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Investigations of Noise in Audio Frequency Amplifiers Using Junction Transistors

INTRODUCTION

The problem of noise in transistor circuits is reviewed, and the results of an extensive inves-
tigation of noise from modern junction transistors in audio frequency amplifiers are presented.

Different circuit configurations are examined, and the effects on noise factor of the input ter-
mination and operating point are discussed.

Little difference in overall noise factor has been found among the common emitter, base or
collector circuits. Generator resistance is not critical although certain values will yield a minimum
noise factor. Collector current affects the factor considerably; whereas, collector voltage does not
appear to be critical below certain threshold values.

Three distinct sources of noise corresponding to different physical phenomena contributing to
total noise are identified. Tn modern junction transistors shot noise and thermal noise set the ultimate
limit of noise in transistor amplifiers, and are frequency independent over the audio spectrum. Semi-
conductor noise which follows approximately the 1/f law has been found to be just one contributor to
total transistor noise.

The concept of equivalent input noise resistance is applied to transistor circuits and a com-
parison drawn between noise of transistor and vacuum tube amplifiers. Similarities are indicated and
it is shown that transistors compare quite favorably with vacuum tubes, even surpassing them in
certain cases, where the generator impedance is very low.

REVIEW OF PAST KNOWLEDGE OF NOISE IN TRANSISTOR AMPLIFIERS

A well known and convenient method of expressing the noisiness of a four terminal electrical
network is to use the basic concept of noise factor’ a quantity defined as:

(S/N); N,
N =10 log ——— =10 log — 1
db % /M, %N,

where S and N are respectively signal and noise powers. The suffixes i and o refer to input and out-
put while the index of N 0’ in the denominator indicates that part of N which is due to the amplifica-
tion of the noise from the source. )

Most of the work presented in this report will be centered therefore around the presentation,
measurements and discussion of the noise factor for various transistor amplifiers. Other types of four
terminal networks using transistors in circuits other than amplifiers will not be considered.

Amplifiers using the carly point contact type transistors were found to be very poor because of
their noisiness and, as such, they could not be used in very low level applications. Noise factors of
50—70 db (measured at 1000 cps) were reported in literature? for amplifiers using these early point
contact transistors. Clearly any device having such a large noise factor is of little or no use unless
the signals to be amplified by it would originate from sources characterized by large value of signal
to noise ratio. Since this is hardly the case with most of the practically used low level sources, a
widespread impression was created among engineers that transistors were not good for such applica-
tions and certainly inferior to vacuum tubes.




With the advent of the first junction transistors it was discovered that much better noise per-
formance could be obtained; noise factors (at 1000 cps) in the range from 10 to 35 db were measured.
It was conceivable to hope therefore that even lower noise factors could be obtained as the art pro-
gressed so that transistor noise factors comparable with good vacuum tube amplifiers would be
available.

When noise at frequencies other than 1000 cps is considered, most previously available infor-
mation was of such a character that it emphasized the so-called ‘“1/f"’ law, (the decrease of noise
with increasing frequency), reference 2, 3, 7, 8.

POSSIBLE METHODS OF ATTACK

Once the noise factor is taken as the fundamental quantity of interest to electrical engineers,
there are clearly two possible ways of attacking the problem. When the physical phenomena active in
the noise generation are known it is possible to obtain directly the values of the quantities of equation
(1) under different operating conditions and with various circuit configurations. It will then be the
purpose of experiments and measurements to check the values of the noise factor obtained theoretically.

Such a procedure is applicable for example, in vacuum tube amplifiers whe e the noise can be
considered as produced by:

a. thermal sources.

b. shot effect in the cathode current.

c. division of fluctuation currents among electrodes.

d. flicker effect at the cathode surface.
When the physical theories for the above noise mechanisms are well established it is possible to pro-
ceed directly using the above method. On the other hand when the mechanism of some of the noise
generators is totally or partially unknown it is advisable to proceed with direct experimental tech-
niques by measuring the noise factor of amplifiers operated under different conditions; such an ap-
proach while yielding direct information on the usefulness of the device as an amplifier also offers
the possibility of some later understanding of the physics of noise generation.

Transistor amplifiers have been investigated by the latter ty pe of approach since no generally
acceptable model for the noise generating mechanisms active in the transistor itself was available at
the time this investigation was started. Theories of noise in semiconductor devices have been
advanced? but they appeared insufficient to predict the noise behavior of a transistor amplifier. The
““1/f” law itself was questioned with respect to its general application and it was decided to care-
fully investigate the limits of its validity. It will be shown later that in modern, quiet, junction tran-
sistors, the “‘1/f”’ law must be substantially corrected. The correction was the conclusive element
leading to a formulation of a novel transistor noise equivalent circuit.

THE FORMUL ATION OF THE NOISE PROBLEM FROM THE FOUR TERMINAL NE TWORK POINT
OF VIEW

It has been shown® that in order to describe a noisy four terminal network of the active type,
six parameters are required. Four of them being the usual Z, Y or H parameters6 while the additional
two represent two fictitious noise generators such as open circuit input and output voltage generators,
or an open circuit voltage generator and another short circuit current generator.

To completely specify the above six parameters twelve real quantities are needed, since the
four Z, Y or H parameters are complex and the two noise generators must be specified by their two
real power spectra and by their complex cross spectrum. Sometimes the latter part of the above
statement is exgressed in the form that the statistical correlation between the two noise generators
must be known.



When, for example, voltage generators are used for the noise sources, the noisy four terminal
network can be replaced by the cascade arrangement of three four terminal networks as in Figure 1.

o— NOISY ACTIVE —°
LINEAR FOUR
o—— TERMINAL NETWORK|—o

) NOISELESS ACTIVE )

O Ny Ny —O
bl LINEAR =
m FOUR TERMINAL ng

o NETWORK 0

FIGURE |I. GENERAL REPRESENTATION
OF A NOISY FOUR TERMINAL NETWORK.

When the network is connected to a generator on one side and to a load on the other, the noise
factor of the amplifier resulting from the combination can be found.

In the general case the spot (single frequency) noise factor F, is given in terms of the Z para-

meters by:
2 .
F.=14# : [N +Nle+Zg R<v le+£g)] 2
= , —8 _ [l -1
o 3
KT Rg ° 21 TN Z,
or in terms of the Y parameters:
1 Y., + Y| Y, +Y
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4KT Gg | ¥,,
or in terms of the H parameters:
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where: Rg resistance
= generator
G conductance

N; = power spectrum of ep;
N, = power spectrum of e,
N;o, = cross power spectrum of e;; and ey,

N;’ = power spectrum of ip;
’ .
N,' = power spectrum of iy,
N;o' = cross power spectrum of i,; and i



N; = power spectrum of ey;
N,/ = power spectrum of i
N

io''= cross power spectrum of ep; and ipq

The influence of the third term which is descriptive of correlation between the noise genera-
tors has been the object of previous studies (reference 2 and 7). Although it seems to have a certain
importance in the case of very noisy transistors it appears that in low noise units its importance
decreases because the noise levels are close enough to values which can be ascribed, as it will be
shown later, to uncorrelated thermal and shot noise sources.

By eliminating the third term the noise factor can be written in the simplified form:

2
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Fo=1 4KT R [%i teno
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and with a further simplification whereby all Z’s reduce to R’s:

2
1 R,, +R
F =1+ e2_ + 82 (_ll___g) (6)
o ni no
4KT Rg R,,
with:
erzni = open circuit input generator mean squared volts
efw = open circuit output generator mean squared volts
or:
1 G, +G)\
—— —(™ g
F,=1+ ihy ¥ 12 ( ) )
o ni no
4KT Gg G,,
for the current generator form,
or.
2
1 H . +R
- T 11 g
F = 1+ 82' + 12 (_—__) (8)
o ni no
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for the hybrid case where H parameters are used.

Expressions (6), (7), and (8), should be considered equivalent, and the use of them is a matter
of convenience related to direct noise measurements of noise voltages or currents.

Developing equation (6) for the three basic transistor amplifier configurations common-base.
common-emitter and common-collector it is found:



Common-Base
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The above expressions correspond respectively to the three arrangements of the noise genera-
tors of Figure 2.

If the short circuit current amplification factor:

_rm+rb "m

a =

12

%
re rb rc

is introduced in equations (9), (10) and (11) one finds further equivalent expressions for the noise
factor:

Common-Base
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Inspection of equations (9), (10) and (11) or (12), (13) and (14), taking into account that it is
in most cases permissible to consider

~
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r << =
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<< —
R re = ry

shows that very little difference should be found m the value of noise factor for the three dxfferent
amplifier configurations, since the multiplier of ene is very close to unity and the multiplier of enc
is approximately equal for all three cases. These facts have been confirmed through experiments.
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FIGURE 2. BASIC TRANSISTOR EQUIVALENT CIRCUITS
WITH NOISE GENERATORS.

CONSIDERATIONS ON enj AND eno , THEIR MEASUREMENT AND NATURE

In equations (9) to (14) the noise mean squared voltages must be defined over a one cycle band-
width at any point of the frequency spectrum for which it is desired to obtain the value of F,. However
F, cannot be determined from these equations unless epe and e, are known. Direct measurements



have been reported (reference (2 and 6) ) and some indicative values at 1000 cps are available for
point contact transistors (ene = 107" volts, e = 104 volts). Both noise voltages are functions of

the operating conditions, particularly of the d-c voltages and currents in the input and output junctions.
Precise data® was not available at the beginning of this investigation on junction transistors.

The transistor has to be made effectively operative if the noise voltages (or currents) are to
be measured; taking into account their very definition in terms of open or short circuit conditions at
the generator and/or load end, it is seen that direct determinations are not easy to obtain in general,
not only because of the very small noise voltages or currents to be measured but also because of the
required impedance levels which are often in contrast with the requirements of the bias circuits.

A different approach to determine the noise voltages is possible. Since the generator imped-
ance enters in the expressions of noise factor the functions

Fo =f(Rg)

are obtained experimentally for any of the three different configurations and for a given transistor.
Taking then two values of R, so as to yield two values of F_, two equations in two unknowns, e;
and e, can be obtained.

In the case of the common-base connection, equation (9) can thus be written twice:

Fop =14 al[erlle % erzlc (bl)Z]
_ ) (15)
F02 =1+ 02[6‘2(, + efw (bz) ]
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® KT R
4 g
b : re + rb % Rg
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Solving equations (15) it is found:
2 _ _ 2 _
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n 2
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Similar relationships can be obtained for the other two connections but would bring no new in-

formation on e, and e.. The results of measurements producing values of €ne and e, . are given
further on in this report.

In any problem of this kind the knowledge of the optimum source resistance Rg yielding mini-
mum noise factor is of importance. Thus setting

oOF,

=0
aﬂg

and solving for Rg it is found in the general case that:

R = (en_l> 2 18
g optimum |21 + ri1 (18)

For the three different configurations it is found:

Common-Base

2

- (eﬁ) 2 2
RB OPTIMUM . (rp +rp)” + (rg +rp) (19)
c

Common-Emitter

ry + r; (ene/em.)2

R = , 20
8 oPTIMUM 1+ (ene/Enc)2 (20)

Common-Collector

1
8 OPTIMUM 2 (21)

The above values check with the experimental determinations.

It is well to remember at this time that although ep; and e, or as a matter of fact e, and e,
can be determined in this way still nothing is known of the physical phenomena which are their cause.



Previously available information concerning e, o and e, indicated that these noise voltages
are frequency dependent, the type of dependence being described by the already mentioned inverse fre-
quency law. Since it has already been mentioned that it was necessary to reconsider the ‘‘1/f"’ law
the dependence of noise sources and consequently of noise factor on frequency is of extreme impor-
tance. Notice that equation (1) in yielding noise factor leads to different values of this quantity which
are usually indicated as:

a. single frequency or spot noise factor

b. integrated noise factor.
which are respectively:

N, (f)
NF(f) =10 1
¥ og N (f) (23)
1 /2
NF = — NF(f)d (24)
INT f2 - fl f f f
1

where No(f) and N'o({) are now the output noise power densities (watts/cycle) of the thermal and total
noise.

Since N (f) is frequency dependent only through the amplitude squared function of the device,
while No(f) is a function of the location and mechanism of the various noise generators a difference
may result between spot and integrated noise factors.

DESCRIPTION OF NOISE FACTOR ME ASUREMENTS — METHODS, TECHNIQUES AND PRECAUTIONS

Several methods and techniques are available for measuring the noise factor of an amplifier.
However, these might be classified into two main categories:

a. methods employing a noise source such as a noise diode

b. methods using a sinusoidal signal generator.

The noise diode method of measuring noise factor is quite fundamental; it permits simplifica-
tion in the procedure and, in general, a greater accuracy than other methods. Techniques employing a
sinusoidal signal generator become easily subject to noticeable error in the measurement of the ex-
tremely small power levels employed, especially at higher frequencies; furthermore a separate measure-
ment of amplifier bandwidth is required. On the other hand the use of a temperature-limited diode as a
noise generator makes possible the cancellation of the bandwidths involved since the spectrum of the
diode noise is flat, hence this method requires no measurement or knowledge of bandwidth and gain.

With the noise source turned off, the noise power output of the amplifier is measured. The
noise source is then turned on and the diode direct plate curreat is adjusted to a value where the amp-
lifier noise power output just doubles. The expression™ ™~ for the moise factor of the amplifier then
becomes:

F=201 Ry
where:

I4 = diode plate current (amperes)

R, = internal resistance of source (ohms)



A block diagram of the noise diode setup used is shown in Figure 3. In order to reduce stray
and hum fields which would introduce errors, the amplifier is shielded and the noise diode filament
and plate supplies are obtained from batteries.

FILTER
l <
NOISE TRANSISTOR V.T. L > INDICATOR

DIODE AMPLIFIER AMPLIFIER [o

FIGURE 3. BLOCK DIAGRAM OF NOISE FACTOR MEASUREMENT
SETUP WITH RANDOM NOISE GENERATOR.

The signal from the transistor amplifier is fed directly to a low noise tube amplifier using a
1620 tube in the input stage; the noise power output may be read at its output or may be channeled to
a General Radio Wave Analyzer, Model 736-A.

Measurements taken with the wave analyzer yield essentially spot noise factor values since the
analyzer has a constant noise bandwidth of 5.3 CPS over the audio band. When the analyzer is not
employed, and since the noise bandwidth of the 1620 set is 12 Kc, noise factor values integrated
throughout theaudio band are obtained. Integrated noise factor measurements are usually desirable
since they describe more accurately the device under investigation, or several spot noise factor measure-
ments at different frequencies should be taken.

For the experimental results to be found in the next section, it should be noted that the greater
percentage of noise measurements were taken using the noise diode set-up. The narrow band results
obtained were also compared with various signal generator methods of me asurement and were found to
be in close agreement. One of the most reliable of these methods and which will provide excellent
agreement with the noise diode will be described.

In an amplifier being fed from a source having an internal resistance Rg as shown in Figure 4,
the thermal noise voltage from Rg is:

—

= \J4KTBRg

e
THERMA L

When this voltage has been calculated it is only necessary to inject at the desired frequency
a substantially high level signal E,(20 db higher than the computer noise voltage). (In the case of

W — —

WAVE
E AMPLIFIER ATTENUATOR ANALYZER INDICATOR

FIGURE 4. BLOCK DIAGRAM OF NOISE FACTOR MEASUREMENT
SET UP WITH SINGLE FREQUENCY SIGNAL GENERATOR.



transistors with noise factors greater than 20 db, the voltage, E, should be larger so as to produce a
signal output from the amplifier which is at least 10 db greater than the noise output). The output
voltage is noted; the signal source is now removed and 20 db gain is added to the system. The at-
tenuation required to bring the output voltage to its original level is a measure of the noise factor of
the amplifier, since noise factor is defined as total noise output divided by that portion due to the
thermal noise of the source. Using this technique, no direct me asurement of the amplifier gain is re-
quired.

When taking noise factor measurements, care must be exercised not to introduce extraneous
noise voltages. All resistors in the the transistor amplifier are wire wound including the load resis-
tor since, in the common-collector, and sometimes in the common-base connections, the amplifier gain
may be low enough that a carbon load resistor could introduce considerable error in the measurements
(especially when the effect of increased noise by the direct current flowing through the resistor is
taken into account).

EXPERIMENTAL RESULTS

Noise factor measurements of PNP and NPN junction transistors were conducted. Almost all
the different types of transistors manufactured were investigated although the RCA type 2N34 transis-
tor was given preference due to the importance of this type for low level audio work.

It was recognized at an early stage of the experimental program that the ‘‘1/f"’ law is not
always verified in junction transistors throughout the whole audio range; as a consequence it was
decided to adopt as 2 possible measure of the noise quality of a transistor the integrated (over the
““aidio’’ band) value of its noise factor rather than the spot or single frequency noise factor usually
given at 1 Kc.

10 T T I T I
12 KC NOISE BANDWIDTH ‘
‘9
COMMON-EMITTER
8 Ve=-6VOLTS Ig=Ima
Rg= 570 OHMS

50 UNITS TESTED

2 UNITS > 24db

NUMBER OF TRANSISTORS
wn

FIGURE 5. INTEGRATED NOISE FACTOR DISTRIBUTION.
RCA-2N34



In assigning the limits to the above mentioned band of frequencies it was kept in mind that:

a. the lower limit should be set considerably below the lowest audible frequency because
it is usually in this region that the ‘‘1/f’’ law holds as the result of the predominant
‘‘semiconductor noise’’. The adopted value was 20 cps.

b. the higher limit should be set around the highest audible frequency, the exact value being
immaterial. The 12 Kc noise bandwidth of the tube noise set was thereby acceptable and
use of the set was made for experimental convenience.

The 2N34 transistors tested were generally found to have relatively low noise factors. From
a random sample of 50 new units tested the average integrated noise factor was found to be about 13
or 14 db. The measurements of integrated noise factor gave the results in Figure 5 for the specified
conditions.

Measurements of single frequency noise factors are given in Figure 6 for the specified
conditions. The most important conclusions on the basis of this experimental evidence is that the
noise behavior of transistors is not unique; there are not only quiet and noisy transistors, but each
type exhibits a different behavior as is clearly indicated in the figure.
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FIGURE 6. NOISE FACTOR vs. FREQUENCY
(RCA 2N34; COMMON EMITTER)

The change in the spot noise factor value over a decade frequency interval ranges from 12
db to 3 db depending on a given transistor and on the position in the spectrum of the frequency
interval.



In general the experimental evidence indicates that noisy units approximately follow the “1/f
law throughout the whole audio frequency range and above, while quiet units exhibit different slopes
in different regions, eventually exhibiting a somewhat flat spectrum.

Theoretically, whether the transistor is connected common-emitter, common-base, or common-
collector, its noise factor should be approximately the same. This has been substantiated experimen-
tally for several transistors as shown in Figure 7. Tt may be noted that measurements for the various
connections are within 2 db of each other.
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FIGURE 7. NOISE FACTOR VS. SOURCE RESISTANCE RCA 2N34

From the designer’s point of view, it is of interest to know the value of source impedance
which will yield optimum noise factors. Figure 7 shows a broad minimum value of noise factor, from
which it may be concluded that source impedance is not a critical value; however, for best results,
the device should be operated from a source having an impedance in the range between 400 and 1000
ohms. The results shown are spot noise factor measurements taken at a frequency of 1 Kc. 'f inte-
grated noise factor measurements are made, Figure 8 shows that the results are quite similar, with the
integrated noise being lower than the spot noise measurements; the exact value depends on the trans-
istor spot moise factor versus frequency characteristic.

Mention has been made in the literature about the dependence of noise in transistors upon the
operating biases; usually the effects on noise cf collector current, I, and voltage V., are emphasized.
A study of such eff ects is useful in separating the semiconductor and shot noise components pro-
vided that an investigation of the effects of I, or V., on noise factor is carried out at several fre-
quencies.

Figure 9 refers to the typical behavior of an RCA 2N34 transistor operated at a constant col-
lector voltage with different values of collector current; it is significant to notice the change in level
and shape of the noise factor versus frequency curves.
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Figure 10 gives noise factor at 1 Kc versus collector current I, with collector voltage V.., as
a parameter, while Figure 11 shows moise factor at 1 Kc versus collector volt age with collector cur-
rent taken as a parameter.

The three previous figures refer to amplifiers in the common-emitter connection; further tests
have constantly revealed no appreciable difference for the two other connections as far as depen-
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dence upon d-c biases is concemed. The conclusions to be drawn from the above experimental evi-
‘dence are:
a. Modern, well constructed transistors are much quieter than previously available units.
Selected low noise transistors should have a noise factor below 12 to 15 db.
b. Remarkably quiet units were found with minimum values of noise factor around 4 db.
c. All three connections, common-base, emitter or collector are capable of resulting in



essentially identical values of noise factor. The lower power gain of the common col-
lector connections advises against its use whenever second stage noise would be ob-
jectionable.
d. Source resistance has an influence on minimum noise factor. Optimum values are not
critical however and typical values have been reported for the three different connections.
e. The “1/f" law is observed only through part of the spectrum and the frequency dependence
of noise factor or the applied d-c bias is indicative of the superposition of various noise
sources having different spectral distributions.
f. No appreciable reduction of noise is obtained below V. = 10 volts. Above this range how-
ever the noise increases sharply with increasing collector voltage.
g. Reduction of collector current results generally in more quiet operation.

SEPARATION OF NOISE SOURCES, PHYSICAL EQUIVALENT CIRCUITS FOR NOISY TRANSISTORS.

Experimental evidence has indicated that the noise behavior of a transistor amplifier expressed
in terms of noise factor can be described as follows:

a. at very low frequencies the noise decreases with increasing frequency (region I).

b. in an intermediate range of frequencies the noise remains relatively constant (region II).

c. at higher frequencies the noise increases with frequency (region III).

The definition of these three regions is a function of many variables and as indicated by the
idealized curves of Figure 12 their interval of existence is different for various transistors operated
under different conditions. The general trend of the curves of Figure 12 has been inferred not only
from the measurement at audio frequencies but also correlates well with radio frequency measurements
in the range from 500 Kc. to 8 Mc.
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A. OLD TRANSISTOR WITH LARGE AMOUNT OF SEMICONDUCTOR NOISE.

B. IMPROVED TRANSISTOR WITH MODERATE AMOUNT OF SEMI-
CONDUGTOR NOISE.

C. MODERN TRANSISTOR WITH VERY SMALL AMOUNT OF SEMI-
CONDUCTOR NOISE.

FIGURE 12. GENERALIZED BEHAVIOR OF TRANSISTOR NOISE

It must be added that the noise levels effectively measured for region Il are not equal but de-
pend on the particular transistor and circuit used.



At present one can only hypothesize as to the exact nature of transistor noise generating mech-
anisms. Based upon available information in the literature and upon the measurements considered the
following analysis seems plausible with the possible active noise sources being those due to:

a. thermal agitation.
shot effect in the current carriers.
semiconductor (or excess) noise.

. leakage.

ao v

All these sources contribute to form the e, and/or e, noise voltages at any given frequency,
therefore, they must be investigated separately to correctly interpret the noise from transistors.

Leakage noise, characterized by abnormally large bursts (pops) has been observed in the
course of this work, especially on poor and unreliable units. It was decided however, to reject units
with excessive leakage since this type of noise is due to manufacturing techniques and is not neces-
sarily inherent in the device.

Semiconductor noise is that component of noise (considered in the past as the only transistor
noise) which is observed in non metallic resistors, carbon microphones, and semiconductor devices
when a circuit current is made to flow through them; the mean square noise voltage from a semiconduc-
tor has been hypothesized? to be:

de? = kVORBf™Y . df (25)

where:
k = a factor dependent on the material used.
V = applied d-c voltage.
R = d-c resistance.
f = frequency.
a = a factor from 1.2 to 1.8
B = a factor from 1.2 to 1.8
y = a factor from 0.9 to 1.2

From equation (25) it may be inferred that noise is dependent on d-c voltage and d-c resistance;
therefore noise will be many times higher in a reverse than in a forward biased junction.

If the exponent y is given the value of unity and all other conditions are left unchanged the
noise mean square voltage over a frequency interval from f; to fy will be:

fﬁdf_ C lfz
L PR 2
1

(26)

where C is a constant incorporating all the above factors exclusive of frequency.
In a transistor considered as two adjacent semiconductor junctions displaying a mutual inter-
action there are two semiconductor noise sources; one in the emitter to base and one in the collector

to base junctions. Mention will be made later of their relative importance.

Shot noise from a rectifying junction can be expressed as:



di? = 2eldf 27
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where:

e = electron charge
I = d-c current through the junction

The above current source is in parallel with the junction dynamic resistance 14 so that the
mean square voltage across it is:

dee e =80 © F] (28)

As in the case of semiconductor noise, two shot-noise sources have to be considered in a
transistor; one in the emitter to base junction and another in the collector to base junction. Since
the output (collector) direct current is the sum of the thermal equilibrium current I, and the current
injected from the input circuit, care must be exercised to use the correct values of the d-c components
of the current and of the dynamic resistances in equations (27) and (28).

The extension to transistors of equation (27) was recently discussedm in the literature in an
attempt to investigate the lower noise limits of transistors. Substantial agreement has been found be-
tween the results of the above reference and the work reported here, which was carried out indepen-
dently.

Finally thermal noise from resistive components in the transistor not otherwise considered
must be taken into account yielding voltages of the form:

de? = 4KTRdf (29)

™

In a transistor there are three resistances of the above type associated with each of the three
terminals: base, emitter and collector. The intrinsic base resistance (sometimes called spread base
resistor or r,},) is the only term of importance however, and the other two (lead emitter and collector
resistances) can be neglected.

It can therefore be concluded that the effective noise sources in a transistor are:
a. one thermal source in the base resistance.

b. two shot noise sources in the input and output junctions.

c. two semiconductor noise sources in the input and output junctions.

Notice that while the sources under (a) and (b) can be considered as frequency independent

(at least within the audio frequency range) and those of (c) frequency dependent, some of the above
contributions may result in quantities small enough to make it permissible to neglect them. Such is
the case, as indicated by experimental evidence, with semiconductor noise which is originated for its
greater part in the collector junction. With reference to Figure 12, while region I is ascribed to semi-
conductor noise, and regions II and III to shot and thermal noise, the increase of noise factor of the
latter is explained as due to the effect of the decrease in the power gain of the amplifier (and pos-
sible intervention of additional noise sources) at high frequencies and the presence of shot noise from
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the output junction. The physical equivalent circuits for noisy transistors in the three basic circuit
configurations can therefore be drawn as in Figure 13.
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FIGURE I13. BASIC TRANSISTOR EQUIVALENT CIRCUITS
WITH SEPARATION OF NOISE GENERATORS.

When a generator of internal resistance R ; and a load R, 'are connected to the equivalent cir-
cuits the resultant expressions for the single frequency noise factors are respectively:

Common-Base

2 2
1 ar, -r, - R r, +r, +R
_ — . c e g — e b g
F=1+ €2 4 2 (——> +e? (——> 30
4K7‘Rg she €thy, ar, try she ar, try (30)
— [retrptRy ?
+ €2 N W S |
S€c ar. try
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Common-Emitter

2

2 2
1 ar. +ryp t R r_ +rp +R) r,+rp +R
P 2 <*_§ N AL v () | en
4KTR, khb e\ ar, - r, c\ ar. -r $he Nar . - r

(4 e c e

Common-Collector
1 r + +B - +R ) r +R 4
) < (fe™ ") 8) -5 (rb g ) b "¢
=1 4 2 4 L2 4.2 2
ko 4KTR, “thy " she ( r “she\ ™1 * esee " 32)

Comparing Equations (30, 31, 32) with equation (5) it is noted that it is respectively:

Common-Base
2 - 2 2
€ni ~ €sh, t €thy
(33)
2 - 2 2 2
| €no ~ Cthy T €sh, Tt €sce
Common-Emitter
[- 2 = .2 2
€ni = Cthy, % €she
— (34)
2 =gl 4 gl 40
| “no she she sce
Common-Collector
- 2 2 2
€ni ~ €thy * €she * Csce
;'T e2 e2 + e“z (35')
no sce she she

To obtain numerical values from equations (30, 31, 32) it is necessary to write all the noise
voltages explicitly following equations (29), (28) and (26) yielding:

eihb = 4KT Tbb' (36)

e::he = 2eIer; 37
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eghc = ZeICO rf, (38)
2 e =
eic, = kVREFE (39)

Note that in equation (38) the thermal equilibrium current I ., is used instead of I in order to
cosrectly separate the shot noise components from the two junctions, and that the intrinsic base re-
sistance rp}/ is used.

The above results could have been obtained also starting from the basic equation (5) which is
rewritten below in a slightly different form.

1 -

- _ |72 7 ;2

F=1+ kTR | cni + eno/i (40)
g
where:

L

p=—
Fiz T Bg

is the open circuit voltage gain. To express separately the three contributions to F one can write
three noise factors:

Thermal F N rl'l . r;2
Noise = =1 —=
th 41
Factor Rg uzﬂg @41)
2% 2%
er er
Equivalent - _ 11 22
i =F, =1+ I + I 42)
Factor sh™ " TakTR, KT Ryt
Semiconductor 1 sz;‘Bff"
hoise SFge s 14 e VR 4 (43)
Factor 4 g LLZ
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where:

e = 1.6 x 10"19 coulombs
K=1.38x10"2 joules/degree Kelvin
T = degrees Kelvin
R‘ = generator resistance, ohms
V1. I = d-c input voltage and current
V2, V2 = d-c output voltage and current
a, 3, v = semiconductor noise coefficients, refer to equation (25)

The symbol * indicates that part of the resistance which is involved in the noise generation,

Considering the comhined effect of equations (41), (42) and (43) the total noise figure is:
le+(Fth_1)+(FSh-1)+(Fsc—l) (44)

which checks with equations (30, 31, 32) if:

t*11 = rpps in Equation 41
%0 =0

r*11 = 1o in Equation 42
22 =1¢

I =Ie

12 =le

and the first term in the bracket of equation (43) = 0.

When the equations for the noise voltages (36), (37), (38) and (39) are substituted in equations
(30), (31), and (32), the equations for noise factor may be put in a more usable form. Further, if certain

assumptions are made, for example, r. > Rgi e > 1, Ic > fe  the equations may be simplified and
become:

Common-Base
2 - 2
poq et e | JeoTe b TR +kcva”B€f7 e " 7b g 45
R 2R I KTR + “5)
g g e ar, 4 g ar, ry

Common-Emitter

2 2

"bb'  Te Teofretrpt Rg kCV‘Z_B?f'V T * g # Rg

F=1+ +t— 1 +— + (46)
Rg A e 4KT Rg ar.=r

c e
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Common-Collector

2 2
rob' e Ico<rb # Rg) . kYRS (’b * Rg)

@n
Ry 3 .\, 4KT Ry r. /

The usefulness of the above expressions resides mainly in the fact that it is possible to ob-
tain from them minimum values of noise factor when the last term expressing semiconductor noise in
the output junction is dropped; then the lower limits are dictated only by thermal noise from the base
spread resistance and by shot noise from the input and output junctions.

Substituting typical values for the other quanti ties:

Ie= 103 amperes
fe = 26 ohms
thpe = 300 ohms
rp = 350 ohms
a =098
Io=4x 10-6 amperes
Rg = 500 ohms

it is found that the noise factor should be about 2.4 db. This minimum value for noise factor could
further be reduced for transistors with lower values of I, and rpp .

Identical results are obtained when using equations (12), (13), and (14) by substituting values
of e,e and e,; typical values in quiet RCA-2N34 transistors are:

e,e = G t040) x 102 volts
enc = (10 to 40) x 1076 volts

for normal operating conditions at Vo= -6V, I, =-1lmaat 1 Kc over a 1 cycle noise bandwidth.

The agreement between theoretical and measured values of noise factor is satisfactory for
transistors operating under conditions where the contribution of semiconductor noise is negligible.

Observed discrepancies from 1 to 2 db may be attributed to two factors:

1. the neglect of correlation among the various noise sources.
2. the omission of other noise mechanisms.

The latter point seems to be worthy of particular ittention since it was recently disclosed
that a mechanism of partition noise may be active in transistors.11

When this additional source is taken into account, a closer agreement between theory and
experiment may be obtained.

EQUIVALENT INPUT NOISE RESISTANCE

An equivalent 1nput noise resistan~z for a transistor may be deduced. This resistance, in
effect, would be the series combination of equivalent noise resistances for thermal, shot, and semi-
conductor noise. In the case of the common base connection it is found:
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Thermal Noise Equivalent Resistance
Rep = rpp 8)

Emitter Shot Noise Equivalent Resistance

re e KT 49)
R SE—iges =——
wie 2 2 el,
Collector Shot Noise Equivalent Resistance
2
Fy Ico re try +Rg
Ryp =— —\———— (50)
c 2 I, ar,
Collector Semiconductor Equivalent Resistance
r,+rp +R
_ e b ¢
Rscc B chuchf—y ( ) (51)
ar,

A transistor amplifier can then be represented in the manner illustrated in Figure 14, where
the emitter and collector junction equivalent shot noise resistances are combined into Rgh=Rgh "‘Rsh
Only the semiconductor noise equivalent resistance is frequency dependent; of the other two Rth is by
its nature frequency independent, while R g}, can be considered constant within the audio range, al-
though its behavior at high frequencies needs further investigation.

C

e AAVAVA A% % NN — —
Rip Rsh Rgc NOISELESS
TRANSISTOR
AMPLIFIER

o -0

FIGURE 14. EQUIVALENT NOISE INPUT RESISTANCE |IN
A TRANSISTOR AMPLIFIER,

Using the same values for the transistor parameters given in a previous example, and again
neglecting semiconductor noise, typical values for the equivalent noise resistances are:

Rp = 300 ohms
= 13 ohms

Rshc= 52 ohms

R equivalent = 365 ohms
noise
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It may be seen that the major contribution to noise is introduced by the thermal resistance
rpps- An equivalent resistance for semiconductor noise is not calculated due to the lack of informa-
tion concerning the value of some of the quantities appearing in the expression (51).

Once the equivalent input noise resistance is known, noise factor may be calculated as:

R equivalent noise

52
Rg (52)

F=1+

It should be pointed out that the use of the preceding equations for the equivalent input noise
resistance may lead to more expeditious calculations to be used by application engineers, however it
must be noted that Rshc is also a function of Rg and therefore merely by increasing Rg in equation (52)
will not minimize noise factor.

COMPARISON WITH VACUUM TUBES

A noticeable similarity is found in the general trend of the noise characteristics of vacuum
tubes and transistors. The noise spectrum of a typical low noise triode (1620—triode connected) with
an oxide coated cathode is shown in Figure 15. It may be observed that tube noise decreases at ap-
proximately 10 db per decade at lower frequencies (the ‘‘1/f'’ law) and then tends to approach an
asymptotic value determined by shot noise.

That portion of the curve which is consistent with the “1/f’’ law is due to flicker effect in the
cathode and produces a noise spectrum remarkably similar to that of semiconductor noise in transistors.
Because of this flicker effect, results would certainly be in error if the noise formulas generally used
for vacuum tubes at radio frequencies were extended down to the low frequency range. With certain
oxide coated cathodes, flicker noise produces in effect appreciable components extending up to 20 Kc.

The similarity in the trend of vacuum tube and transistor noise in the audio frequency region is
apparent when Figures 15 and 6 are compared. The similarity extends itself further into those respec-
tive frequency ranges where the contributions of shot noise remain constant. Eventually the noise
factor increases with increasing frequency because of gain reduction.
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The similarity is summarized in the folloMngtable:

Frequency
Range Noise Factor VS Frequency Tube Noise Transistor Noise
Very low inversely proportional flicker semiconductor
Intermediate constant shot shot and thermal
High constant within certain limits, shot, input shot and thermal
beyond which it increases conductance, transit time,
indefinitely transit time, reduced gain

reduced gain

For a vacuum tube, noise factor improves as the source impedance increases and zero db noise
factor can be approached in practice. As a result, efficient input transformers greatly improve the
noise factor of a system with a low source impedance such as offered by magnetic pickups and micro-
phones. On the other hand, as shown in Figures 7 and 8, transistor noise factor is a minimum when
working from a source impedance of about 500 ohms.

Figure 16 shows a direct comparison of transistor and tube noise plotted versus source resis-
tance. It may be seen that transistors behave favorably in those cases where the generator impedance
is low, thus it might be desirable to use transistors thereby eliminating an expensive input transformer.

It must be pointed out however that whereas the lower limit of transistor moise factor is deter-
mined by shot and thermal noise, in vacuum tubes the noise factor can be made to approach zero by
driving the device with a high source resistance thus minimizing the noise contribution from the equi-
valent noise input resistance. Such a possibility does not seem to exist in transistors because of the
finite value of the input resistance of the device.
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CASE OF COMPLEX SOURCE IMPEDANCE
Sometimes the question arises as to what should be done to obtain optimum noise factor in the

case of a generator having a complex internal impedance.

The answer to this question is obtainable from equation (5) in the sense that the minimum value
of noise factor will be obtained when the modulus of the generator internal impedance is:

lIz, 1% + plz,, |2

where as usual:

This means that the modulus of the generator internal impedance should equal the values given
for the pure resistive case.

W oo B, forsehor

Marvin B. Herscher

Pl oy I

Bargel lini

Optics, Sound and Special Engineering Section
Engineering Products Division
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