necessary
in an oven or thermo-elecuric bath), the degree of linearity
is only limited by the switch. With two chopper transistors
in parallel, one to assure fast discharge of the capacitor, the
other in an inverted configuration to provide complete dis-
charge, it is possible to obtain switch levels and leakage cur-
rents on the order of 1 millivolt and 10 nanoamps, re-
spectively. An actual circuit is shown in Fig. 1b. Tt puts out
a 5-ms negative-going ramp, linear to about 0.01%. The lin-
earity check showed no deviation from a straight line within
the limits of its 1mV tolerance.

G. Richwell, Staff Engineer, Reflectone Electronics, P.O.
Box 1354, Stamford, Conn.
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1. A simple switch (a) permits discharge of the capaci-
tor quickly during the ramp generator's retrace time.
Detailed schiematic of the circuit is shown in (b).

Reprinted from material originally appearing in the July 18, 1968
issuc of Electronic Design with the permission of Hayden Publi-
cations.




NOiSG (cont'd from p. 1)

THE BASIC MODEL — VOLTAGE NOISE AND
CURRENT NOISE (Figure 1)

e
n Ideal
Noiseless

Amplifier

NOTE: I may include a
small component equal to

Cin%n , depending on manufac -
turer's measurement approach.
See Appendix II.

Figure 1. Voltage and Current Noise Model

A differential operational amplifier may be considered to be
an ideal, noiseless amplifier, with noise current sources
between each input terminal and common, and a noise voltage
source effectively in series with one or the other input termin-
al. This model is quite similar to the Eos Ipias model used
for offsets2, which should not be surprising, because E g and
Iizs can be considered as DC noise sources, modulatable by
time, temperature, etc. For most practical purposes, noise vol-
tage and noise current sources can be considered to be indepen-
dent of one another. Ignoring the circuit and amplifier dyna-
mics, for the moment, it is evident that, as with Eggand I,
the instantancous voltage component of noise could be mea-
sured (Fig. 2) in a low-impedance circuit with high gain, and
the instantaneous current component could be measured with
a very large (ideally “noiseless”) resistor. If there were no in-
teraction between e, and iy, the output in the noise voltage
measurement would be proportional to (1 + R5/R1), and the
output in the noise current measurement would be propor-
tional to R, alone.

R) Ra

Ao Fe

Note that the instantaneous sum of the two types of noise,
appearing at the amplifier output, is

R, .
0 o (1+R)en+mn,
1
and that the relative noise contributions of ¢, and i, are equal
if en R.
@ in 143 R,

that is, if the parallel combmatlon of Ry and Ry is equal to
the ratio of ¢, to i,,. At impedance levels above e, /iy, current
noise is dominant. The ratio of the RMS values of ey and iy is
sometimes known as the “characteristic noise resistance’” of
the amplifier, in a given bandwidth, and it is a useful figure of
merit for choosing an amplifier to match a given impedance
level, or vice versa.

Noise coupled from external sources to the amplifier inputs
can be considered as an additive voltage signal if the voltages
and impedances are known, or as an additive current signal if
its presence is determined by measurement at the amplifier
site. This is shown compactly in Figure 3.

R, R,
\r o ~AAAF s
SIGNAL ! Tl
£ =2
es R In
e
ey Iy 2

- e
e, : Arrow indicates

NOISE RMS addition is
required
- R = R -3
&= — 2—|‘- e,R2+I:R7+ lnR"+ en<1+ +

Figure 3. Contributions of Internal and External Noise Sources
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—
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eo= Zi,_orZi,, Z
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Figure 2. Rudimentary Measurement of e n and iy, (Filters are used for narrow-band and spot noise measurements)



NOISE GAIN AND SIGNAL GAIN

Figure 4 shows the basic feedback model of an inverting amp-
lifier with a number of resistive inputs. For large values of
loop gain (Af), the noise gain for voltage noise is essentially
1/8. If AB is not much greater than unity, one should use the
more exact expression

1
®) = 1 1 Yen
Al
A8
The comparable current noise expression is
pmide,
) e0= inl; 1
1+ —
A8

It should be noted that, for passive feedback elements, 1/8 is

COMBINING NOISE SIGNALS

This topic will be dealt with in some depth shortly. However,
it is desirable to bear in mind the basic notion that RMS values
of signal or noise voltage or current from essentially uncor-
related sources (for example, noise from different sources, or
noise from different portions of the frequency spectrum of a
given source) are combined by computing the square root of
the sum of the squares. It should be evident that larger quan-
tities will be emphasized and smaller quantities suppressed. For

example, if X = 3Y the error incurred by simply ignoring Y is
only about 5%. (V12 + 32 = ~10 = 3.16 = 3.0 x 1.05).

never less than unity, and it also is larger than the closed-loop
gain for any of the input signals. Therefore the total spectrum
of e, will appear at the output, with at least unity gain, despite
less-than-unity signal gains, or narrow signal bandwidths. It
should also be noted that, in the general case where A and § are
both dynamic expressions, if the loop gain has substantially
more than 90° phase shift, and the amplifier is in consequence
lightly-damped in the vicinity of the frequency at which
Af = 1, the noise gain at that frequency may peak at substan-
tially greater than unity, even if the signal gain rolls off
smoothly at a very much lower frequency. Sec Fig. 5 for a fla-
grant, easy-to-understand example.

TO THE READER: The sections that follow are nec-
essary in order to construct a coherent:approach to a
technique for predicting the “total RMS noise” of an
operational amplifier circuit quickly and easily. The
material is not the easiest of reading, and it covers a
wide range of topics, the exact place of which in the
final scheme may be somewhat difficult to second-
guess. Nevertheless, it is a necessary part of the back-
ground, and, if read with patient attention, may prove
interesting and informative. If you would like to get
an idea of the resulting technique, look ahead to
page 10.

Figure 4. Feedback Circuit Relationships

tog | 4|

»~ AMPLIFIER OPEN LOOP GAIN

4
! 8 \0. SIGNAL GAINN i
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1
R R 1
—e = |=et =& | II: R (i 1 ):|
Ry R; |1+ RCp l+A l+1+RC;p R,+R2+Clp
C —~ )
1 1 1/8
Noise gain = 5|1+ 1 feedback ratio; A = open-loop gain

AB

(low-frequency noise gain)
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UNITY-GAIN INVERTER
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Figure 5. Nojse Bandwidth vs. Signal Bandwidth

HOW NOISE IS CHARACTERIZED

Periodically-recurring noise may be described in terms of re-
petition rate, waveform, and magnitude (e.g., chopper noise.)
Irregularly-recurring noise may be described in terms of its
waveshape and magnitude only, since the repetition js not reg-
ular (to some extent, popcorn noise). Aperiodic noise not
having a recurring waveshape (and this includes all the types of
random noise to be described below) is usually dealt with in
terms of some of its statistical properties: RMS value, peak
value, and frequency content.

RMS Value. It is a characteristic of most kinds of random
noise that if the averaging interval is made sufficiently long,
the RMS value obtained is substantially repcatable. Therefore,
RMS value in the bandwidth of interest, averaged over a suf-
ficiently long interval, is a useful and meaningful way of char-
acterizing such random noise. It is by far the most convenient
for corrclating noise numbers between vendors and users. The
definition of RMS value of voltage is given by

®) Erm, = 1/,—},]:::%:

where

E s = RMS voltage value
T = Interval of observation
¢ = lInstantaneous noise voltage

Sobstituting the instantaneous valuc of current, i, gives Irms
the RMS current value. When performing RMS measurement,
either a “true RMS” meter must be used, or the reading of an
AC average (sine wave ‘RMS”-calibrated meter) should be
multiplied by a factor of 1.11.

MARCH 1969

Peak Values, Noise may also be characterized in terms of the
difference berween the largest positive and negative peak ex-
cursions observed during an arbitrary interval. For some appli-
cations, in which peak-to-peak noise may limit system perfor-
mance, peak-to-peak measurement may be essential. Neverthe-
Jess, because noise is for all practical purposes Gaussian in amp-
litude distribution, and hence the highest noise amplitudes
have the smallest (yet non-zero) probability, peak-to-peak
noise is difficult to measure repeatably. Because RMS values
are so easy to measure repeatably, and are the most usual form
for presenting noise data non-controversially, the table below
should be uscful for estimating the probabilities of exceeding
various peak values, given the RMS values.

The casually-observed peak-to-peak noise varies between 3 x
RMS and 8 x RMS, depending on the patience of, and amount
of data presented to, the observer. Oscilloscope traces should
be observed at high intensity, because considerable averaging
occurs at low intensity, which will produce apparent results
closer to the RMS value. Peak amplitude distribution analyzers
are becoming available, for antomating these measurements.

INTERFERENCE NOISE VS. INHERENT NOISE

There are two basic classifications of noise for a given circuit;
they are interference noise, which is noise picked up from out-
side the circuit, and inherent noise, which is noise arising
within the circuit itself.

Interference noise may be periodic, irregularly recurring, or
essentially random, and it ordinarily may be reduced substan-
tially (or forestalled) by taking precautions to minimize elec-
trostatic and electromagnetic pickup from power sources at
line frequencies and their harmonics, radio broadcast stations,
arcing of mechanical switches, and current or voltage spikes re-
sulting from switching in reactive circuits. Such precautions
may include filtering, decoupling, electrostatic and electromag-
netic shielding of leads and components, use of guarding po-
tentials, elimination of ground loops, physical reorientation of
Jeads and components, use of damping diodes across relay
coils, choice of low circuit impedances where possible, and
choice of power and reference supplies having low noise. Inter-
ference noise resulting from vibration may be reduced by pro-
per mechanical design. A table outlining some of the sources
of interference noise, their typical magnitudes, and ways of
dealing with them is shown in Figure 6.



Figure 6. Typical Sources of Interference Noise

But even if all interference noise is removed, inherent noise will still
be present. Inherent noise is usually random in nature, most often
arising in resistances and semiconductor elements, such as transistors
and diodes. (An example of a non-random inherent noise compo-
nent is chopper noise in chopper-stabilized amplifiers.) Random
noise arising within resistances is known as johnson noise, (or ther-
mal noise). Random noise arising within semiconductor elements
may be one of the following three types: Schottky (or shot) noise,
Slicker noise (1/f noise), and popcom noise.

COMMON FORMS OF RANDOM NOISE

Johnson noise. Thermal agitation of electrons in the resistive portions
of impedances results in the random movement of charge through
those resistances, causing a voltage to appear corresponding to the
instantaneous rate of change of charge (i.e., current) multiplied by
the appropriate resistance. Ideally-pure reactances are free from
Johnson noise.

The Johnson noise voltage within a bandwidth B gener-
ated by thermal agitation in a resistance is given by

(6) E,.. = V4TRB

where

k = Boltzmann’s constant = 1.374 x 10~ 23
Joules/® Kelvin

T = Absolute temperature {degrees Kelvin)

R = Resistance (ohms)

B = Bandwidth (cycles per second)

At room temperature, with more convenient units, this
expression becomes

1 —_
(M E,= 013 VRX B3 VR X B microvolts

where

R = Resistance (megohms)
B = Bandwidth {cycles per second)

Johnson noise is quite often expressed as an equivalent
current

@ L= %‘ = 0.13 \/;z = é\/g picoamperes

Ordinarily, Johnson noise is a less important source of
noise within the amplifier than the noise produced with-
in semiconductors; however it is the primary source of
noise contributed by the signal source and the feedback
cireuitry, where resistance values are apt to be higher. In
some situations, the Johnson noises of the components
in the external circuit are completely dominant. For ex-
ample, if the source resistance in a particular application
is to be 10 megohms, there is little point to selecting an
amplifier with low voltage noise, since the Johnson noise
from the 10 megohm resistor will be the chief source of
noise at the output, unless the amplifier’s input current
noise is high. In this example, the resistor noise in a 1keps
bandwidth would be 13 micravolts RMS, corresponding
to current noise of 1.3 picoamperes.

Schottky noise. Shot noise arises whenever current is

passed through a transistor junction. The noise is nor-
mally expressed as a current, which will, of course pro-

200pA

¥ o
T e e
T —il _SOmsIG—

Figure 7, Typical “Popcorn’’ Noise



duce voltage drops in impedance, such as transistor emit-
ter resistance. A convenient equation for shot noise is

()] [, = 5.7 X 10~ V'IB picoamperes

where
1 = junction current in picoamperes
B = bandwidth of interest in cps

In a typical operational amplifier circuit using bipolar input
transistors, the input transistor base cument, flowing through
the base-emitter junction, produces a Schottky noise compo-
nent, which is a part of the amplifier’s equivalent noise current
source. Other P-N-junction-generated noise currents (internal
to the operational amplifier), when divided by appropriate
transconductances, will creatc an cquivalent noise voltage at
the input.

Flicker noise (1/f noise.) In the frequency range below 100Hz,
most amplifiers exhibit another noise component that domi-
nates over Johnson and Schottky components and becomes
the chief source of error at these frequencies. Flicker noise is
thought to be a result of imperfect surface conditions on
transistors. Carbon composition resistors, if they carry much
current, may contribute noise similar to flicker noise of tran-
sistors. (It is good engineering practice to use metal film or
wirewound resistors wherever significant currents flow through
the resistor and low noise at low frequencies is a definite re-
quirement).

Flicker noise does not have an equal contribution at each
frequency. The spectral noise density (to be defined below) of
this type of noise typically exhibits a —3dB per octave slope.

Popcorn noise, Some transistors, especially those of integrated
circuit monolithic construction (from some manufacturers),
jitter erratically between two values of hg, causing additional
base current noise of the form shown in Fig. 7. The premium
paid for most high-performance amplifier types includes tests
to weed out units having transistors or IC’s that exhibit this
effect.

€ ~NOISE VOLTAGE 3/ /5%
In = NOISE CURRENT pa /oo
i
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ol ol 10 o oo
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Figure 8. Noise Spectral Density. Analog Devices Model 144
(Economical FET Amplifier)

IN THE NEXT ISSUE

Settling Time. Based in part on a paper presented at
NEREM 1968, this article will discuss the components of
delay and error that contribute to the speed limitations
of high-precision operational amplifier circuits, and their
significance to the designer and tester of practical circuits.
It will include a discussion of “glitch” phenomena in Dig-
ital-to-Analog Converter circuits. It will also present
some surprising conclusions about the effects on settling
time of deviation from 6 dB/octave slope in the open
loop response of operational amplifiers employed in pre-
cision buffer circuits.

NOISE DENSITY SPECTRUM

Noise exists in all parts of the frequency spectrum, and the
noise contribution of a resistor or amplifier varies with the
range of frequency over which the observation is made. Pro-
bably the most useful manner of describing a noise character-
istic is a spectral noise density plot, in which noise is shown as a
function of frequency, usually on log-log axes.

Spectral noise densiry, e, at a given frequency f, is defined as
the square root of the rate of change of mean-square voltage
with frequency. Conversely, the RMS value in a given band is
the square root of the definite integral of the square of spec-
tral noise density over a given band of frequencies.

(10 eﬂsd—':(&y an E..=,/J;lhe,\’df

Inasmuch as average power is proportional to E2, a simpler
way of expressing this concept is: e 2is proportional to the
variation of noise power per cycle per second. Thus, e, is ex-
pressed as the noise voltage per (square) root-cycle (per
second.

From equation (11), we see that a lower and an upper fre-
quency limit, ] and f5, are required, as well as a knowledge of
the manner in which e, varies with frequency, in order to
evaluate the integral and calculate the actual RMS noise vol-
tage. A typical spectral density plot (both ey and i) for
Anpalog Devices types 144 is shown in Figure 8.

COMMON DENSITY
SPECTRUM CONFIGURATIONS

White noise. In a white noise spectrum, e, is constant as a
function of frequency. Thus, the RMS noise value as measured
in a2 given bandwidth via an ideal sharp-cutoff filter would be

(12 E.= {f/l'e,.ﬁdf=e,.,/fz—h



Because f5 — f; defines a bandwideh (cf. B in equations 6,7,8
9), it is evident that both Johnson noise and Schottky noise
are white noise, and that ¢, for Johnson noise, is 0.13vVR
microvolts per root cycle, or 0.13x+/1/R picoamperes per root
cycle (R given in megohms), and Schottky noise is 5.7 x
10=4/T picoamperes per root cycle (I also in picoamperes).

If fl is less than 10% of f2, a simple expression for all the
white noise from f5 down to “DC", with less than 5% error, is

(13) En= e,V

Pink noise. A gencric term applied to ideal 1/f noise, for
which e is exactly proportional to./1/€, is pink noise. This
may be cxpressed

K is the value of ¢, at f = 1 Hertz

The RMS noise in the band between f5 and fy may be com-
puted by substituting equation (14) in equation (11)

£ df 1,
(15) E"=K\/f,. 1= \/'“(f:)

On a log-log plot of e, vs. frequency, the slope will be —3dB
per octave (e, vs. frequency would have a —6dB per octave
slope). Because the RMS valuc of pink noise depends on the
ratio of the frequencies defining the band of interest, every
octave or decade of pink noise will have the same RMS noise
content as every other octave or decade.

It is instructive to compute the RMS pink noise in the nine-
decade realm below 1 Hz (10~2 Hz = 1 cycle per 30 years).
If the RMS value of pink noise in the decade from 0.1 to 1 Hz
is 1 microvolt, then the total RMS noise over all nine decades

1sA/9 x 1§= 3uV.

This tells us that, as the lower frequency fl, goes to extremely
small values (“DC”), RMS pink noise (and thus ideal flicker
noise) will have less significance than drift caused by environ-
mental factors, component aging, or perhaps even component

life.

Spot noise. If we divide the spectrum of frequency into suf-
ficiently narrow “spots” or intervals, Afy, Afy, Af3, etc., so
that we may consider e, (or its “average” value) essentially
constant, then an incremental approximation may be used to
evaluate the RMS noise, B, using equation (11). The RMS
noise in the total interval to be computed is simply the root-
sum-of-the-squares of the noise in the incremental intervals

(16) E,= Ve, Al + e,2 A+ -
If the intervals are alf equal = Af, equation (16) becomes

an  E=Vaiverte it

10

Filter skirt errors. Our discussion of frequency content has so
far assumed that it is possible to combine noisc source con-
tributions, band by band, with perfect sharp-cucoff filters.
In actual circuits, however, a quite common filter response is
that of a single time constant ( either lead or lag). Such a filter
will have significant response in the band beyond its nominal
cutoff frequency. For cxample, equation (13) for RMS white
noise in the whole band beldw f, must be multiplied by 1.26
to account for the white noise passed at frequencies higher
than f2 by a first-order lag filter, having cutoff frequency f5.
In effect, the “noise bandwidth” is f57/2 and, ignoring the
noise passed in frequencies under the filter skirt (i.e.. beyond
the cutoff frequency) will result in a 26% error. However, it
should be noted that errors due to ignoring the skirts of
higher-order filters are considerably less. The RMS contribu-

tion of the 6dB per octave skirt alone is 0.76e, /4.

NOTE TO THE READER: Thank you for your pa-
tience. You have now arrived at the point of this nee-
essarily lengthy discussion: a graphical technique for
easily predicting the noisc spectrum and the total
noise of an opcrational amplifier circuit, using the
spectral density plots for voltage and current noise,
the closed-loop gain and impedance level of the feed-
back amplifier circuit, and certain approximations
made understandable by the background material.

BRIEF REVIEW OF RELEVANT POINTS

1. Pink noise contributes equal increments of RMS
noise over each octave or each decade of the spectrum.
Each increment will be 1.52K per decade, or 0.83K
per octave, where K = e orij ac 1 Hz,

2. Bandwidth for white noise is substantially equal to
the higher frequency, if one is considering bandwidths
greater than 1 decade.

3. Because of root-sum-of-the-squares addition, the
greater of the RMS values of two uncorrelated noise
signals will be substantially equal to their sum, if the
greater is at least 3x the lesser (i.c., if 20 log-of-their-
ratio is greater than 104B).

4. Noise in different portions of a random spectrum
typical of amplifier circuits is uncoreelated, and can
hence be added by root-sum-of-the-squares.




THE “PINK NOISE TANGENT"” PRINCIPLE

Consider Fig. 9, which shows an arbitrary ploc of output
noise spectrum on a log voltage vs. log frequency scale. It is
a purely arbitrary choice, chosen simply as an example. Con-
sider that it might have been arrived at by simple addition on
a log scale (in effect obcaining the product) of e, and an amp-
lifier’s closed loop gain (i.e., true noise gain).

First, let us compute the noise in each portion of the spec-
trum, using point (4)

The RMS total of these noises is

V1522 + 1002+ 7224 422 4 402 <+ 222 = 205 microvolts

Just as a matter of interest, it is worth noting that the root-
square sum of those portions nearest to the point of tangency
of the K = 100 pink noise characteristic is

V1522 4 1002 4 72% = 196 microvolts

Before making our point, let us look at the example of Fig. 10,
which shows another response. The noise bookkeeping is as
follows:

The RMS total of these noises is

V1262 4 452 + 422+ 82 = 140 microvolts

Note that there is less than 10% error by assuming that all the
noise is in Region 2, and negligible error in omitting Region 1
entirely. Furthermore, if one makes the purely arbitrary as-
sumption that all the noise present can be approximated by one
decade of pink noisc in the region of tangency (10kHz), it
would amount to 1.52 x 100 = 152 microvolts, which is less
than 10% error in the conservative direction.

The point is this: If a characteristic —3dB per octave pink
noise slope is Jowered until it is tangent to the noisc output
characteristic of the amplifier, the only significant contribu-
tion to total noise output will come from those portions of the
amplifier noise characteristic in the immediate vicinity of that
pink noise slope. Any portions of the amplifier noise charac-
teristic that are substantially (i.e., typically more than 10dB)
below the pink noise slope will contribute insignificantly. The
explanation for this is that the pink noise slope is the locus of
equal per-octave (or per decade) contributions-to total noise.
In the region of tangency, it will be seen, lies the maximum
noise contribution of the amplifier circuit. The noise contri-
butions in any other comparable interval must be less, and in
intervals more than typically 10dB below the —3dB per oc-
tave slope, they will be insignificant.

A TYPICAL EXAMPLE

Consider the circuit of Fig. 11. It is a summing amplifier with
gains of 10 and 100, using a 1 megohm feedback resistor, par-
alleled by 160pF. The amplifier’s open loop DC gain is 100dB,
and f, is 1MHz.

COMPUTE NOISE GAIN

Figure 11 shows the amplifier’s assumed open loop gain-fre-
quency plot, and the attenuation of the feedback network
(“noise gain"). The loop gain (AP) is the difference between
the two curves. The attenuvation of the feedback network can
be shown to be a constant attenuation of x111 up to 1kHz,
and a 6dB/octave rolloff down to unity (i.e., O dB).

N T N
100 13 Ok 100k (L]
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Figure 9.
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First, the usual stability analysis is performed. In this case,
it is pretty simple: The loop gain, Af, passes through a magni-
tude of unity with about 90° phase shift (90° from the amp-
lifier, none from the feedback network) which implies not
only stability, but absence of pcaking as well. Thus the
noise gain, after dropping to unity at about 100kHz, will re-
sume its rolloff at about 1 MHz.

IDENT!FY AND COMPUTE
CONTRIBUTIONS OF NOISE SOURCES

The sources of noise are: Amplifier e, and i, and Johnson
noise in the three resistors. Figure 12 shows (to begin with)
a plot of iy and ¢, on a log-log scale. (Dashed and lower solid).
We now plot the effective output noise contribution of all
noise sources, in order to establish those that are most signi-
ficant, the frequency bands in which they will appear, and 1o
compute the total RMS “inherent” noise of the circuit,
according to the method just described.

Amplifier voltage noise (e,). At the output, the noise spec-
trum will consist of en multiplied by the noise gain. Inasmuch
as e, and nojse gain are both plotted on compatible log-log
scales, we have simply to add the ewo spectra. (Upper solid line).

Amplifier current noise (i,;). At the output, the noise spectrum
will consist of iy, multiplied by the feedback impedance (1
megohm to 1 kHz, with a 6dB per octave rolloff thereaftcr.)
This will consist simply of a curve paralleling the current curve
at Jow frequencies, of magnitude iRy, and departing from it
at a 6dB per octave rate below the break frequency. (Coarse
dotted line)

Resistor noise. It is illustrative to show the contribution of
each resistor separately (since their noises, being uncorrelated,
will be combined in RMS fashion). In the present example, it
will be found convenient to treat each resistor as a noise
cusrent source. The current noise from each of the three re-
sistors will be multiplied by the feedback impedance, in the
same way as the amplifier’s i . (dotted, starred, and light
dashed lines)

Establish location of tangent pink noise line. Having plotted
the speceral density of computed output noise from each of
the five sources, a —3dB per octave slope is lowered until it
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Figure 11. Closed-loop Gain Relationships
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touches one of the curves. This will be seen to be the ¢
(x noise gain) curve, at 1 kHz. Qualitatively, we observe im-
mediately the following:

The bulk of the random noise will occur in the vicinity of
1kHz, mostly contributed by the amplifier, but with some con-
tribution from the 10k resistor.

There will be a minor additional contribution at 1 MHz.
If we (in a purely arbitrary manner) approximate all the noise
by the decade of pink noisc (K = 160uV/VCPps) in the vicinity
of 1kHz, the total RMS noisec would be 1.52 x 160 = 244 mi-

crovolts. That chis is quite conservative will be scen by the
actual calculation, from the curves

COMPUTE THE TOTAL NOISE

The above constitute all the significant contributions, and add
up, RMS fashion, to

V762 + 1202 + 1162+ 522 = 190 microvolts RMS

It may be a usefu] exexcise for the recader to convince himself
thae all other sources and bands contribute in a minor or neg-
ligible degree.

FURTHER DISCUSSION OF THIS EXAMPLE

The total random noisc of 190 microvolts may be referred back
to either of the inputs to determinc the signal-to-signal noise
ratio. It will be seen that, referred to eq, (gain of 100) the
noise is 1.9 microvoles RMS, and, referred to ¢4 (gain of 10),
the noise is 19 microvolts RMS.

The signal “cutoff” frequency of this circuit is 1kHz, and it
will be seen that, because of the absence of peaking, the noise
contribution at 1MHz, though significant, is a relatively small
contributor to the total. However, if an amplifier having less
phase margin were used, and if the signal bandwidth were also
less, (larger feedback capacitor used) it can be seen that the
dominant noise could be in the region of 1MHz, even though
this is well beyond the passband of interest. 1f this is the case
in a given application, 2nd an amplifier having narrower band-
pass is not available, it may be desirable to follow the amp-
lifier by 2 low-impedance low-pass R-C or L-C filter, to greatly
reduce the high-frequency noise. If this is done, the post-filter
transfer function is applied to the output noise spectrum, and
the pink noise slope is lowered until it is once again tangent to
one of the curves. An important suggestion to the circuit desig-
per is: Do not use an amplifier having greater bandwidth than
is necessary for the application (if feasible).



NOISE FIGURE

It will be noted that we have not yet discussed an amplifier’s
“noise figure.” Noise figure is a measure of the additional
noise contributed by the amplifier over-and-above that of the
source resistance. It is often computed by the formula

E.2+ I.*R,2 4+ 4kTR.B
4kTR,B

where Ry is the source resistance. Noise Figure is expressed in
dB, and is zero for an ideal noiseless amplifier. For a given
amplifier, N.F. is minimum if Rg = B /1., a quantity known
as the “optimum noise resistance.” It should be noted that
N.F. depends on bandwidth, and that Rggiimum may differ
from frequency band to frequency band. K better way to ex-
press Noise Figure may be in terms of the actual closed-loop
configuration, and the computed RMS noise. For the example
given above, using this definition

(18  NFE.=10,,

(Total output noise)

N.F.= 10
1ok (Source resistor noise)

Note that, for this amplifier, Roptimum 15

. Veps
0.12,V/V cps - 1%ke
10pA/V ¢ps
in the low frequency band, and rises to
05.V/V cps
DSV eBs _ 4ok at ticHiz.

0.12pA/V cps

Note also that the best noise figurte does not always produce
the lowest noise. This concept is perhaps of greatest usefulness
when considering non-inverting amplifier configurations. When
experimenting with various circuit impedance levels, it is good
practice to add a small signal as a reference, in order to aid in
maximizing signal-to-noise ratio, rather than merely minimiz-
ing output noise.

Foatnotes:

1See Noise Bibliography, page 16
2See Operational Amplifiers, part [V: “Offset and Drift in

= 10,,, (190):; — 11.3dB Operational Amplifiers,” Analog Devices, Inc. 1966
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APPENDIX I

RANDOM NOISE DENSITY SPECTRA FOR TYPICAL
ANALOG DEVICES’ AMPLIFIER MODELS (sec also Figure
8 for Model 144, an ecconomy FET type). See data sheets for
additional noise information on these types, including typical
noise wave forms and RMS noise vs. source resistance plots
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Figure 13. Voltage and Current Noise per Root cps Bandwidth
for Model 183, a low-noise bipolar type
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Figure 14. Voltage and Current Noise per Root cps Bandwidth
for Model 230, a chopper-stabilized type (for dis-
cussion of chopper spike noise, see technical bulle-
tin Model 230}
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for Model 310, a low-noise parametric electrometer
type
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APPENDIX II
DISCUSSION OF AMPLIFIER NOISE CURVES

Model 183. The region from DC to 10Hz is the voltage noise
flicker region, with the characteristic —3dB/octave slope. The
“cornering frequency”, at which the characteristic changes to
white noise, (very close to theoretical shot noise) is often con-
sidered by designers of operational amplifiers as an inverse
figure-of-merit for noise evaluation of transistors. The 10Hz
cornering frequency of Model 183’s yoltage noise is close to an
order of magpicude lower than that of most bipolar-input
operational amplifiers.

Volrage noise above 10Hz is caused by the drop of emitter
shot noise current across the cmitter resistance. The rise at
80Hz is due to shot noise effects in the second stage. In amp-
lifiers with either a less conservative rolloff or with high gain-
bandwidths, this rise may not occur before 1MHz.

The current noise spectral density curve is typical of that for
low-noisc bipolar-input operational amplifiers. The flicker
region, with its ~3dB/octave slope, is apparent. The level see-
tion at frequencies above the flicker region is shot noise caused
by the base circuit bias current. The 6dB/octave rise in current
noise above the shot region is due to voltage noise divided
by the reactance of the irreducible-minimum amplifier input
capacitance. (Note: this effect is especially pronounced in many
amplifiers using capacitive feed-forward to obtain increased
bandwidth). Typically, this increase of high-frequency current
noise is seldom troublesome, because those applications in
which Jarge feedback resistors are employed often have at
least a few pF of feedback capacitance, which will bury the
effect.

Model 144. FET operational amplifiers allow users to obtain
improved noise pecformance at high impedances. The Jow-cost
Model 144 demonstrates the typical noise performance avail-
able in FET operational amplifiers.

Voltage noise: The entire spectrum, up to 10kBz, is domina-
ted by flicker effects. Below 100Hz, the spectral density in-
creases at less than 3dB/octave. Field-cffcct transistors have
Johnson noise, rather than shot noise, at high frequencies, be-
cause their channels are resistive; however, it is so low as to be
unobserved in typical operational amplificr designs, being dor-
inated by shot noise from the bipolar transistors in following
stages.

Current noise reaches its theoretical shot noise value of approx-
imately 5.7 x 10— /TpiasPAl ~/Cps between 1 Hz and 100Hz.

Well below 1Hz, flicker noise becomes dominant. Above 1kHz,
voltage noise and input capacitance combine to provide the
rising spectral density characteristic. Because of additional cap-
acitance in the measuring equipment, the noisc shown in this
plot is likely to be greater than actually exists (and hence con-
servative for design purposes.)

NOTE TO THE READER:

Care must be taken when calculations are made with typical
data, because deviations from “typical”’ will oceur. In flicker-



dominated amplifiers, such as FET's, 15% or so of units tested
will typically have as much as 2.5 times “rypical”’ noise. How-
ever, the shot noise region will be uniform, with spreads of
only 20%. For bipolar amplificrs, the spreads in the flicker
regions will be of the order of 2:1, but only about 220% else-
where. Some amplifiers, such as 183, in which well-screened
devices are used, will show only #20% voltage noise variations,
cven in the flicker region. Parametric types, such as the 310
and 311, are flicker-free, and exhibit only ¥20% variations over
the entire spectrum,

APPENDIX III

A MISCELLANY OF PRACTICAL CONSIDERATIONS

The amplifier data provided have been obtained using *15
volt supplies. In general, flicker noise should increase or de-
crease somewhat as supply voltage increases or decreases.

The data for the curves was obtained at room temperature.
In general, noise will not change appreciably with tempera-
ture, except for FET amplifiers. Because shat noise is propor-
tional to the square root of the gate leakage current, FET
current noise outside the flicker region at low frequencies
tends to double for every 20° increase in temperature.

Because choice of amplifier type can result in as much as 6
orders of magnitude variation in noise, it is evident that the
proper operational amplifier must be chosen for the applica-
tion at hand. This is obvious if noise is inherently a factor in
the design, but it is also essential to keep it from becoming
an important limitation on performance in applications that
appear less critical at first blush.

In general, FET amplifiers offer much lower low frequency
noise in circuits using source impedances of 1 megohm and
above. At very low frequencies, varactor bridge amplifiers offer
even better (and more consistent) performance at high source
impedances. Bipolar operational amplifiers (especially the 120,
183, 180) give excellent noise performance in low frequency,
low source impedance applications. At high frequencies, the
lowest noise will generally be obtained from amplifiers having
the highest unity-gain crossover frequencies. (120, 220, and
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