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ABSTRACT 

I'lethods of minimizing the effects of internally generated noise in 

transistor amplifiers are described . The study is both theoretical and 

experimental in nature, the greater part of the theoretical portion being 

based on van der Ziel 1s transistor noise model . From this model , analyt-

ical expressions are formulated giving (in terms of easily measurable 

transistor parameters) the operating point and source resistance that will 

optimize the noise performance of the amplifier . The derived equations 

are substantiated by an experimental study. Both audio and radio frequency 

amplifiers are considered . At audio frequencies, the work is primarily 

experimental in nature . Here, attention is fo cused on developing a simpli-

fied optimization pr ocedure . For the radio frequency amplifier , formulas 

are also derived that describe the effect of source reactance on the ampli-

fier 1s noise performance . 

Formulas giving the noise figures of the transformer- coupled transistor 

amplifier are included . From these equations, analytical expressions are 

formulated that describe the emitter current and transformer turns ratio 

which will minimize the effects of internally generated noise. An experi-

mental investigation verified the results. 

A portion of the work is devoted to a theoretical and experimental study 

of temperature and its effect on the noise performance of transistor ampli-

fiers . o This study, which considers temperatures from 77 to 320 K, differs 

from those previously conducted in that a wide range of source resistances 

are used . 

Equations describing the degradation in noise performance produced by 

resistive stabilizing components are given. 

Also included is an analytical description of the methods used to obtain 

noise - factor measurements. 
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I NTRODUCTION 

In the 14 years that have elapsed since the development of the 

f irst experimental transistors , several investigations have been con­

ducted in an effort to formulate models that would describe the mean­

square magnitude of noise fluctuations observed at the output terminals 

of a semiconductor diode or transistor . Owing to the spectral character 

of the observed noise , universal models have not yet been forthcoming . 

However, van der Ziel (Ref . 1) and Guggenbuehl (Ref . 2), utilizing 

results obtained by Johnson (Ref . 3) and Schottky (Ref . 4), independently 

formulated equations that describe ( for a limited portion of the fre ­

quency spectrum) the mean- square magnitude of fluctuations produced by 

current flow across a semiconductor diode junction . The diode equations 

were later extended by van der Ziel to include the effect of random 

diffus ion and recombination- regeneration which occurs in the base region 

of a semiconductor triode . 

Van der Zie l ' s triode model , while subject to restrictions not often 

met in design practice (and restricted to the freque ncy region where l/f 

noise can be neglected ) forms a basis from which operating parameters can 

be found that will minimize the effects of internally generated amplifier 

noise . 

The triode model has been extensively used in other experimental 

investigations . These studies , however , were conducted primarily to 

corroborate the validity of the model. In this dissertation the model 

is assumed valid. Here, analytical expressions are formulated that de­

scribe parameters which will minimize the effects of transistor amplifier 

noise . The problem involves : 
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Formulating equations tha t des cribe the sour ce resistance and emitter 

curre nt that wi l l minimize the effect of noise in the uncons trained ampl i -

fier . 

Formulating equa t ions that describe t he optimum emitter current in an 

ampl i fie r cons t rained by a fixed- source resistance . 

For mulating equations that describe the optimum turns ratio a nd 

emitter current in a trans for mer- coupled amplifier . 

Formulating equations that describe the eff ect of s ource reactance on 

the high- frequenc y ampl ifier . 

Formulating equations that describe the effect of temperature on the 

noise performance of the amplif ier . 

Formulating equations that des cribe the degradation in nOise perform-

ance produced by resistive stabilizing components . 

At low audio freque ncies, the spectral density of the noise observed 

at the output termi nals of a transistor amplifier follows a phenomenolo-

gical inverse frequency dependence . This noise , called l/f or excess 

noise , is caused by a yet- undetermined surface phenomenon . Hence , an 

analytical model t hat accounts for t he mean- square magnitude of the ob-

served noise has not been formulated . However , Fonger (Ref . 5) in his 

investigation of excess noise proposes an empirical noise model for the 

transistor amplifier in which each of the noise generators contai ned in 

the mode l has a mean- square value, K If . Each of the constants but one 
n 

is determined from direct current transistor measurements; the last con-

stant is obtained from a noise measurement . The measurement technique 

required to fix values to the constants contained in Fonger1s model 

renders it unwieldy as a tool for obtaining operating-point parameters 

(e . g . , emitter current , source resistance) that will minimize the effect 



of I l f noi se i n a trans i s tor ampl ifier) . I t does become pos s i ble , however , 

Hith the assumption that the noise sources containe d in t he amplifier have 

a Ilf freque ncy depe ndence, and Vli th the f ur the r assumption that t he noi se 

sources are not functi ons of t he driving-poi nt i mpedance , t o obtain opti ­

mization parameters from a limited number of noise measureme nts . 

Yajimi (Ref . 6), utilizing the results of both Fonger a nd van der 

Ziel, has developed an empiri cal noise model f or t he predominant Ilf nOise 

generator . From the r esults of an experimental investigation contained i n 

this dissertation, it was found that Yajimi 1s model can be used t o obtain 

a n optimiza t ion procedure whereby the values of emitter current and source 

resistance which will minimize the effect of I l f noise can be obtained 

from a single small - signal t ransistor measurement . 

CONCEPT OF NOISE PERFORMANCE 

A linear amplifier is a device used t o obtai n a power- ampli f ied linear 

r eprese nta tion of a time -varying i nput signal . Owing to the spectral 

properties of the input waveform and the noise processes inherent i n the 

device, it is i mpossible to obtain perfect fidelity f rom a realizable 

amplifier . This be comes apparent whe n these spectral and nOise properties 

are considered. Since information is contained in t he input signal , a 

transformation from the time to the freque ncy domain reveals t hat the sig­

nal i s dispersed over a range of frequenci es , and the amplif ier must have 

a bandwi dth i ncluding these freque ncies in order t o repr oduce thi s waveform. 

I nherent i n the active and resistive components of the device are noi se 

voltages "lhose magnitudes are f unc t ions of t he bandwidt h of the amplifier . 

Sta tistical distortion , resulting from thi s noise , prevents a perfec t 

reproduct i on of the i nput waveform from appearing at t he output . A 

mea sure of this di stor tion i s the s i gnal - t o- noi se (SiN ) ratio , which 
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determines the maximQm sensitivity of the amplifier and also describes 

its noise performance . 

DEFINITIONS OF NOISE PERFORr~NCE 

The output signal - to - noise ratio is a function of ( 1 ) the nOise 

generated in the driving source impedance , and (2) the noise generated 

in the amplifier . North (Ref . 7) , recognizing the need for a figure 

which was a basic measure of the noise generated in the amplifier, intro-

duced the concept of noise factor . Friis (Ref . 5), in a later paper, 

defines the noise factor F as the ratio of the available signal - to - noise 

power that is measured at the source to the amplifier to the available 

signal - to - noise power that is measured at the output . Or, in symbolic 

form, 

F 
(SiN) as (1) (SI N) ao 

It is implicit , from Friis 1s definition, that conjugate matching 

is required at both the input and output t e rminals of an amplifier when 

noise factor measurements are made . Since stringent implementation of 

conjugate matching is impossible when wide - band measurements are attempted 

(due to reactive components existing at the input and output terminals of 

the amplifier ), it becomes necessary to introduce a second definition for 

the noise factor . This definition removes the restriction of conjugate 

matching and is written 

F = (2) 

Although equations 1 and 2 differ in notation, implementation , and 

can differ in the noise figures obtained by their use, they are often used 
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inter-changeably in the l i terat ure . The anomaly that exi s ts between 

Friis 1s definition and equation 2 can be removed if the frequencies in-

fl ue ncing a noise f actor measurement are limi ted by bandpass circui t s to 

an incremental portion of the frequency spec t rum . This concept results 

in a thi rd fi gure for F called the spot noise f ac tor. I n equation form , 

the spot noise factor is written 

F = 
(S/N)as 

(SIN ) ao 

(S/N) s 

All the measurements contained in this disserta t i on are spot noise measure -

ments . Unless otherwise specifi ed , t he term "noi se factor" whenever used 

wi ll i mply spot noise fac tor . 

With the concept of spot noise factor defined , it now becomes possible 

to obtain, in equation form, a figure which describes the noise factor of 

the j,Tide - band amplifier . This becomes 

F = (4) 

Vlhere F( f ) is the spot noise factor and G(f) is the power gain of the 

amplifier , and F is a fourth f igure called the average noise factor. I n 

practical applications , equation 4 is solved by numerical integration . 

*A proof which shows the equivalence of equations 3a and 3b is contained 
in the appendix . 
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Two other parame ters freque ntly used to describe an amplifier ' s noise 

performance are the noise t emperature T and the equivalent noise resis t ­a 

a nce R eq Equations that define these parameters can be derived if all 

the noise sources contained in the amplifie r are grouped into one voltage 

generator e , placed i n serie s with the driving source i mpedance . With na 

this confi guration , the noise factor becomes 

"'""2 "'""2 e + e 
F 

ns 

"'""2 
na (5) 

e ns 

where e~s represents the mean- square value of noise from the driving source 

i mpedance . If a resistive source i n thermal equilibrium is assumed, this 

quantity becomes 

"'""2 e = 4kT R B ns s s (6a) 

Here , k is Boltzmann ' s cons t ant ; T is the absolut e temperature of s 

the source in de grees Kelvin , and B is the noise bandwidth of the ampli -

fier . 

The noise bandHidth is defined by 

OC) 

,~ IA(f)12
df 

B = IAo l2 
where Ao is the mid- freque ncy voltage gain of the amplifier . 

The amplifier noise temperature is defined by 

"'""2 e na 4kT R B a s 

and becomes, from equations 5, 6, and 7 

(6b) 

(8 ) 
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The equivalent noise resistance of the amplifier is defined by 

Ij.kT R B s eq 

and becomes, from equations 5, 6, and 9a 

R eq 

(930) 

(9b) 

Although the noise temperature is often used to describe the noise 

performance of the maser and parametric amplifier, it is seldom used as 

a noise parameter for amplifiers in which the active device in the input 

stage is a vacuum tube or a transistor . The equivalent noise resistance 

is frequently used to specify the noise performance of the vacuum tube 

amplifier. However, it is found that the noise factor lends itself more 

readily to the transistor amplifier optimization problem; for this reason, 

it is on this noise parameter that attention is focused here . 

OPTnlUM NOISE PERFORMANCE 

The noise factor as defined by equation 2 can also be written in the 

form 

(10) 

It is apparent from equation 10 that the problem of optimizing the 

noise performance of an amplifier, which entails maximizing the signal-

to-noise ratio at the output, is in fact twofold. It consists of maxi -

mizing the signal-to-noise ratio of the source, and it entails minimizing 

the noise factor. 

To determine when the signal-to-noise ratio of the source and the 

noise factor can be optimized separately, equation 10 is differentiated. 

This yields 

= (ll ) 



It is found , f rom equation 11, t hat optimum noise perf orrr:ance requires 

that 

dF = d (S/ N)s = 0 (12 ) 

However, F and (S/ N)s may each be functions of several controllable and 

uncontrollable parameters, * e .g . , 

F 

¢ 2 (P 'l " " 'P~' ql""'o ) nT ~ ~ 

Total differe ntia tion of these two equat ions yields 

d( ~) 
s 

dF of _ 
+ • •• + ~ aq . 

qj : , 

Contro l la ble Parameters 

of of + ~ dp. 1 + ... + ,""'S~-dp 
OPi+l l+ oPn n 

of of 
+ ~ dq

J'+l + ••• + 2la d'Im 
qj +l 1l! .. 

o(~) 
s 

=~ Pn+l .. 

.. 

f" 

Uncontrollable Parameters 

o(~ ) o(M 
dPn+l 

s s 
+ •• • + ~ dPk +~dql Pk ql 

'i'" 

Controllable Parame t ers 

o (~) 
s 

+. . . + ---.;:-- d P op r 
r 

T 

Uncontrollable Parameters 

j 

o{*} 
s 

+ • .• + To-:- dq. 
qj J 

o (~) 
s 

+ . .. + ~ d'Im 
qm 

, 

(13a ) 

(130) 

(14a ) 

(14b) 

*A contr ollable parameter is one over Hhi ch the designer can exert an 
i nfluence, e .g ., operating point and configuration . Conversely, an un­
control lable parameter i s one over lihich t he designer can exer t no 
i nflue:1ce , e. g., frequency and temperature . 
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It fol l ows from equations 12 , 14a , and 14b, since dF must be zero 

for independe nt parameter variations , that optimum noi se performance 

requires 

of of of 
0 = e)Pi 

= (lql = d<ij = (15a ) 

= 

o ( ~) o (~ } o (~ ) 
s s s 

0 = 
~ 

= 
~ 

= dcij = 
o(~} 

s 

(lPn+1 
(15b) 

Equations 15a and 15b show that if the signal - to - noise rat i o of the 

source a nd the noise factor are both functions of tne same controllable 

parameters, ql •.. qj ' the signal - to - noise ratio of the source and the 

noi se factor can be separately optimized only if the optimUf.1 values of 

ql • . . qj will both minimize F and maximize (S/N )s . One frequently 

encountered , mutually dependent , controllable parameter is the source 

resistance , R . In general, the same value of R will not simultaneously s s 

mi nimize F and maximize (S! N)s . However , in this case , it becomes possible 

to interpose a transfor mer between the driving source and the input to t he 

amplifi er that will sa t isfy the constraint i mposed by equations l5a a nd 

15b . 

THE OPTHlIZATION PROBLEf.! 

In this dissertation , the large class of sources \\Thi ch pernit a sub-

division of the optimization problem is considered . It is assumed that 

the signal - t o- noise ra tio of the source has bee n maximized; optimi zation 

now enta i ls minimi zing the noise factor . Those controllable and uncon -

trollable parameters to be considered as influencing the noise performance 
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are as follows: 

1 . Operating Voltage, V 

2 . Operating Current, I 

3. Configuration , C 

4 . Source Resistance , Rs 

5. Frequency, f 

6. Temperature , T 

As an i mp licit function of these parameters , t he noise factor F may be 

written 

F = .~;\ (V, I , C, Rs ' f , and T) 

and the noise factor total differential dF is then 

dF 

~' ________ ~y~ ____________ -JJ 

Controllable Parameters 

y 

Uncont r ollable Paramet ers 

(16a) 

(16b) 

The solution to the amplifier optimization problem entails finding 

the circuit and operating point parameters that concurrently satisfy 

OF 0 (17a ) dv = 

of 
0 (17b) dr 

of 
0 (17c) de = 

of 
0 (17d) dRs = 
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EXPLICIT FARM'JETER DEPENDENCE 

Each of the four differer.tials contained in equations 17a, 17b, 17c, 

a r.d 17d is an implicit function of the controllable and uncontrollable 

parameters V, I , C, Rs ' f , and T. An explicit dependence is required for 

the general solution of the optimization problem. If it is assumed the 

statistical properties of the noise sources contained in an amplifier are 

not functions of the driving source i mpedance, zs ' it is possible to formu ­

late the noise factor of the amplifier as an explicit function of this 

parameter . This dependence is obtained i n the following manner . 

Effect of Source Impedance on Noise Performance 

Part a of fig . 1 shows the amplifier to be analyzed . The equivalent 

circuit shown in Part b of fig. 1 is obtained by utilizing the results of 

Peterson 1s equivalence theorem .* 

From Part b of fig . 1, the output open- circuited noise voltage becomes 

e2 
no 

= 

From equation 18, the mean square noise voltage can be Hritten 

(18 ) 

(19) 

where enl*en2 is a measure of that cross correlation that exists between 

the two noi se sources. 

*The equivalence theorem (Ref . 9) states that the statistical properties 
of any linear no isy 4-pole can be represented by two nOise generators 
and a noiseless 4-pole with identical transmission parameters . 
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Noisy 4 p ole f"'> 
~ 

(). -
II Z l1 

Z2 1 
Z 1211 
Z22 ~ 

(a) 

( b ) 

+ 

( c ) 

Figure 1. (a) Noisy 4 Pole, (b ) Two Genera tor Equivalent Represe n­
t ation of Nois y 4 Pole, ( c ) One Generator Equivalent . 

If it is assumed the driving source is in thermal equilibrium , the 

rr.ean square source no ise voltage becomes 

""2 e ns = 4kTR ( Z ) B e s (20 ) 

where R (Z ) sig~ifie s the real part of the driving source i~pedance . e s 

Fr on equations 2 and 20, the no i se fa c t or becones 

F 

Le t ti ng 

41d'R ( Z )B e s 

+ jX 
s 

= 

Z s 

Re[~2 ( Zll + ZS) / Z2J 

21<TR (Z )0 e s 

(21) 
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c + j C = C r x 

Equation 21 then reads 

F = 1 + 
4-kTR B s 

With the i ntroduction of four noise factor parameters that are i nde -

pendent of the source impedance, equation 22 can be s implified to read 

K -'- Rno (1 + kl X + Gnc X2 ) + G R 
o R \ R s R s nc s s no no 

F 

where, from equations 22 and 23, the newly defined noise factor 

parameters are quantified by 

2 (-r K 1 
en2 r ll 'I _ e~l cr r2l + cxx2l 

J (23a ) -'- --
0 2kTB 2 2 e~2 r ll r 2l+x2l -

2 2 ( e2 e2 ) 1 12 ,t 2 (rll -Lxll ) 2 nl n2 I 
R 4kTB en1 + en2 , dr (rll r 21 +xllx2l ) no 2 2 2 2 (r

21
-,-x

2l
) r2l +x2l L. 

+ cx(rllx2l - x11r 2 ,) l} (23b ) 

2 
G 

en2 
(23c) nc 2 2 4-kTB(r

2l 
+x2l ) 



= ----=1::.,,2,---;:::2- l-e n~ x 11 -
2kTB( r 21 t-x2l ) 

14 

(23d ) 

Equation 23 describes how the noise performance of any four - terminal 

nehlOrk ( subject t o the restrictions previously imposed ) can be expected 

to vary as a fun c tion of the resistive and reactive components of the 

driving source impedance . A quantitative analysis that include s ::lore 

fully t he effect of source reactance on the optimizat i on problem is in-

cluded in the text of the dissertation . At the present time , only tha t 

class of optimization problem in which Xs is zero is considered . 

\'iith this restriction, equation 23 simplifies to 

R 
F k no 

+ G R (24) + --
0 R nc s s 

It is found , from equation 24 , that under any give n set of operating 

condit ions a source resistance exists Hhich minimizes the noise factor of 

an a~plifier . This value of source resistance, obtained by differentiating 

equation 24 \>lith respect to R , becomes s 

R so (25a) 

Substitution into equation 24 gives for the rr.inimur:l noise factor 

F min 
k + 2 (G R )1/2 

o nc no (25b ) 

Equation 25b forms a partial solution to the optimization problem in 

that it satisfies the constraint imposed by equation 17d . However, the 

magnitude of the three noise factor parameters k , R , and G and hence o no nc 

the minimum noise factor are still implicit functions of the operating 

point , configuration, temperature , and frequency . 
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Frequency Dependence of Noise -Factor Parameters 

The statistical properties of a noisy 4 pole with unilateral or bi -

lateral transmission properties can also be described using the one gener-

ator noise model shown in part c of figure 1 . However, now the noise 

voltage e shown in this figure is a function of the source impedance . na 

Since the spectral properties of this generator have been determined ex-

perimentally (Ref. 11, 12, 13) and theoretically (Ref. 14, 15), it is from 

the one generator noise model that the spectral character of the noise-

factor parameters is now obtained . 

From an investigation of previous experimental and theoretical results, 

conducted with vacuum tube and transistor amplifiers, it is found that the 

2 mean- square noise voltage ena , as a function of freque ncy can be written 

e 2(f) 
na 

- 2 r. l enao (26 ) 

- 2-
Here, e is the frequency independent source noise voltage and fl and nao 

f2 are two corner frequencies defined by equation 26 . 

If a resistive source in thermal equilibrium is assumed, the noise 

factor becomes, from equations 2, 20, and 26 

F( f) 

- 2-

enao I fl f 2J 
1 + 4kTR B 1 + r + (r) 

s L 2 

Experimental observations (contained in later context ) reveal the 

two corner frequencies , fl and f2' as well as the noise voltage ~ are 
nao 

functions of t he source resistance . To remove the dependence contained 

2 in ena(f) it is assumed that a frequency region exists at which 

- 2-
e nao 

1 + 4kTR B 
s 

(28 ) 
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It fo 11 o\;s , f r om equation 24, tha t the noise factor can a lso be Hritten 

i n the form 

F = K +R + 0 R o 00 noo nco s (29) 

Rs 

l.;here K , R , and 0 are the frequency - independe:'1t no i se - fac tor 
00 noo nco 

parar.;ete r s . 
- 2-

From equations 28 and 29, e as an explicit function of source resistance nao 

becomes 

I 

Hhere Koo 

- 2-
e nao 

= K - l. 
00 

+ R noo 
21 

+ 0 R J' nco s 

It fo11oHS , fro n: equa t ions 27 a:1d 30, that the no ise factor can be 

~i ri t te :l in the fo r m 

F{f) - 1 
R noo 

+ --
Rs 

.- 1'1 
+0 R ) i l + r nco s L (31) 

However , an i mp lic i t source resistance depe :1dence is still contained 

in the tHO corner freque ncies fl and f 2 . This can be removed in the 

following manner . It is observed , in equation 31 , that as the source 

resistance approaches zero, the noise factor becomes 

F(f) - 1 
R noo 

= - R--
s 

and as the source res i stance approaches an i nfinite value 

F ( f) - 1 

(32a) 

(32b) 

Fi nal l y , I-li th t he source resis t ance R equal to its optimUl:1 value R , 
s s o 

the noise fa ctor becomes , froQ equa t ions 25a , 25b, and 31 
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F( r) - 1 I ' · k L 00 

1/ J { f 1 (R =R ) 1- ~ J2} 
+ 2 (R G ) 2 1 + ; so + Lf (R ~R) (32c) 

noo nco 2 s so 

It follOl.f S, from equations 31 , 32a , 32b , and 32c, that six corner 

freque~cies are required to express the source resistance depe nde~ce co~ -

tained in fl and f 2 . \>lith the introduction of these corner frequencies , 

the no ise factor as an explicit function of both f requency and source 

resistance be comes 

F( f ) - 1 KO' 0 I'L- 1 + -f" 3 + ( ~14 )2J l- f 5 ( f )2J .' + Rnoo 1 + f + f 6 

Hhere the six nei. corner f requencies are given by the equations 

;- { 2 (R G )1 / 2 
= f i R =R J 1 +. noo nco 

lL s so K' 
00 

2 (R G )1 / 2 
- 1/ 2 

,-1 _ (fi R, "",,) )2] 
f 4 f 1 (R =R ) { l + 

noo nco 
(33b ) = , l f6f 8 s so 

Koo 

f5 fl (Rs'" 0 ) (33c) 

f6 = f 2 (Rs'" 0) (33d ) 

f7 = f1 (RS .... CD ) (33e) 

f8 f
2

(Rs -..,) (33f) 
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Equation 33 describes the noise performance of the transistor ampli -

fier as an expl icit function of both frequency and source resistance . 

HOHever, t he three noise - fa ctor par ane t ers (K , R , and G ) and the 
00 noo nco 

six corner frequencies ( f3~ f 8 ) contained in this equation are implicit 

f unctions of the operating point , confi guration , and t emperature . To 

obtain an analytical solution to the optimization problem, this dependence 

must also be ma de explicit . 

Brief Resume of the Remaining Controllable and Uncontrollable Parame ters 

The two parameters necessary to specify the operating poi nt of the 

transistor amplifier are the collector voltage and the emitter current . 

However , experimental investigations reveal that , with no r ma l biasing , * 

the magnitude of the collector voltage does not significantly infl uence 

the noi se perfor mance . Therefore, the only operating-point parameter that 

needs to be considered in the optimization problem is the emitter current , 

To obtain the no ise fa ctor as an explicit function of the emitter 

current, the physical sources of noise that exist in the transistor struc -

ture are investigated . Theoretical studies reveal that , for frequencies 

Hhere l / f noise can be neglec ted , the mean- square noise currents found at 

the input and output of the tra!lsistor amplifier can be expressed as func -

tions of the transistor ' s d . c . and small - signal parameters . As a resul t , 

expressions for the no i se factor in \,hich the emitter current is explicitly 

contained ca!l be de r ived . 

It is found that the noise performance of the transistor ar;]plifier, 

\oIhen operated at l / f frequencies, is a f unct ion of its surfa ce rathe r than 

*Foruard biasing of the collector, as prescribed by Volkers a nd Pe derson 
(Ref . 10 ), \oIi ll be discussed in later context . 
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of its bulk properties . Because the bulk properties of the transistor 

determine its small - signal behavior , it is i mpossible to obtain a theo-

retical ~easure of the l /f noise mechanism contained in this device fro~ 

smal l - signal measur ements . Hence, i n this portion of the frequency 

spectrum, it becomes impossible to obta i n the r.oi se factor as an explicit 

function of the emitter current . * 

An explicit configuration dependence is obtained by formulating the 

noise fa ctor of the a~plifier in each of its configurat i ons . 

To obtain an expression for the noise factor that is an explicit 

function of temperature , it is necessary first to formulate the temperature 

dependence of the d . c . and small - signal parameters contained in the theo-

ret~cal noise model . The results of an experimental study (discussed later) 

revea l that , with the introduction of two empirical parameters, it is 

possible to obtain the desired noise - factor dependence . 

The intent has been to sho.1 that , with t he existing theory , it is 

possible to obtain an analytical solution to a large class of optimization 

problems . I t was also intended to show that before an analytical solution 

can be obtained, the noise factor must first be made an explicit function 

of its controllable and uncontrollable parameters . 

EXArfJ PLE OF AN OPTHnZATIOr PROBLEI~ 

It is worth while , at this juncture , to discuss one application of the 

results contained in the preceding section . The optimization proble~ con-

sidered is one in ',/hi ch the tv;o controllable para~eters are the amplifier l s 

emi tter curre nt and the source resista _'1 ce , The solution to the optimization 

*Yajimi 1s collector no ise model that contains an explicit emitter current 
dependence for one noise generator is discussed later . 
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problem entails fi ndi ng the value .of emitter current and the source re -

s_stance for which the differentials 

o 

o 

From equat i on 33 , the noise factor can also be written in the form 

F( f ) 

Here , 

R ( r) 
Ko ( r) + n~ 

s 
+ G ( r)R nc s 

1 
= 1 + Ko ( f ) 

(34a ) 

(34b ) 

(35a ) 

(35b) 

Diffe r entiating equation 35 \iith respect to the source resistance 

and equating the resulting differential to zero gives , for the optimum 

source reS i stance , 

R ( f ) so l-Rno (f) Jl / 2 

G (r) 
nc 

(36 ) 

Substituting the value of the optimum source resistance given by 

equation 36 for the source r e sistance contained in equation 35 yields 

- Jl/2 
F i (f) = K ( f ) +2LI R ( f ) G ( f ) m n 0 no nc 

The minimum noise factor is a function of the emitter current . To 

complete the solution to the optimization problem , F i ( f ) is differ­
in n 

entiated tiith respect to the emitter current and the resulting differ-

ential is equated to zero . This yields the optimal source r eSistance, 

(Rso )o ' and the optimum emitter current that satisfy the constraints 

i mposed by equations 34-a and 34b . These two parameters are formulated 

later . 
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A f allacious me t hod of optimization , and one cor.unonly used, entails 

fi nding the optimum source resistance f or one value of eoitter curre nt, 

and toen optimizing IE ' assumi ng that Rso remains constant. Fi gure 2 

ShOHS the results obtained by both the falla cious and the prescribed 

op t i Dization procedures . The reason f or the differences that exist be-

t Heen the two rr,ethods is that the optimum source resistance is an i mplicit 

function of the emitter curre nt. This depe ndence is illustrated i n 

fi gure 2 . 

• 10,000 r-------,----,--,--, - ,-,,-,-,-,-,-----,--- ---,--,--.-,----,---,.-,-11r-, 

~~ 
.. 0 7, '>00 
g 0 
'" . Op

T ... n,.J ::~o.'p,o~;l, O~BC-El = -lv -

~: , ~ 
-:,;! 

&-€ 

E------ F"qu",y, f . ' , 000 , po ::::: ~ ----_-A ____ "-___ --6 __ :T.=m:p.:': .. U:,:.,~l:9S:0K~_J-

'" I , I 1 1 , 1 I" 

Emitter Curre nt, ~ 

Figure 2. Noise Factor, Minimum Noise Factor and Optimum 
Source Resistance as a function of emitter current. 

Figure 3, Hoich applies t o the same optimization problem, illustrates 

more gr aphical l y the emitter-current dependence contained in R so Tois 

f i gure shows that, Idth an emitter current of lC\,l. a , R = 10,000 ohms; so 

while with an emitter current of 1,0<X{,La, R =2.,000 ohms . so 

The solu tion to this optimization problem is again presented i n 

fi gure 4. Here , the noise factor has been mapped in the emitter-curre nt 
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Figure 3. Noi se Factor as Joint Function of Source Resis t ance 
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Figure 4 . F Plotted in the Source Resistance-Emitter Current Plane . 



23 

source resistance plane . The contours depicted are e ach the l ocus of 

poi nts , F = constant . It is easily ShOI.Jn, by vlri t i ng the total differ -

ential of F, that fo r po ints on the contours that have zero slope , 

R so 

The trajec tory contained in t his figure is Fmin as a f unction of the 

emitter current . This trajectory again shows the emitter- cur rent dependence 

contained in R so 

Fr om figures 2 and 4 it is found that there is a unique solution to 

the optimiza tion problem i n whi ch the emitter current and the source re -

si s tance are controllable parameters . 

THE THREE FREQUENCY REGIONS 

I t is apparent from equati on 33 that there exist for both t he transis -

tor and vacuum- tube amplifier three f reque ncy regions of interes t . Since 

these regions are continually re f erred to in the context , they are defined 

at this time. 

The l/f region is defined to consist of those frequencies for which 

the noise factor , as given by equa tion 29, can be written i n the form 

F ( f) - 1 
f l 

(F - 1) -o f 
()8 ) 

The mean- f reque ncy noise region is defined to consist of t hose f requenci es 

f or whi ch 

F( f ) = 

The f2 region is defined to consist of those frequencies for which 

F ( f) - 1 = (F _ 1 ) ( ~) 2 
o f2 

(40) 

Here , 
R 

= Ko + ~ + G R 
Rs noo s (41) 
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The frequencies behleen these regions are def::' ned as transition 

frequencies . The frequency dependences of the noise fac tor i n the l ower 

and upper transition regions are 

(42) 

F(f) - 1 

The boun6a ri es of each of these regions are functions of the source 

resistance. This dependence is illustrated in f i gure 5, whi ch contains 

curves showi ng the spectral character of each of the frequenc y-dependent, 

noise-factor parameters contained i n equation 35. It is found, from 

figure 5 and equation 35, that as the source resistance approaches an 

i nfini te value, the mean-frequency region is limited to the band f = 

30 kc to f = 200 kc, while for small values of source resistance (R - 0), s 

t he mean-freqllenc;, region extends from f = 2,000 cps to f = 1 mc, 

",-------,--------,--------,-------,--------,--------, 
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Figure 5. Normal::' zed Noise Factor Parameters as a Function of Frequenc~· . 



25 

A BRIEF DESCRIPTION OF THE THESIS 

The following is a list of the chapters contained in the ma in body of 

the dissertation , along "lith a brief resume of the contents of each chapter . 

l-lEAN- FREQUENCY REGION 

\'Ii th van der Ziel l s noise model and the associated theory, it becomes 

possible to express the noise- factor parameters K', R , and G as ex-o no nc 

plicit functions of the small - signal and d . c . transistor characteristics . 

As a result , analytical solutions to the optimiza tion problens can be 

ob tained in vlhich the source resis tance is an uncontrollable and a con-

t r ollable parameter . In order to verify the theoretical results , noise 

rr.easurements Here made on a nu.moer of t ra:J sis tors , and the results are 

given i n graphical form along \<lith t he predicted theoretical results . I n 

general , the agreement is l-lithin a decibel. 

1/ f ?REQUE NCY REGION 

This sec tion begins \<lith a dis cussion of Fonger1s l/f noi se mode l . 

With t his model and the associated theory as a baSiS, it is found that the 

noise - fa c tor parame ters have a freque ncy dependence give ~ by 

f 
Ko ' (f ) '" 

K , 3 
00 r (44a) 

R (f) R 
f5 

'" r no noo (44b ) 

G ( f ) G 
f7 

nc nco r (44c) 

Utilizing equations 44a , 44b, and 44c and Peterson ' s equivalence 

theorem, it is found tha t in the l O"le r tra:Jsi tion region the freque ncy 

dependence of the noise factor para~eters becomes 



K I ( f) 
o 

R ( r) no 

G ( f ) nc 
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( + f
f3 ) K I 1 

00 

G (1 + nco 
ff7 ) 

(440) 

(44e ) 

(44f) 

Equations 44d, 44e , a:ld 441' fo r m the basi s of a simplified ex~eri;ner:ta ~ 

soluti on to t he opt i mizat ion problem in which the source res istance and the 

e;nitter current are cont r olla ble para~eters . Experimenta l corroboration is 

given of the derived theoretical results . 

Also included in t hi s study is an analytical solution to the optimiza -

tior. problem i n whi ch the emitter current is t he only controllable parame -

ter . 

[{IGE - FREQUE NCY REGI ON 

To obtain a solution to the high- frequency op t i miz a t i on pro blem in 

Hhich the source resis t ance is the only controllable parame t er , it is 

assumed that 

a(f) = 1 + j f ' f 
I c 

(45a) 

y ( r) 
e = 'J (l + j f/ f ) e o c (45 '0) 

Here , a (f), the common- base curre nt gain , and y ( f ) , t he enit ter - junct i or. e 

admittance , are tHO parameters contained i n va n der Ziel 1s noise model . 

The so l ution shovls that, "lith the proper selection of the source 

res i stance , it is possible to obtain reasona bly low no ise factors up to 

the a cutoff freque ncy , f . Experimental measurements corroborate the 
c 

t heoretical resul ts. Also contained in this se ction is a theoretica study 

of t he effect of s ource reac t ance on the high- frequenc y optimization 

proclerr, . 
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TRA I!SFORFlER COUPL ING 

The theoretical results ob tained i n section 1 reveal that a restriction 

is i mposed on t he value of the source resistance i f t he op t i mum no ise per-

f or mance is to be obtained . If R is not the correct value to satisfy t he s 

constra int i mposed by theory, it becomes necessary to i nterpose a trans -

former be tween the driving source and the amplifier tha t ~Iill reconcile 

these diffe rences . However, now there is a restriction on N, the turns 

ratio of the transforWoer . In this section , using si~plifying assumptions 

as to the noise added by the transforrr,er , t he value for N is derived. 

TEf'ii PERATURE 

This section contai ns an experimental and analytical study of the 

effect of temperature on the noise performance of the transistor amplif~er . 

o The temperatures considered range from 77 to 320 K. 

Em'fTER DEGENERATION , BIAS STABILIZATI ON 

I n this section the effects of these two stabilizing elements on the 

noise fa ctor parameters are determined . It is assumed in making the deri -

vations that only thermal noise is generated in these element s. 

~.'1 th simplif;: .. ing assUJnptlo r. s as to the rel a ti ve magnitude of these 

resistive components, it is possible to fo r mulate i n a convenient f orw. the 

degradation produced by their presence in the circuit . 

LOAD RESISTANCE Al'm l·lULTISTAGHiG 

This se c tion contains an analyt ical study of the effec t of the load 

resistance of the first stage on t he noise perfor mance of the multistage 

a;r,plifier . An expres sion for the noise factor of the [lUl tis t age sys tern 

is then derived . 
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[fiEi,SURI NG V;ETHODS 

An analytical des cr i ption of the methods used i n obtai ning transistor 

noi se factor meas urements is presen ted. Als o L'lcluded is a method of de ­

termining •• hether noise in the measuring system is :Jegligible . 
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1. r1EAN-FREQUENCY REGION 

The mean-frequency region, as related to transistor-noise generation, 

has been defined as that portion of the frequency spectrlli~ where the sta­

tistical processes responsible for the noise generated in the transistor 

produce a power spectral density that is independent of frequency. There­

fore, in the region to be considered, l/f noise can be neglected. The 

noise processes remaining are 

1. Equilibrium or Johnson noise generated by the random motion 

of the thermally excited, charged carriers 

2. Non-equilibrium noise generated by the random diffusion and 

generation-recombination of the charged minority carriers 

in the active base region 

Unlike l / f noise which is a surface phenomenon, thermal, generation­

recombination, and diffusion noise are characteristic of the transistor1s 

bulk properties. Therefore, it is possible to formulate the statistical 

properties of the noise generated by these processes in terms of the small 

signal and D.C. transistor parameters. 

Employing the theories of Guggenbuehl and van der Ziel that pertain 

to the mean-frequency region, it is possible to formulate an analytical 

solution to the problem that entails optimizing the noise performance of 

the transistor amplifier when both the source resistance and the emitter 

current are controllable parameters . It is also possible to formulate, 

in the mean- frequency region, an analytical solution to the optimization 

problem when the emitter current is the only controllable parameter . 
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;·iEAN- FREc:',UENCY NOISE HODEL 

The Dean- fre que ncy mode l pr oposed by van der Ziel and Guggenbuehl 

cO:lsis ts of tHO current generators that describe the shot- noise fluctu -

ations produced by a forHard- and reverse - biased diode . Modlfl cations 

are placed or. the magni tude of t hese tlo/O noise source s to account for t he 

zero- current the r mal noise . Correlation bet,,:een the two genera tors exists 

thr ough the forward t ransconductance of the intrinsic transistor . A third 

noise source is placed i n the base leg of the transistor to account for 

t he thermal noise ge ne rated in the extrinsic base resistance rb l b . Part 

a of figure 6 depicts the equivalent "T" representa tion of the mea n-

freque ncy noise model . I n this rlodel , \-lith the assu111ptions t hat 

1 . There i s one - dimensional current flow i n the active base region 

2. Drift currer.t is negligible in the active base region 

,. Surface recombination is negl i gible 

Van der Ziel found that the mear. - square fl uc tuation contained in the input 

and output curre nt could be descri bed by 

* 

i
2 
nl 

i i nl n2 

"""2 
e!'1b 

4kTR 1y )B - 2eI B · W e E 

2kTy i B ec 

( l - la) 

( l - lb ) 

(l - lc) 

(1 - 1d ) 

Par t b of figure 6 depicts a simplified equivalent r epresentation of 

the :nean- freque ncy noi se model . In this figure, 

e ne = (1-2 ) 
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i i n2 - ai nc nl 

In the simplified rr.odel , if it is assUI:1ed that 

iJ.Vc b l 0 ( 1- 4) 

eIE 
Ye kT (1-5) 

and 

Ie a T + leo o-E (1-6 ) 

it follo\·/s , froD equations l - la t o 1-6, that the generators Hill ;1ave 

Dean- square values given by 

i
2 
nc 

""2 e ne 

= 

2kTr B 
e 

Hhere r is the s~all -signal , e~itter- junction resis tance ( r e e 

(1-7a ) 

(1- 7b ) 

(1-7c) 

l /Y ). e 

The advantage of the sir;.plifieci model is that the correlation that 

formerly existed bett-Jee n the tvlO curre nt noi se sources (contained in the 

original model ) is now zero, i . e . , * e i ne nc = o. 

It is evident, from equations l - 7a to 1- 7d , that the noise performance 

of the transistor amplifier can be expressed in terp.s of measurable d . c . 

and smal l - signal paraweters . These parameters are 

r b t a the ext::,insic base resistance 

I = t he collector cutoff current co 

IE the eoitter current 

a o the r~ea n - frequency , COllL7I0n- base curren t gain 
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Figure 6. Representation of Transistor Mean­
Frequency Noise Model: (a) Current Source i nl in Parallel with r e , (b) Voltage Source ene 
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COENON- BASE AND CONr,:ON- EIUTTER A?'iPLIFIEflS 

It fo11o\-/s , from figure 1- 2 and equations 1 - 7a t o 1- 7d, that the ;-wise 

factor of the connon- base a rr.plifier is 

F (1-8) 

For the common - emi tter arr;plifier, the noise factor becomes 

r rblb (T IZc l
2 .,. e~e )( Rs + r + rb l J 2 

F 1 
e nc e (1-9) ... 2R + - R- + 

4kTR Ib: 21z _ :e
1
2 

s s soc 
0 

}lnere z = I / Y . c c 

At mean frequenc:es, u~der nor mal biasing conditions, the col l ector 

i;';Jpedance, z , is usually greater t han 100,000 oilr:",s . Therefore, it is safe c 

to assume that 

z » re I b/ao c 0 -10) 

IZ
cl

2 2rb 1bre 
» ao(l-ao ) ( 1- 11) 

2r 
2 

IZ
cl

2 e 
» ao ( l-a

o
) (1 - 12 ) 

Prom equations 1- 5 to 1- 12, t he noise factor of the cor:1IIOn- base a nd 

of the comDon-emi t ter transis tor stage can nOH be }rr i t t e n 

F (1-13) 
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He!"e , ~ is the cor.m,on- enit ter cu::'rent Gain , 

1 - 0: o 

a nd r is the collec "Cor cu toff- curre!'1t noi se paraneter , 

r 

It is seen f rom the fore going equation that r i s a function of t he 

enitter curren t . Typical values of th is parar~eter ( sho\,n: i n Tables 1- 1, 

1-2 , an d 1- 3 ) varj' frorr, 6 \-lith IE = l C1.ta to 0 . 3 wi th L = l r.1a . 
~ 

I n order to facilitate the analysis of the noise - optimization pro ble~, 

ir. Hhi ch both t he s ource resista:1ce a nd the emitter current are tile COD-

trollable parame t ers, it is a gain possible to express the noise factor in 

terms of the three noi se f ac tor parameters (equa t i oD 24) , i. e . , 

F 
R no 

= Ko + R 
s 

+ G R nc s (1- 14 ) 

It fo11oHs, fror~ equati ons 1- 13 and 1- 14, that for the corr4"'lon - base 

a nd cO:nr.1on- emitter amplifier 

R no 

G nc 
1 
-- ( 1 + n 
2f3 r e 

( 1- 15a) 

( 1- 15b) 

(1- 15c) 

substituting the values fo r the noise factor parameters Eiven by 

equa tions l -15a, 1 - 15b , and 1- 15c into equations 25a a nd 25b, the optir:.uli. 

source reSis tance a nd the r..in i mClrJ noi s e factor be cone 



R so 

1 
F . = 1 + - -- ( 1 .;- ,.. ) ( r + r . , . ) 

Inn f3re e::> 0 

The !:linir:luJ:1 noise factor , F . , is a n i mplicit func t ion of the 
nan 

(1-16) 

emitter current . * Therefore, the s o lution to the opti~!zation problec 

i n which both the s ource resista nce and the emi tter current are contro lla -

ble oarar:leters entails differe:ltiating F. I-l ith respect t o the er.-,itter . rnn 

curre nt and equating t he resul t i nE differential to zero . I f it is assu~ed 

o ( I - I S ) 

(1- 19) 

and 

(1- 20) 

the result 0:' this differentiation yields for the optil1lUF.! emitter current 

0 - 21 ) 

I f the restriction i mposed by equation 1-20 is re!':oved , the optimwr, 

r 
eDitter current lies betHee n l1r:lits that differ by a factor of the \12 . 

*This depe:lde nce ca:l be n:ade explicit ,-ii th the equation IE = 
kT 
er 

e 
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The se l1mi ts are 

k'$I ) 1/2 ~k'$I ) 1/2 CO I CO 
, 2erb1b < EO < erb1b (1-22 ) 

From equations 1- 16 and 1-21 , the opti~al source resistance (Rso)o 

becomes 

r b1b r 2 Jl/2 
= -- , (2 + r) + 4f3 r L 

If it is assumed that 

equation 1-23 simplif i es to 

t3ICO) 
2 

+ 2021 
o E 

= 2rb l b ~1/2 
r (1 -24 ) 

Equations 1-21 and 1-24 apply to the common- base and common -emitter 

amplifier opera ted in the nea:1 - frequency region . These tHo equations shol-I 

that it is possible to solve the :1oise opti~iza tion problem in which both 

t he source resistance and the enitter current are controllable parame ters 

without making noise measurements .£!2 the a:npl1f1er . 

cor';JfJON- COLLECTOn Al>lP1 IFIER 

The noise factor of the common- col l e ctor amplifie r , derivable from 

equations 1- 7a to 1- 7d , becomes 

F 
r/2l Rs + r b1b 

Rslzcl 2 

+ z 12 12 (R + r _ )2 
c + ?c s b i D 

- - 2 
! r + ( 1 - ex )( R + r-0 1b)J' Leo s 

+ --------~~~----------
Rs RL 

4k'l'R B 
s 

( 1- 25 ) 



vii th typica l values for load resis tance (R
L 

= 10, 000 OMS), emit ter 

jU!'1ctl on resistance ( re = 26 ohrr,s ), collector i mpeda nce ( zc = 1000, 000 

onr.ls) , a!')d sDall - s igna l current gai !') (() = 60 ), it can safel y be asswr,ed 

that 
RL » 2re 

1 / 2 z »() r c e 

2t3r2 

1 z c 12 »~_e-,,::-; (l + r) 

Hith these assmnptions e qua tion 1 - 25 can be s implified to read 

F = 1 + 

( 1 -26 ) 

( 1 - 27 ) 

( 1 - 25 ) 

( 1 - 2 9 ) 

( 1- 30 ) 

An a nalys i s sinilar to that carried out fo r t he cOr.l.lIon- base ampli -

fier yields as the optimiz i ng parameters for t he cor.~on- col lec tor sta ge 

( 1- 31) 

( 1- 32 ) 

EXPERII-iEt,fTAL l'IEASUREi·!ElITS 

In order to establ i sh the validity of the assu~pti ons ma de i n de r i v in~ 

ti1e equa tions conta i ned i n th:'s sect io!') , a nd in crder to establi sh t oe 

va lidi ty of toe equat ions thems e 1 ves, :nea r. -frequenc~' noise r.,easurements 

He r e made on a l arge gr oup of a lloy , mi cro - a lloy , a nd diffus ed base 

transis tors . For each trans i s tor tes t ed , wito the operating point f ixed , 

r.oise - f ac t or measurements .. 'ere :nade wi th s eve ra l discre t e values of source 

re si s t a nce . The resulti n£ noise - f ac tor versus s ource - r esistance curve was 



37 

drawn to obtain exper:~e~ta - values for the op&im1zi~~ Dara~eters R and - . so 

F . • This procedure Has repeated '.·:1tn the err.:tter current as the i nde -
T:'i:' n 

pendent variable . Fo r each t ranSistor tested , a curve was plotted t o depict 

F . a nd R as a fun c t10;'] of the emi t tel' curre nt . A partial co!:',p ila t!..or. of 
1'-ln s o 

the exper i~ental r esul ts is co~ta ined in the three parts of fi gure 7. 

In or der to obtain theoretical curves showing F_1 and R as a 
,.I~n s o 

functio n of t he emitter curren& , measure:nents Here !:lade of leo' t3 , a nd 

rb t b . From t hese measurements and equations 1- 16 and 1- 17 , the theoretical 

curves shown in figure 7 were drawn . The theoretical results are also given 

i n Tabl es 1- 1, 1- 2, a nd 1 - 3 . 

A cO:'1parison of the theoretical and experime!1tal results reveals that 

for freque ncies above a f'el-l kilocycles , the theoretical model forms a valid 

basiS for obtaining the op timi zation parameters of the a r.;p lifier . 

For tne 2 N207 - B tranSistor (characteris t ics shoH/; in part a of figure 'r) 

tne theoretical opt i mum emitter curre nt was f ound to be 87 ~a; experimen-

tallJ' , the value 100 ~a ,-;as obta ined . For the 2 1'143 transistor (part b of 

figure 7 ) the theore tical value obtaine d ~!aS 450 ~a, and the experirr,ental 

value 200 ~a . For the 2K544 tra:lsis tor (part c of fi gure 7 ), the theore ti -

cal value is 350 ua; tne experimental value is 200 ua . 

SOURCE RESISTAiJCE AS Ali UliCONTROLLABLE PAHAHETER 

Equati ons 1-21 and 1 -24 qua ntify the e!:'.itter curre nt and the s our ce 

resista:lce that give t he optimur.] no ise perforrr.ance for a Biven tranS istor . 

Because t he optimal s ource r e s istance can be rr.odified by the us e of a 

transfor mer at the input of the arr.pl ifier, a wide latitucie exists for the 

source resistance that Hi ll sa ti s fy the cons traint i r.,posed by equation 1- 24 . 

However, in rra ny case s , i t is found tha t ot her cons i derations prohibit 

the use of tra :1Sfo r :rle r coupl ing . If the s ource r esis t a nce is f ixed , the 
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Table 1- 1 . Theoret i cal i·leasure of t he Noise Pararle te r s a s a 
?unct ion of Er.:itter Cur r ent for ~he 2N207- B Tra~sistor . 

Tra r.sistor IE' ;·ii croa~npe res 

2 1~2073 

i'lo . 4- 10 50 100 200 500 1 , 000 

K 1.14 1.06 
0 

1.06 1. 10 1.09 loll 

R no ' oh:::s 2 , 160 700 550 445 360 350 

G , )o' mhoR 4-4 52 66 88 130 150 nc 

r 6 . 0 2 . 8 1. 0 1.3 0 . 6 0 .34 

F nin ' db 2 . 3 1.6 1. 6 1.7 1.8 2.0 

R so' ohn~s 6, 950 3, 600 2 , 900 2, 300 1,920 1, 520 

Taole 1-2 . Theoretical Jo1 easure of the Noise Para!'1eters a s a 
Function 0:' Emitter Curr ent f or t he 2N43 Tr ansistor . 

Transistor I~ , :·jicroar.lperes 
L'. 

2N43 

No . 1 10 50 100 200 500 1,000 

K 1.6 1.4 
0 

1.2 1.2 1.2 1.2 

R no ' ohr:JS 2, 500 650 370 260 230 100 

Gnc ' y!~lhos 380 240 250 300 380 570 

r 5·2 5 . 1 2.3 1.4 0.8 0 . 6 

F 
!:lin ' 

db 5 ·7 5 .2 2 ·7 2 . 3 2 . 1 2 . 5 

R so ' CrE:1S 2 , 700 1,650 1, 200 1, 150 760 400 
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Ta ble 1- 3 . Theore ti ca l l'·ieasure of t he j·loise Fara",e t e l'S as a 
FU!1c ti o:'] of Err. it t er Current fo r the 21:544 Transis t or . 

Transis tor IE ' :'iicroa:nperes 

2 Ji5!~4 

1 10 50 100 200 500 1, 000 

i< 
0 

1.50 1.10 L ob 1.05 1.05 1.05 

fl no' ohJ~! s 2, 600 600 410 280 130 90 

G nc ' ~mhos 120 62 75 96 150 240 

r 2 . 1 2 . 1 1.3 0 .5 0 . 4 0 . 3 

'" . min ' db 1.& 1.6 1.7 1.2 1.2 1.2 

R so ' ohr.lS 4 , 600 3, 100 2 , 400 1, 600 890 600 

dictated s curce resis t a !1ce Hill , in general , not satlsfy equa t i on 1-24 . 

OptiDizatlon , in this case , e n tails fi nding the eDitter curre ~ t that oi ni -

;r. ize s the noise fa c tor of ;;he amplifier . It can be found by dif f erent ia t i ng 

the noise factor \-li th r espect to t he er.litter curre :'l t a nd equating the re -

sulti :1g differen tial t o zero . ?or the corr~on -base and comnon- emit t er 

a:.1p lifier, if it is asslL'11e d that 

~ » 2r + 1 (1- 33 ) 

t he optimurr. emitter curren t is g iver. by 

(I - 34 ) 

?or t he comnon- collector amplifier 

= (1- 35) 

In order t o corrobora t e equation 1- 34 , r.oise c,easureme nts \-Iere clade 

on several transis tor s . il partial compila ticn of ;;he re sul ts is ShOHl~ i n 
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figure 2; as \·;ell as t he theore ti c<J.1 resu lts obta ineci with equation 1-34 . 

The correspondence shows that , for ~requencies above a few kilocycles , 

equation 1-34 forns a valid basis f or the solution of the optimization 

probler;] i n Hhich the err.i t ter current is the only cO:1trollable paralr,e t er . 

E~UIVALENT !'WISE RESISTAI;CE 

The equivalent no2. se resis t ance can be used to il lus t rate the degra -

da:ion i n the noise perforl'"lance causeci by each of the noise generators 

contained in the me an- freque ncy model (part b of fi gure 6 ) . This parameter 

defined 0;" 

R {F - l)R eq s 

beco::les for the cormnon - baso and comr:lon- emi tter t ransis tor a~lplifier 

Hhere 

R 

r / 2 e 

rb l b 

1 + r 
2f3r e 

eq 

the 

the 

2 
re / 2 

( I + r ) 
(Rs + r b l b + + rb l b + re) 2f3r 

degraciation 

degrada t ion 

e 

caused by e ne 

caused by e nb 

the degradation caused by i nc 

:.'igure 9 illustrates the relative oagnitude of each t erm of 

(1-36) 

equation 1-36 as a function of the source resis t ance a nd the experimentally 

obtained curve shoHing -.;he equivalent noise resistance as a function of the 

s ource res istance . 

COLLECTOR VOLTAGE AND ITS EFFECT ON i·SAN - FREQUEHCY NOISE PER FORiflANCE 

An inspe c tion ot the equations that dicta te the noise perfor ma nce 

of the t ra :1si s tor anplifier i n the lLeal: - frequency region reveals that , 

the or etically, the col lector voltage is a noise para~eter in a transi s to r 

stage only because of its influence on ~ and z at l ow r everse biase s , 
c 
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and its i nfluence on leo at high reverse biases. In order to obta in an 

experimental verification of the theory , noise studies were p.iade on several 

transis tors with the collector voltage as t he only independent parameter. 

The results of these measurements revealed that although the noise level 

observed at the output of the transistor stage decreased sharply as zero 

bias ing was approached, the decrease in the pO'vler gain offset any a dvantage 

produced by the l OHe r noise l evel. At the other extreme, as the collector 

breakdovJn voltage Has approached , a perceptible increase in the nOise 

level was observed . HOyleVer, with collec tor voltages yli thi n the range 

0.25 v to 10 v reverse bias, little change Has observed i n either t he noise 

level or the noise factor. 
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cm:cLUS I O;~S 

This section has bee~ concerned with the for~ulation of an analyt ical 

solution to two distinct optimi zation problems . The first problem CO:1-

sidered was one in vlhich bo th the source resista:1ce and the emitter curre nt 

1~ere controllabl e parame ters . The analytical solution entailed finding 

theoretical values for Rs and IE Hhich concurrently satisfied 

o (1-:57) 

and 

o (1- 58 ) 

\'ii th van der Ziel ' s Clean- freque:1cy noise rr:odel as a basis , it \1aS 

found that the optir.!izing parameters (R ) and 1;;'0' \-ihicn satisf'ied so 0 ~ 

equations I -57 and l -5b, could be expressed i n terms of the d . c . and small -

sienal trans is tor paraneters . The parameters i nvolved Here ~, the co;nrr.on-

e~itter curre nt gain, r bl b, the extrinsic base resistance, and I CO' the 

collector cuto f f current . 

A:1 interesting aspect of the theoretical study Has the dominant role 

played by the collector cutoff current i n determining the noise performance 

of t he amplifier in the mean- frequency region . This is in sharp contrast 

with Yajimi l s l/f collector noise model ( see p .73), l-lhich proposes that the 

collec tor cutoff current could be neglected , as a noise source, at l/f 

frequencies . As a result of the validity of Yajini1s theory , it is found 

that \-lith large values of source resistance , I.e ., Rs » R , optir.mm noise so 

performance entails operating the transistor with a s t arved emitter. Re -

ferring to Tables 1-1, 1-2, and 1- 5 ( by comparing values of the noise factor 

parameter G ) this is found to be no longer true at rr:ean frequencies. nc 
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For the 2N43 tra rlsistor of 'ra ble 1- 2, the minirr.um value of G is nc 

obtained with an emitter curren t of approximately 80 ~a. For the 2N544 

transistor, the minimum value of G is obtained with an emitter curren t nc 

of approximately 60 ~a . 

The second optimization problem considered was one in which the emi tter 

current was the onl y controllable parameter . Opti mizing the noise perform-

a nce of the amplifier now entailed find i ng that value of emit te r current 

whi ch satisfied 

o (1- 39) 

With van der Ziel 1s mean- frequency noise model as a basis , it is possible 

to express the noise factor as a n explicit function of the emitter current . 

Therefo re, the solution to this optimization problem coul d be obtained by 

directly performing the mathematical process dictated by equation 1- 32 . 

The analytical solution shows that the optimum emit ter current i s nOH a 

function of the source resistance, the extrinsic base resistance, and the 

co~~on-emitter current gain . 

An interesting aspect of this theoretical s tudy concerns the magnitude 

of the opti r.-.um source resis t ance R • f.lo ntgomery (Ref. 16) , in an experi ­so 

men tal study conducted in 1952, found t hat this parameter could be accu-

rately approximated by re + rb t b' the input impedance of the comnon- base 

and co~on-emitter transistor amplifier (output open- circuited ) . 

It is easily shmm that this is the value obtained for thi s parame ter 

i f t he tHO inpu t noise sources , e and e b (part b of fiGure 6) are a ssune d ne n 

to be zero . 

Since the major portion of the noise tha t r10ntgo;ner~' observed was l/f 

noise generated i n the collector- base r egi on of the trans is tor, t his was 
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a valid assUllpt ion at ;:;hat ti::le . HOHe\'e r , '.-li th t~le ::'rans i stors now a'Jail -

able , ::'he <;\0;0 input r.o ise sources are bo t h instrll."Jental i, l deter!:lining tte 

",agni t ude of the opti!mr.! source resis t a nce . To illus tra te , the follo"'ii n~ 

exarlple is offered . ( '~i1e d . c . a nd s :::all - signal pararr.eters given are 

typica l of those fo un d i n transistors used in t he pre sen t - day , low- noise , 

t ransis to r a~pl ifier . ) 

leo = 2 ~a 

I" = 0 . 1 Ira 
~ 

r b10 = 200 ohms 

~ 40 

r = 
e 260 ohms 

Su bstituting these values i nto equa tion 1-17 , 

Ii. = 1950 orur;s 
s o 

Hhereas 

460 onr.lS 

~ie1sen (Ref . 17 ), ~n a s t udy conducted i n 1957 , observed that in 

the co:nrr.on - emi tter :ransis to r amplifie r , the rati o of the op ti rr.un: s ource 

;oesis tance , R , so 

1: 
-l(­

tDe fa c tor 2 . 

exa["j:'le cited, 

j·;hereas 

to the pOv:er oa tchin.; resis 'Lance , :1 , did not exceed sp 

Although this ra t i o is closest to 1 for tDe trans i s to r 

there is no apparen t Ii rr it to 2 In . 
so sp 

R 
sp 

R 1 0 , 900 0{1l,1S sp 

R 1950 on~s so 

0: 
o 

I n trie 

*'This observation '.-ia s conc luded fro f.'. t he results of nis experi::le ntal s t:.ldy . 
Ko theoreti ca l justif~cation fo r this conclusion i s ~iven . 



a r, d the rat:o 

R so 1 
R n 

SD 

Equa~ion 1 - 16 shows that three para~eters must first be ~easured 

be :'ore the opti::mTIi source resis ta :, ce can De de ter;.:ined . The:; are 

r b 1b' the extrl~si c base resi s ta~ce 

;- ' ' t · a o ' _ne CDc.mor. ca se curren galn 

l eo ' the col l e c tor cutoff current 
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The desi g!'l of: lOvi -level, audio-frequenc~', t ransistorized a ;rrplifiers 

is nade critical by t he existence of "excess" trans istor noise \-1hich has 

spectral propert ies s1wilar t o the f licke r noise i ~ vacuum tubes . Although 

several theories have been proposed to explain the mechanism responsible 

for excess (1 /1' ) no ise in se~iconductors (Ref. 18 - 23), no one theory has 

yet gaiYled universal acceptance . This 1s due, r.ainly , to the failure of 

any single theory to acco' .. ll'~t fo r the extreme ra nge of frequencies (Ref . 21+ -

26 ) over Hhich this Yloise has bee:'] fO:J.l1d to exis t . HOHever, experirr.ental 

investigations conducted with surface - treated crystal filame nts su bsta~tia te 

the theories of \I;c\~horter (Ref. 26) a nd r:orth (Ref. 27 ) y!hich propose tha t 

excess noise is a surface phenomenon caused by fluctuations in the s~rface 

pote nti al of the se;rriconductor. These fluctuations are i~duced by the 

trapping and untrapping of majority carriers in :;he slol-I surf ace states. 

3ecause Ill' noi se is a surface phe::ome ~on, it is i :npossible to obtai~ 

a mea sure of the 1 / 1' me chanism existing in the tranSistor froD the tra ~ -

s i stor's d .c. a nd s mall - signal paraoeters . For t hi s reason , experi:ner:tal 

noi se r:leasuremen ts :;Just be made to fiYld operating parar."Jeters that Hil l 

optimize the trans:stor ' s noise performance in the freque ncy region where 

1;'1' noise predominates. r·loreover, the complete opti:niza tion process, Hr..i ch 

gives the unique set of controllable para~eters that optimize the tran -

sis tor ' s noise performance, requires a separa te experir:lental study f or each 

change in a nyone of the controllable or uncontrollable para!'",eters . 

':'his s e c tion considers first the optimization proble!:", in Hhich the 

two controlla ble paral'"eters are the transistor 's operati ng point a nd the 

source resistance. Bri ef I'"ention i s then nade of experi !~lental f:' ~dings 



that indicate that the collector voltage, one of the two parameters 

necessary to specify the operati~g point of the transistor amplifier, is 

inconsequential in its effects on the noise performance of the amp lifier. 

If the insi[;ni!.'icant effects produced by changes in the collector voltage 

are neglected, obtaining the optiD~T. noise performance entails finding , 

by experimental noise measurements, the unique value of source resistance 

a:Jd emitter current l<lhich concurrently satisfy 

of 0 
dRs 

(2-la) 

dF 0 
dI~ .r. 

(2- lb ) 

The statistical processes responsible for the noise behavior of the 

transistor at l/f frequencies are independent of the generation-

recombination, diffusion, and thermal noise that dictate the noise per-

formance of the device at mean frequencies. ThUS, the optiF.al source 

resistance (R ) and the optimum emitter current I~O' which satisfy so 0 ~ 

equations 2-1a and 2-lb, are implicit functions of frequency. It is 

therefore necessary, in order to obtain a solution to the optimization 

problem that is applicable to the 1/ 1' and transition-frequency region, to 

calculate the optimizing parameters at each of several selected frequencjes. 

HOlvever, the existing theory can be used to obtain a si;nplified optimiza-

tion procedure. 

The simplified method, ",hich will be ShOWl to be adequate for 

quantifyi nG the spectral behavior of the optif'iizing parameters, is 111us-

trated in figure 10. Block I in figure 10 shows the optimization procedure 

that l:iUSt be err.pl ayed if no assumptions are made regarding the noise 
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properties of the trans istor . At each of several frequencies in the l ! f 

a~d transition- frequency region, a diverse set of source res i stances must 

be used to determine tne spectral behavior of the opti~izing parameters 

F . (f) and R ( f). However , by as suming that the noise sources contai ned mln so 

in the device a r e not functions of the input termination, the number of 

source reSistances necessary to quantify R (f l ) and F . (f
l

), at an so mln 

arb:!. trary frequency f l' is reduced to three . This is ShOl</n in 310ck II_ 

I:Ioreover, by assuming the validity of Fonger l s phenomenologi cal spec tral 

function !Ii ( f), rr.easurecents at only t~!O frequencies are necessary to 

de termine the spectral behavior of R (f) and F i (f). This is sholm in so m. ri. 

Blocks II i and IV . 

Since R ( f) a ~ld F i (f) are i mp lici t functions of the emitte r cur-so m n 

rent, the procedure is repeated iiith ercitter current as the indeper.de nt 

variable to obtain the curves shown in Block V. The optimizing parameters 

contained in 310ck V are obtained froo Block IV by taking, at each of 

several frequenCies, that value of emi tter current and that value of 

source resistance \-ihi ch gives the Im,Jest noise factor at each of the selec-

ted frequencies. Block V also contains the minimal no ise factor (F1T,in)0 ' 

A s r:!all portion of this sectio:1 is devoted to the optir:! ization pr o81e!'"i 

in which tne source resistance is an uncontrollable parar:!eter . The proole~ 

1s furth~r lici ted by discussing only that class of source resistance 

( 1. e . , R » R ) that lends itself t o a sicplified empirical a nalys i s s so 

us ing Yajimi 1s col lector noi se model . 

1 / f A;m TRANSITI ON - FREQUENCY NOISE 1·-iODE1S 

Fonger 1s Ilf noise ~odel , which represents North1s theory appl i ed t o 

the junct ion t ra ns !stor , ! s shown in part a of figure 11 . Although the 



52 

terminology used to describe the noise sources contained in this figure 

differs from that used by Fonger, the implicit dependence of these sources 

on his phenomenological spectral function ¢(f) is unchanged by the change 

in notation . Part b of figure 11 shows an equivalent "T" representation 

of Fonger 's original model. A simplified equivalent liT" representation of 

Fonger's original noise model is shown in part c of figure 11. Here, the 

word "simplified" pertains to the complexity of the noise model and not 

to the statistical properties of the model. The value given for each of 

the noise sources contained in this figure is the value required in order 

to retain statistical equivalence at both the input and output terminals 

of the amplifier. 

The Ilf noise model is limited by its implicit spectral function 

¢(f) to frequencies where the noise behavior of the transistor stage is 

determined solely by Ilf noise. Therefore a new, or supplementary, noise 

model must be used in the transition region where both Ilf and "white" 

noise are instrumental in determining the transistor 's noise performance. 

If the validity of Pe terson 's equivalence theorem is assumed, the model 

shown in par t a of figure 12 will suffice to describe the noise behavior 

observed in the transition region. 

Combining the two voltage and the two current noise sources (part b 

of figure 12), the transition noise model becomes outwardly identical to 

the Ilf noise model (part c of figure 11). The differences that exist 

between these two models are implicit in the spectral dependence of the 

noise sources contained in each model. 

The noise factor F for the transistor stage in each of its three con­

figurations becomes (from equation 2 applied to part b of figure 12) for 
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the common-base and the common-emitter stage 

R ( f ) gnc(f) 2 2R{c(f)} 
F (r) ne 

(Rs 1 + R + R + r + r blb ) - R e s s s 

r 11/ 2 
g (f)R ( f ) (R + r + r bt b ) L nc ne J s e 

and for the common-collector stage 

F(f) = 
R (f) 1 r l 2 

1 + --,ne"..-_ + -- . r + (1 ~) R + r J 
Rs Rs RL L e s bIb 

)
2 2aR (c (f )J 

+ rbtb - R 
s 

For typical values of RL, a, Rs' and r e , equa tion 2-2b can be 

simplified to r ead 

F(f) 

1 /2 . r g ( f )R ( f )l ' (R + rb I b ) . nc ne s 
L I 

Here, R (f) is the err.itter ther.ma l noise resistance, defined by ne 

e 2(f) = 4kTR ( f)B ne ne 

gnc is the collector thermal noise conductance , defined by 

~ nc 
2 a (4kTg B) nc 

(2-2a ) 

(2-2b) 

(2-2c) 

(2-3a ) 

(2-3b) 



a nd R{c(f)l is the real part of the normalized correlation coefficient 

c ( f ), where 

* e (0 ne c( f ) = 

I 2 
L e (f) ne 

i (f ) nc 

J
l/2 

i 2(f) 
nc 

(2 -3c) 

In the formulation of equations 2-2a, 2 -2b, and 2 -3, it has been assumed 

t hat only thermal noise Has generated i n the source a nd i n the load 

reSis t a nces, i.e., 

--2 
e ns 4kTR B s 

If it is assumed that the noise generators contained in the transit ion 

frequenc y noise model are no t functions of the source reSistance, the terms 

Rne (f), gnc(f), and c(f) contained in equations 2-2a, 2-2b, and 2-2c \oIill 

also be independent of Rs. With this assumption , the noise factor can be 

written in t erms of t hree noise - factor parameters, K (f ) , R (f), and G ( f ) o no nc 

which are no t funct ions of the input termination . 

F(f) 
R (f) 

() no ) = K f + R + G ( f R o nc s (2 - 4) 
s 

From equations 2-2a,and 2 -4, the noise - factor parameters of the common-

base and common -emitter amplifier become 

K (f) 
o 

1 + 2g (f ) (r + r b l . ) - 2R{c(0} 1 g (f)R (f)Jl/2 
nc e b L nc ne (2 - 5a) 

2 - 1 1 /2 
Rno (f) = Rne(f) + gnc(f)(re +rb1b ) - 2R{ C(f)} ~gnc(f)Rne (f) I (re +r bl b ) 

(2 - 5b ) 
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G (f) = g (f) nc nc (2-5c) 

In order to obtain the f requency dependence of the noise parameters 

contained in equations 2-5a , 2-5b, and 2-5c, i t is assumed that the no ise 

sources shown in the low-frequency noise model (part c of figure 11) 

exhi bi t a I l f spectral dependence, i.e., 

(2-6a) 

(2-6b) 

Here, fi and fj are two empirical noise parameters. Also, since the l / f 

and the mean- f requency noise processes are mutually independent, it can 

safely be assumed that no correlation exists between the l / f and the mean-

frequency noise sources, i.e., that all cross-correlation terms except 

* * e' (f)i' (f) and e i are zero (see part a of figure 12). ne nc neo nco 

I t follows, from figure 12b, equations 2-3a, 2-3b, 2-6a, and 2-6b 

a nd the assumption pertaining to the correlation, that the noise parame-

ters Rne(f) and gnc( f ) will have a frequency depende nce given by 

R (f) ( + ffi) ne = Rneo 1 

( f.) 
( f) 1 + -1 gnc = gnco f 

where R is the mean-frequency emitter noise resistance neo 

--2 
e neo = 4kTR B neo 

and g is the mean-frequency collector noise conductance nco 

--2 
i nco Cl4kTg B nco 

(2-7a) 

(2-7b) 

(2-7c) 

(2-7d) 



It is found, from equations 2-2a, 2-4, 2-7a, and 2-7b, that the noise 

factor of the transistor amplifier can now be written as an explicit 

function of f requency. This dependence becomes 

(2-8) 

Here, K I = K -1, and K ,R ,and G are the mean-frequency, 
00 00 00 noo nco 

noise-factor parameters . For the common-base and the common-emitter 

transistor amplifier: 

K I 
00 

2R(c ) (R g )1/ 2 
o neo nco 

R R + g (r + r )2_ f
L2R

(C )l(R g )1/ 2(r + r blb ) noo neo nco bIb e 0 _ neo nco e 

G nco 

= f j 

Here, Co 1s the normalized mean-frequency correlation coefficient 

e * 1 neo nco 

r - - 11
/
2 

2 i 2 
Leneo nco 

(2-8a) 

(2-8b) 

(2-8c) 

(2-8d) 

(2-8e) 

(2-8f) 

(2-8g ) 

(2-8h) 
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and c(l / f) is the normalized I l f frequency correlation coefficient . 

SIMPLIFIED OPTIMIZATION PROCEDURE 

Equation 2-8 forms the basis of the simplified optimization pro-

cedure, showing that it is possible, with six measurements, to quantify 

the behavior of the frequency-dependent, noise-factor parameters Ko(f), 

R (f), and G (f) from low audio frequencies to the upper limit of the no nc 

mean-frequency region. 

It should be noted that once these six parameters have been deter-

mined, it becomes possible, using equation 2-8, to quantify the noise 

performance of the transistor amplifier when any value of source re-

sistance is used. Therefore, assuming the validity of the simplified 

optimization procedure, these six measurements provide all the informa-

tion that is obtained from the conventional optimization procedure shown 

in figure 10. 

The measurements made to quantify the three mean-frequency noise-

factor parameters K ',R ,and G and the three corner frequencies 
00 noo nco 

f3' f5' and f
7

, contained in equation 2-8, are not arbitrary. Therefore, 

it is worth while to discuss the method used to determine these six 

parameters. Again, writing the noise factor in terms of the frequency-

dependent, noise-factor parameters, 

F(f) + G (f)R nc s 

Differentiating this equation with respect to Rs and equating the resulting 

differential to zero, there is obtained for the optimum source reSistance, 

(2-9) 
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Substituting R (f) for R in equation 2-9, there is obtained for the so s 

minimum noise factor 
1 /2 

F i (f ) = K (f) + 2[R ( f )G ( f )1 m n 0 no nc J (2-10) 

It is found. from equations 2-9 and 2-10, that the noise factor can also 

be written in the form 

R (f) r 
+ \Rs)r»] 

F(f) K (f) + n~ , 1 (2-11 ) 
o s L 

Therefore, for values of Rs « Rso ' the noise factor can be approximated 

by 
R (f) 

F(f) Ko(f) + 
no (2-12a) = R s 

By a similar algebraic substitution, it is easily shown that for values 

of Rs »Rso ' the approximation for F becomes 

(2-12b) 

As the first step in quantifying the six parameters contained in 

equation 2-8, noise measurements are made at a frequency, f l , located in 

the I l f region . At this frequency, three measurements, employing source 

resistances Rsl , Rs2 , and Rs3 ' yield Fl(fl ), F2 (fl ), and F
3
(fl ). The 

values for Rsl , Rs2 ' and Rs3 were selected so that the approximations 

given by equations 2-12a and 2-12b could be used, i.e., 

(2-13a) 

(2-13b) 

(2-13c) 
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Assuming that RSl« RS2 «Rs3 ' it follows from equations 2-13a, 2-13b, 

and 2-13c, that 

(2-1!.j.a) 

R (f
l

) no 

G (f 1) 
1 r R

SIJ (2- 1!.j.c) = ~ LF3{fl ) - F2{fl ) + Fl{fl ) ~ nc s3 s2 

To obtain K (f2 ), R (f2 ), and G (f2 ), the procedure o no nc is repeated 

at a frequency f2' located in the transition-frequency region. 

From equation 2-8 and the results of the six measurements, 

Koo 
f 2Ko(f2 ) - flKo(f1) 

(2-15a) 
f2 - fl 

R 
f 2Rno {f2 ) - flRno(f l ) 

(2-l5b) noo f2- fl 

G 
f 2Gnc (f2 ) - flGnc(f1 ) 

(2-l5c) nco f2 - fl 

f3 

f l f 2[Ko{fl ) - Ko{f2 )] 

f2[Ko{f2 )-1] - fl[Ko{fl) - l] 

(2-15d) 

f5 

flf2[Rno{fl) - Rno(f2 )] 
(2-15e) 

f 2[Rno {f2 )] - fl[Rno{fl)] 

f7 

flf2[Gnc{fl) - Gnc {f2 )] 
(2-l5f) = 

f2[Gnc (f2 )] - fl[Gnc(f l )] 
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EXPERIMENTAL CONFIRMATION OF SIMPLIFIED METHOD 

In order to establish the validity of the simplified optimization 

procedure, spot-noise measurements were made on a number of commercially 

available transistors at two selected frequencies, fl and f 2, employing, 

at each frequency, three source resistances The noise factors obtained 

from these six measurements were used to quantify the six unknown parame-

ters contained in equation 2-8 Once these parameters had been determined, 

it was possible, utilizing equation 2-8, to plot curves showing the theo­

retical spectral behavior of the two optimizing parameters R (f) and so 

After the curves had been drawn, experimental noise measurements were 

made at several frequencies in the range from 6 to 20,000 cps . At each of 

the selected frequencies, a diverse group of source resistances was used 

to determine the optimizing parameters F i and R • The optimizing parame-m n so 

ters obtained from this group of measurements were then plotted as func -

tions of frequency . 

Figures 13 to 22 show the results obtained for F i (f) and R (f) m n so 

when both the simplified and the conventional optimization procedures were 

used. When the results of the two methods are compared, a convergence is 

found, in most instances, to within a fraction of a decibel in the minimum 

noise factor and a correspondence to within 20% in the optimum source re-

sistance . This corroboration substantiates not only the simplified method 

but also the model on which the simplified procedure is based. 

Once the validity of the simplified method has been established, it 

is possible to use this method to solve the optimization problem in which 

the source resistance and the emitter current are both controllable parame-

ters. A partial compilation of the experimental results, which shows the 



jJ 

30 

27 

Tran si.to r, ZNZ07B-4 

Confillur.J.tion, Common em itter ,l.Jnplirier 

Open.ting point . VeE"" - Zv IE = 0 . 1 rna 

lO C p5 

F requency: 0 

33 

30 

Conunon eminer amplifie r 

ZNI01B - 4 Tran s i ato r 
VeE = - Iv IE :: 1.0 rna 

T -= ZqS·K 

Tempe r atur e . 19S·K Z7 

24 b M easurement. uled in t be 

,,; I 
.. 18 ~ 
o 
< 

~ IS · C 
z 12 

100 

33 ~-

Comm or. emltler amplIfier 

)0 - lNZ07B. '" T u,ns ulo r 

27 -

.0 21 -
~ .. 
... 18-
2 
o · ~ IS -· · ~ 12-

\' CE = . Z .. I E = O. !i mol. 

I, 000 

\ 
\ 

--=~ 
So ur c e Relistanc e R • ohm. . 

(a) 

10. 000 

100 c ps 

j 
I. 000 c ps 

1 
l Oa , 000 

01~~Oc------->----"---"--~-L-L-L' ~l~~O~' O~Oc------"·-----L---L-"C-"-~ ILO~,O-O-Oc------L----"---"--"--c-~I~O~~J. ~oo 
S ource Res i stan c e R ' 0 ohms 

(b) 

o~~-~~~~~~~---~~~ 
100 I , 000 Source Res ist ance R . ohm. s 10 , 000 l Oa, 000 . 

(c) 

Figure 13. Noise Factor as a Function of Source 
Resistance for Several Frequencies in the I l f and 
Lower Transition Region: (a) IE = 0.1 rna., (b) 
Lg = 0.5 rna., (c) IE = 1.0 rna. 



· E 3, 000 • -" 
" 0 · , ~ 2 . 000 0 

'" a: 
E · 0 u 

. ~ " 1.000 • 
1i. · 0 · · 0 

a: 

I' 

.0 
12 ": 

= E 
10 ... . 

£ 
~ 8 
... 
" . 6 
0 
z: 
E , 
0 

~ 
= 2 :::< 

0 
20 100 

· E 
u -" 3, 000 
u 0 . , 

0 0 l . OOO 
'" 

. 
E 

a: .' 0 u 

~ " 1,000 • 0 "-0 · u 0 a: 

14 

.0 
12 " 

c 

E 10 ... 
3 
u 8 · ... 
· · 6 ·0 
z: 
E , 
§ 
c 

:i 2 

0 
20 100 

64 

o 2N20'1B-4 Transistor 

Common emitter amplifier 

V GE = -Zv IE = O. 1 m~ 

T :: 29S-K 

- S im p lified opt im i~ation proc edure 

o Convent ional o ptimization procedure 

1.000 

Fr eq uen c y C. c ps 

(a) 

0 

0 

2.NZ07B--4 Tran s i sto r 

C omm on em itter amplifie r 

VeE = -lov IE=O. 5 ma 

T : 29, " K 

0 

I , 000 

Frequency f. c p o 

(b) 

· E . -" . u 0 . , 
'0 

0 
<I) . 
E 

a: 
• , u 

.§ " • 1i. · 0 · • a: 

10.000 

-

10 , 000 

3 ,000 

2.000 

1,000 

0 

21 

18 

J> 

" I' .; 

· 12 
2 
u • ... 9 · · '0 
z: 6 

0 
20 

0 

0 0 

u 

lNZ07B-4 Transistor 

Common emitter amplifier 

VeE = -Zv IE=I.Oma 

T = 2~5·K 

0 

100 I , 000 10,000 

Frequency r, cpo 

(c) 

Figure 14. Minimum Noise Factor and Optimum Source 
Resistance as a Function of Frequency: (a) IE = 0.1 ma, 
(b) IE = 0.5 rna, (c) IE = 1.0 rna. 



'" 

r 11 
I 

2N207B-4 Transistor 
Common emitter amplifier 

V CE = -2v T = 295' K ~ I 
o II ________________________ -------------

0 1• 500 :. 
o 
'" I>: 

I 

0 1 

'" 
O. I = T 

E 

0 
w 

0.05 1 -'---LL.JL.L. _ __ -----.l _ _ I -L-.....l-'-'-LJ._ J 

15 

j 

O~! __ ~~~~~I~I ____ _L __ ~_L_L~_Lw_ ____ ~ __ L_~~LLr~I~1 I 
10 100 1.000 10.000 

Frequency f. cps 

Figure 15. Minimal Noise Factor,Optimum Emitter Current, and Optimal 
Source Resistance as a Function of Frequency 



'" ~ 
~ 

2 
-. 
~ · · '0 
z 

'" ~ 
..: 
c · , 
~ 

" · '; 
z 

" 
'0-

i:7-

Z< -

Z1-

IS-

15-

2N43·l Tra.nsiltor 
Commo n em itter amplifier 

V CE = - Zv IE ~ 0 .1 rna 

T = Z9S · K 

66 

LOO cps 

600 c ps 

1,000 cps J 

6, 000 cP. ! 

0'0~0---~--L-~-L-L~~'~'~--~-~~-L-4~'~' ~'~' ~' ~---L--L~~~~~~,~,1 
1. 000 10,000 100. 000 

" 
; 0 

17 

24 r 

Z1 r 

18 _ 

9r 

\-

2:'1143 - 1 T ransis t o r 
Common e mltter ampli fier 
V CE = _Z v 1£ . 0.5 rna 

T = Z9S ' K 

Source ResIstanc e R • ohms . 

(a) 

S Ch.I TCe R es ~ su.ra~ R . oh ms , 

( b ) 

100 c ps 

bOO c ps -, 

1,000 c ps I 

b , 000 cps 

" " 
'" 
2 
" . r. 
~ 
'0 
Z 

"I '0-
l7-

Z1, 

18 

15-

, ' --r-r-< ~----~--

2N4)·1 Transistor 
Common emi tter amplifi er 

VeE'" .Zv IE = 1.0 mOl 

T '" 2QS·K 

l 
20 c p s 

100 c ps 

I ,QOOc p s 

9-:r::= ____ ~-~-,-~6 , 000 ' p' -

100 1,000 ~ L _ .1 

Figure 16. 
rna , (c) IE 

(c) 

F vs. RS: 
= 1.0 rna. 

10, 000 

0 .1 rna , (b) Ir; 0.5 



r:::b~ : =:::;::::;::;:: : : : ~: : ~ :===::::: :====: >~::: ~ ==: : ~~: : : :J 

~ LO . 
:. . 
"S 
z 
; , 
:§ " 
~ 

2 lO ~ 

;:. 
~ s .... 

"' z 
~ 
E 
" . ~ 

z, 

Frequency C, c ps 

(a) 

o 

0 ~1 ____ ~~~'~' __ ~ __ ~~' ~'~"~'~ 
20 100 1 , 000 

F requenc y C. Cpl 

(b) 

ZN4-3-1 Tr&l\liltor 
Common emitter amplifier 

V CE .. _Zv 'E .. D. 1 rna 

T .. Z9S"K 

ZN43·1 T,.n,;"o, ' , , , , 1 
Common emi tter ilmplifier 

V GE :: _z~· IE:: 0.5 rna 

T = Z9S oK 

o 

10 ,000 

j z.ooo! 
o 1,000 
.~ 

" o 

" ~ I. '. ~E 12 . 
2 
~ 10 ... . 
.; 8 
Z 

~ . 
E 
C ;: . 

: : : : : : ;; ;;; ; ; : ' :; ;;:: ; : ::J 

Frequency C. Cpl 

(c) 

ZN .. 3.1 Tn.n,i,tor 
Common emitter amplifie r 
VeE: .Zv IE'"'l.Oma 

T = ZlJS"K 

O '~ 

Figure 17. F~ and R vs. f: (a) IE = 0.1 rna, 
) m n ) so (b IE = 0.5 ,(c IE = 1.0 rna. 



68 

1. 500 

"- 2N43 - 1 T ra n s i s to r 
E C ommon e m itt e r a mplifier 
.c 
0 VeE = - Zv T=295 ' K 
. 

0 

'" ~ 

0 

0 . 2
1 «: 

' i 
c 
0 

o. II w 
t 

15 

.!l 
"C 

10 

0 

c: 
. ~ 

E 
~ 

5 

10 
Frequency f. c ps 

Figure 18 . 



21 

.a 
"C 

"< 
.~ 

:.. 

· )1 
u • 
'" · · <; 
z 
E 
" g 
.: 
:l: 

ZN .. ]-l Transistor 
Common emitter unplifier 

V CE :I: .Zv IE = O. I ma 

T = 17-K 

15 

0--,-
20 100 

Sou.rce Resi5b.ncf; R • ohms • 

(a) 

, , , , 

ZN43-1 Tranaiator 
Common emitter a.nplifier 
V CE = .Zv IE = O. 1 rna 

T = 77·K 

l. 000 10,000 ZO.OOO 

Frequency {. cps 

(b) 

Figure 19. (a) F vs. Rs' T = 710K, (b) F i vs. r, T m n 



.D .. 

..; 

· 2 
u 
• ... 
• · '0 
Z 

70 

28r------,----.-~~"ro_.TT------_r--_.--,__,_._,,,,_----__, 

21 2NS44-1 Transistor 
Common emitter amplifier 
V CE "" -2v IE • 0.1 rna 

T = 29S-K 

o 

20 c ps 

laD cps 

bOO cps 

6, 000 cps 

OL-____ ~ __ ~ __ J-_L_L~_LL_ ____ _L __ ~ __ ~_L_L~_LL_~--~ 

lo a 1. 000 la, 000 
Sourc e Resistanc e Rs' ohms 

(a) 

I.O)C=: =: =: =: : :~: ====: ==: ~: ~;::=: : ::c:::::!:::: ==o===o==<iT-r: :1: : I 

.D .. 
c 
E ... · 2 

u • ... 
• · '0 
Z 

e , 
e 
:§ 
::.: 

20 r---,--.--.-.-.. ,_ __ ----_.----__ -,-.-.~,_,,------_,--~--,__._r,_TOO 

16 

I. 

12 

10 

8 

6 

4 

2 

0 
20 100 

ZN544-1 Transistor 
Common e m itter amplifier 
V CE :: -Zv IE = O. 1 rna 

T ; 29S"K 

1.000 
Frequ ency C. c ps 

(b) 

10.000 

Figure 20. Noise Factor of Germanium Diffused-Base Transistor as a 
Function of Source Resistance, (b) 141nimum Noise Factor and Optimum 
Source Resistance as a Function of Frequency. 



~ . 
~ . 
·0 
Z 

71 

II 

I • 

15 

12 

1,000 

lN336·1 Tr~n.i.tor 
Commo n emitte r a mplifier 

V CE :: +Z v IE == 0.0 1 m~ 

T = 295°K 

0 

10,000 

b cps 

20 c ps 

100 Cpl 

1,000 Cp5 

0 , 000 c ps 

100, 000 

Source Rel i stance Rs' ohms 

f ~,::1 : ::' : : , : :: 
o 

. 
~ . 
~ 

" : 
·0 
z 
E , 
E 
:5 
" 

0 
6 10 100 

(a) 

: : : : :: ::: :::::: ::1 

Frequency f , Cpl 

( b ) 

lN336-1 T ran. i. tor 
Common e m itter unplifi e r 

VeE = +Zv IE == 0.01 ma 

T == Z9SoK 

1,000 10. 000 

Figure 21 . (a) Noise Factor of a Silicon npn Alloy-Junction TranSistor 
as a Function of Source ReSistance, (b) F i and R vs . f . m n so 



.0 

." 

Z4 

21 

~ 18 

,,; 

• . 
"0 
2: 9 

ZNIOIO-3Z Transistor 
Common baa~ ampl ifier 

V GB = +2v IE '; 0, I mOl 

T ; Z9SoK 

72 

100 cps 

zoo cps 

1. 000 c ps 

Z,OOO cps 

6 . 000 cps 

oL-____ ~ __ ~-L_L~~_W~~--~--~~~~~~~~--L---~~~ 
100 I, 000 10. 000 laO , 000 

Source Resistance R . ohms 
• 

(a) 

14 

0 I Z 

2N IOIO-31 Transistor 
Common base amplifier 

E V CB :: f lv IE = O. 1 rna 
... 
· 0 

U 
• ... 
• · ·0 
z 
E 
" E 
;: 
;i 

10 
T ; Z9S oK 

8 

b 

4 

0 
ZO 100 1.000 

Frequency r, cp s 

(b) 

Figure 22. (a) Noise Factor of Low- Noise, Germanium 
as a Function of Source Resistance, (b) F i and R m n so 

o 

npn Transistor 
vs. f ° 



73 

solution to this optimization problem for two of the transistors tested, 

is given in figures 15 and 18 . 

It should be noted that the selection of emitter currents used to 

quantify the optimization parameters (Rso)o and ~O is arbitrary. 

However, a discriminat ive set, based on van der Ziel's mean-frequency 

theory, proves useful in reducing the total number of measurements 

required to obtain (R ) and lEO ' Although it is not applicable in so 0 

the I l f region, van der Ziel's theory provides an analytical expression 

for the optimum emitter current in the mean- frequency region. Since 

the noise behavior of the transistor in the lower transition region is 

determined partially by white noise sources existing in the unit, the 

value for lEO obtained from van der Ziel ' s theory provides a starting 

point for determining the optimization parameters at Ilf and transition 

frequencies. 

For those units tested, it was found that lEO did not vary more than 

a factor of two as the operating frequency was shifted from Ilf to mean 

frequencies . 

SOURCE RESISTANCE AS AN UNCONTROLLABLE PARAMETER 

The optimization problem is greatly simplified if the source re -

sistance is an uncontrollable parameter. Optimization now entails finding 

that value of emitter current which satisfies the equation 

o (2-16) 

To further simplify the problem, Yajimi's model for the collector 

noise source is now employed. Yajimi proposes that, at I lf frequencies, 



the collector noise generator (figure llc) can be described by 

i,2 
nc 

f 
= fY a(1~)2eIEB 

In the foregoing equation f is an experimentally determined y 

parameter that is independent of emitter current and source resistance, 

a is the common-base current gain, and e signifies the electonic charge. 

For values of source resistance much greater than the optimum 

source resistance it follows, from equation 2-4, that the noise factor 

can be approximated by 

F(r) K (f) + G (f)R o nc s 

With this assumption as to the relative magnitude of Rs ' the noise 

factor of the common base and common emitter amplifier becomes 

F(f) 

+ g (f)R nc s 

- 2R {C(f{ g (f)R (f)Jl/2 
L nc ne 

(2-18) 

Retaining only the dominant term in equation 2-18, the noise 

factor becomes 

F(f) = g (f)R nc s (2-19) 

It is found, from Yajimi's collector noise model and equation 

2-19, that for values of source resistance much greater than the 

optimum source reSistance, the noise factor can be written 

F(f) (2-20) 



75 

From equation 2-20 it is found optimization entails operating 

the transistor with an emitter current that minimizes 

l-a I 
ex E (2-21 ) 

In typical low-noise transistors this minimum occurs with an 

emitter current of a few microamperes. Therefore, if nOise performance 

is the prime consideration, and if large values of source resistance 

are used, it is necessary to operate the transistor with a starved 

emitter. 

To determine the validity of YaJimils model, noise measurements 

were made on a number of transistors. In these measurements the 

emitter current was the only independent variable. The source resistance 

used (22,000 ohms) was large enough to insure the validity of the 

assumptions that preceded equation 2-20 . 

Figure 23 shows the curve obtained from one set of measurements. 

Also presented in figure 23 is the curve obtained when equation 2-20 

is used. 
24 

22 
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Y CB = +2v f" 100 cp s 

T '" 29S o K 
R = 22,000 Ohms 

s X 

x 

Equation 2-20 

X Experimental 

Emitter Current IE' (I'-a ) 

Figure 23. Noise Factor of a Low-Noise, Silicon npn Transistor as a 
Function of IE' fy calculated at ~ = 200 microamperes . 
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THE COLLECTOR VOLTAGE AS AN OPTIMIZATION PARAMETER 

The collector voltage was first considered as a transistor 

optimization parameter by Volkers and Pedersen. They discovered that 

the noise performance obtainable from early versions of the Junction 

transistor could be vastly improved if the collector was slightly biased 

in the forward direction. Their success with the hushed amplifier was 

due to the fact that a large portion of the I l f noise generated in these 

early units was caused by defect channeling across the normally back 

biased collector - base Junction. This noise is a function of the collector 

base leakage current, which is in turn a function of the collector-base 

voltage. 

Defect noise was an important factor in determining the noise per­

formance of the transistor amplifier when Volkers and Pedersen made their 

experimental investigations; however, present-day technology has reduced 

this type of noise to a point where it can now be neglected. This was 

corroborated by an experimental study conducted with a number of commercial­

ly available transistors . The results revealed that, for all units tested, 

the minimum noise factor remained constant (to within a decibel) as the 

collector voltage was varied from a few tenths of a volt to approximately 

one half the breakdown voltage. Petritz (reference 28) attributes toe 

increase found to exist at higher collector voltages to temporary micro­

scopic breakdowns in the base depletion layer. 

CONCLUSIONS 

It is apparent, from the results shown in figures 15 and 18, that 

a tranSition region exists for both the source reSistance and the emitter 

current which will minimize the effects of internally generated tranSistor 

noise . This transition occurs as the operating region of the tranSistor is 

shifted from I l f to mean frequencies. Therefore unless cognizance is taken 
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of the existing theory, finding parameters that will optimize the noise 

performance of the audio-frequency transistor amplifier requires spot 

noise measurements at several frequencies in the l ! f and transition-fre-

quency regions. The optimization procedure can be simplified if it is 

assumed that the noise sources contained in the model are not functions 

of the input termination. It can be further simplified if the noise sources 

are assumed to have a l ! f spectral density . The experimental study described 

here has corroborated both of these assumptions. Although the optimization 

procedure has been directed toward finding the optimization parameters, the 

results obtained from this simplified procedure completely specify the 

noise performance of the amplifier under any set of operating conditions. 

An interesting aspect of the experimental study concerns the frequency 

dependence of the optimization parameter, R . As the frequency was in­so 

creased from the l ! f region, it was found, without exception, the optimum 

source resistance also increased . This can be explained by examining the 

two noise sources contained in the transition-frequency noise model.If it 

is assumed that the emitter noise source contained in this model can be 

neglected, the optimum source resistance becomes re + rb 1b' On the other 

hand, if it is assumed that the collector noise source can be neglected, 

the optimum source resistance becomes infinite. From this cursory analysis 

and the results of the experimental study, it is apparent that the collector 

noise plays a more dominant role in determining the noise performance of 

the transistor amplifier at l ! f frequencies than it does at mean frequencies. 

It is also found that if the emitter noise source can be neglected at 

l / f frequencies (which is an apparently valid assumption in the light of 

the results of the experimental study), and if the validity of Yajimi1s 
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model is assumed, then an analytical solution to the optimization problem 

when both the source resistance and the emitter current are controllable 

parameters can be obtained. This solution becomes, for the common- base 

and common-emitter amplifier operated at I l f frequencies 

= (2-22) 

(2-23 ) 

For the 2N207B transistor, whose optimization curves are presented 

in figure 15, there is obtained for the optimization parameters (at 20cps) 

0.08 rna 

1,200 ohms 

From equations 2-22 and 2-23, the optimization parameters become 

(R) 800 ohms so 0 

The experimental and theoretical results for the 2N43 transistor 

(figure 18) are 

~O = 0.18 rna 
measured 

lEO = 0.14 rna 
calculated 

380 ohms 
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HIGH FREQUENCY REGION 

The problems involved in the design of low-level transistor ampli-

fiers, which operate in the audio-frequency portion of the spectrum, are 

made critical by the existence of surface noise that exhibits a Ilf 

frequency dependence. This design problem is again made critical at very 

high frequencies by the existence, in both vacuum tubes and transistors, 

2 of mean-square noise currents which now exhibit an f frequency dependence. 

Although additional theory was required to explain the i2 (or induced 

grid) noise exhibited by the vacuum tube amplifier, no additional theory 

2 is required for the transistor circuit. Here, the f noise is caused by 

the implicit frequency dependence contained in a and y , two parameters e 

used by van der Ziel to quantify the noise generators contained in his 

mean-frequency model . 

In this section it is assumed that the frequency dependence of a, the 

common-base current gain,can be expressed as 

a 
1 + jfff c 

(3-1) 

where a is the low frequency value of the common-base current gain, 
o 

j = "-1, and f is the alpha-cutoff frequency. c 

It is further assumed that the a.c. emitter junction admittance 

(3-2) 

With these assumptions and van der Ziel1s noise model, the frequency 

dependence of the three noise factor parameters, K (f), R (f) and o no 

G (f) can be formulated. nc 
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From these results, the optimization problem in which the controllable 

* parameters are the source resistance and the source reactance is solved . 

The solution obtained shows that operating the transistor amplifier with 

a source reactance equal to its optimum value does little to improve the 

noise performance of the amplifier . The solution further shows that by 

optimizing the source resistance it becomes possible to obtain reason-

ably low noise factors up to the alpha cutoff frequency f
c

• An experimen­

tal investigation is made to verify the derived results. 

VAN DER ZIEL'S NOISE MODEL 

Part a of figure 24 depicts van der Ziel 's noise model connected in 

the common-base configuration. Here 

rb'b 

. 
c 

Figure 24a. Transistor High-Frequency Noise Model . 

*The emitter current is not considered as a controllable parameter because 
it was found impossible to formulate the alpha cutoff frequency as an 
explicit function of ~. 
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= 2kTay B e 

(3-3a) 

(3 -3b) 

(3-3c) 

(3-3d) 

A simplified representation of the noise model shown in figure 24a 

is illustrated in figure 24b . Equivalence is retained in the two models if 

e ne 

i nc 

o 

i. 

(3-4 ) 

(3-5) 

(3-6) 

i 
ne 

Figure 24b. Equivalent Representation of High-Frequency Noise Model 
Connected as Common- Base Amplifier. 
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Referring to figure 24b, if it is assumed that 

kT 1 r eI
E 

= e Yeo 
and 

IC = alE + ICO (3-8) 

it follows, from equations 3-1 through 3-8, that the generators contained 

in this model will have mean-square values given by 

e2 2kTreB 
= 

+ f2/ f2 ne 1 c 

i 2 2eIEfo ( 1 - a + f2 / f2 )B o c 
+ 2eICoB = 

+ ? / f2 nc 1 c 

The cross -correlation term becomes 

where j = .[-1. 

e* i ne nc 

(3- 9a) 

(3- 9b) 

(3-9c) 

From figure 24b and equations 3- 9a, 3- 9b, and 3- 9c, it is now possible 

to formulate the noise factor and the noise factor parameters for the 

transistor amplifier in each of its three configurations. 

COMMON BASE AND COMMON EMITTER AMPLIFIER 

* If it is assumed 
""""2 enb « i 2 Iz 12 nc c (3- 1oa) 

""""2 i 2 Iz 12 (3-10b) e « ne nc c 

and 
rb1b « z /a* c (3-10c) 

*These assumptions are valid (under normal biasing conditions) at low 

frequencies. However, owing to the capacitive component of zc' they are 
increasingly less valid at higher frequencies . They are retained as assump­

tions because of the simplicity they add to the noise factor formulation. 



the noise factor obtained for the common-base transistor stage is identical 

to that obtained when the stage is connected in the common-emitter configu-

ration. This becomes 

F = 
2 2 2 2 e enb incIZs+Ze+rb'bl 

1 ne +- +- + (3-11 ) 
2"" 2 1122 ens e ex ens ns 

If the source resistance (Rs) and the source reactance (Xs ) are the 

only two controllable parameters, minimizing the noise factor of the tran-

sis tor stage entails driving the stage from an impedance for which 

o (3-12a) 

of = 0 
~Xs (3-12b) 

Performing the differentiation prescribed by equation 3-12b on 

equation 3-11, there is obtained for the optimum source reactance 

x so 

or 

-x e 

From equations 3-1, 3-2, 3-9b, 3-9c, and 3-13, this becomes 

2kTcif / f + __________________ ~o __ ~c __________________ __ 

(1+f2/f~ )[2eIEexJI-CXo+f2/f~ ) + 2eIco\l+f2/~ ) ] 

(3-13) 

(3-14 ) 
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where ~o is the low frequency, common-emitter current gain and r is the 

collector cutoff current noise parameter, 

For typical values of r (see tables 2-1, 2-2, and 2-3), it can safely 

be assumed that ~o » r . With this assumption, equation 3-15 reduces to 

x so = (3-16) 

Figure 25 illustrates the frequency dependence of the optimum source 

reactance formulated in equation 3-16. 
o 
III 

X 

f --... -

Figure 25. Optimum Source Reactance as a Function of Frequency. 

In order to determine whether any appreciable improvement in the noise 

performance of a transistor amplifier can be made by optimizing the source 

reactance, this parameter is matched at that frequency at which X is a so 

maximum. This value for the optimum source reactance and the frequency at 

which it occurs are then substituted for X and f in the noise factor s 

equation (3-11). By this procedure, the noise factor parameters with re-
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active matching can be determined. 

This procedure is repeated, assuming the source is real, i.e., Xs = O. 

Any noticeable improvement in the noise performance of the amplifier can 

than be ascertained by a comparison of the respective noise-factor parame-

ters 

The frequency at which X is a maximum can be found by differentiating so 

equation 3-16 with respect to frequency and equating the resulting differ-

ential to zero. With the assumptions 

13
0 

» 1 

r «1 

this differentiation yields, for the frequency at which the source reactance 

is a maXimum, 

fIx 
so max 

= .fl-<1 f o c 

From equations 3-16 and 3-17, the maximum optimum source reactance 

becomes 

x so max 
= (3-18) 

Substituting .fl-<1o fc for f 
r 13 1/ 2 
e 0 

and 2 for X in equation 3-11 so 

gives for the noise-factor parameters 

= 1 2 r + ~ (1 + / 2)(rb1b+r ) 
o e e 

(3-l9a) 

(3-l9b) 

(3-l9c) 
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From equation 3-11, with X = 0 and f = .[l-a f, the noise-factor soc 

parameters become 

(3-lge) 

(3-l9f) 

A comparison of the two preceding sets of equations reveals that 

optimizing the source reactance does not Significantly alter the noise 

performance of the amplifier. Since this is the case, it will be assumed 

that the driving source is real. 

With Xs = 0, the frequency-dependent noise-factor parameters for the 

common-base and common-emitter stage become 

(3-20a) 

R (f) no (3-20b) 

G (f) nc 
f2 ( f3 o + 1 

+ r2 f3
0 

(3-20c) 

c 

Here, 

f3 0 

a o 
1 - a 

0 
(3-20d) 

f3 oleo 
r = 2 

ao IE 
(3-2Oe ) 

Inspection of equations 3-20a, 3-20b, and ~-20c reveals that these 

three equations can also be written in the form 
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KI (f) 
0 

Kbo ( l + f2 / f4
2

) (3-21a) 

R (f) no R (1 noo + f2 / f62 ) (3-21b) 

G (f) nc = G (1 nco + f2 / f82 ) (3-21c) 

Here, KI(f) = K (f) - 1. KI ,R ,and G are the mean-frequency o 0 00 noo nco 

noise-factor parameters. 

With the added assumptions 

Q »1 
1-'0 

r «1 

(3 -22) 

(3-23 ) 

the corner frequencies (f4, f6' and f8) become, for the common-base and 

common-emitter amplifier 

(3 -24a) 

(3-24b) 

(3-24c) 

Equations 3-24a, 3-24b, and 3-24c reveal that , for typical values of r e , 

r bl b, and ~o' a great latitude exists in the magnitude of the corner 

frequencies. The effects of this divergence on the noise performance of 

the amplifier can be ascertained by examining the optimizing parameters 

Rso and Fmin" 

It follows, from equations 1- 11, 3-21a, 3-21b, and 3-21c, that for 

the common- base and common-emitter transistor amplifier 
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P i (f) - 1 m n 

(3-25 ) 

Since, for typical values of r e , rb1b' and ~o' it can safely be assumed 

that 

(3-26 ) 

the minimum noise factor, for frequencies less than the corner frequency 

f4' can be written as 

F i (f) m n 
+ 2(R G )1/2 (1 + f2 )1/ 2 

Koo noo nco \ f 2 
8 

(3-28) 

Expanding equation 3-28 in a Taylor series, it is found that for 

frequencies where 

the minimum noise factor can be approximated by 

Fi(f) = Fi (l+f/ f k ) m n m n 0 
(3-29 ) 

Here , Pmin 0 is the mean-frequency value of the minimum noise factor and 

fk is a corner frequency given by 

2(R G )1 / 2 
noo nco f 
Koo 8 

= (3-30) 

The interesting aspect of equation 3-30 is that, although each of the 

noise - factor parameters has a double zero at its corner frequency, the 

minimum noise factor has a single zero at the corner frequency f k ; therefore 

the minimum noise factor increases at a rate of 3 db/octave in the frequency 



region analyzed. Thus, it should be possible to obtain reasonably low 

noise factors up to the frequency f4 . To determine the values of source 

resistance that must be used to obtain this performance, the second opti-

mizing parameter, R ,is now examined. so 

It follows, from equations 1-10, 3-21b, and 3-21c, that for the 

common-base and common-emitter amplifier 

R (f) so (3-31) 

Par frequencies where 

the optimum source resistance can be approximated by 

R (f) so R f8/f soo (3-32) 

Por frequencies greater than the corner frequency f6' the optimum source 

resistance approaches an asymptotic value given by 

R soo 

In typical applications f8 «f6 ; therefore, extremely low values of 

source resistance must be used to obtain reasonably low noise factors when 

2 the transistor is operated in the f frequency region . 

COMMON-COLLECTOR TRANSISTOR A14PLIPIER 

If it is assumed (part b of figure 24) that 

2 2 
t3 0

r e « Izc I (3-34 ) 

2 
« RL (3-35 ) Ye 

« 
2zc 

(3 -36) rb1b 1 + z /z * c c 
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2 + 13 f2 If 2 
+ r) KO(f) 1 + a o rb1b ( 1 o ' c 

(,-,7a) 
13 ore 1 + f2;f 2 

c 

2 2 ( + 13 f2 ; f 2 
+r) 

r + a o rb1b 1 
R (f) e o c (,-,7b) = rb1b + 

2(1 + f2;f 2) + f2;f 2 no ~ore 1 
c c 

a 2 1 + 13 f2 ; f 2 ) 
G (f) 0 ( 0 c + r 

nc = ~ore \ 1 + f2;f 2 
c 

(,-,7c) 

Inspection of equations ,-,7a, ,-,7b, and ,-,7c reveals that they 

can be written in the following form 

(

1 
KI 

00 1 
(,-,Sa) 

R (f) no (,-,Sb) 

G (f) nc (,-,Sc) 

Here, it is assumed 

13
0 

» 1 (,-,9 ) 

r «1 (,-40) 

Also, in the foregoing equations, 

(,-41) 

For the common-collector stage, the optimizing parameter F i has a m n 

spectral form given by 



91 

F i (f) - 1 m n 
1 K' (1 

1 + f 2 / f 2 00 
c 

It is observed, from equation 3-42, that for frequencies where f < fc 

the high-frequency behavior of the common-collector stage is nearly 

identical to that derived for the common-base amplifier. The small 

difference that exists is due to a difference in the corner frequency 

associated with the input short circuit noise resistance, R (f). no 

For the common-base and common-emitter amplifier, the optimizing 

2 parameter F i increases with a f frequency dependence for frequencies mn 

above f c ' However, for the common-collector amplifier,Fmin(f) approaches 

an asymptotic value given by 

EXPERIMENTAL TECHNIQUE 

To obtain an experimental verification of the formulation contained 

in this section, noise-factor measurements were made on a variety of 

commercially available transistors . The test equipment used for these 

measurements is depicted in diagrammatic form in figure 26. The tank 

circuit shown at the input of the test stage was used to neutralize the 

input stray capacity. The capacitor Cl was tuned to minimize the output 

noise power when the diode current IDI was set to zero. A second tank 

circuit was used to neutralize the effects of stray capacity at the output 

of the test stage and the input of the cathode follower. The capacitor C2 

was tuned to maximize the noise power observed at the RMS indicator. 
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Figure 26. Test Apparatus used for High Frequency Noise Measurements. 

A cathode follower was used as an impedance transformer . Its input im-

pedance was sufficiently high that it did not load the collector circuit 

of the test stage and its output impedance was adjusted to match the input 

impedance of the receiver. The linearity of the receiver was established 

over several decades of input power by a plot of output noise power versus 

noise diode current, ID2' 

A partial compilation of the experimental results is contained in 

figures 27 to 29. These results clearly show the 6-db/ octave increase in 

the collector noise factor parameters, Gnc ' and the 3-db/ octave increase 

in the minimum noise factor, Fmin, both of which are predicted by the 

theory. The wide latitude that exists in the noise-factor parameter corner 

frequencies is illustrated in part b of figures 27, 28, and 29 . The tran-

sition in the magnitude of the optimum source resistance, which results 

from this latitude, is shown in part c of figures 27, 28, and 29 . 
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CONCLUSIONS 

This section has been concerned with an analytical and experimental 

study of the noise performance of the high-frequency transistor amplifier. 

Its purpose has been to obtain an analytical solution to the noise opti-

mization problem in which the source impedance is the only controllable 

parameter. The solution acquired gives the optimization parameter R (f) so 

as an explicit function of small signal transistor parameters: 

~, the common-emitter current gain 

r e , the small-signal, emitter-junction resistance 

r b1b, the extrinsic base resistance 

Corroboration through the experimental study shows that the high­

frequency noise model (and the equations derived therefrom) form a valid 

basis from which to determine the noise performance of the high- frequency 

transistor amplifier . 

The results of both the analytical and the experimental studies reveal 

that the source resistance becomes a critical parameter at high frequencies. 

With control of this parameter, it has been found possible to obtain 

reasonably low noise factors up to the a cutoff frequency. This result 

differs from other analytical studies (Ref . 29) which propose that the 

critical noise frequency, i . e., the high-frequency cutoff frequency, is 

Jao(l-Oo)fc ·* 

*This frequency corresponds to the break frequency f8 given in equation 
3-16c; hence, for larger values of source resistance, the critical noise 
frequency does become Ja (1-0 )f • o 0 c 
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4 . TRANSFORMER COUPLING 

This section concerns the mean-frequency optimization problem in which 

the source resistance is an uncontrollable parameter, but in which trans-

former coupling is used at the input of the amplifier. The solution 

entails finding values for the emitter current, IE' and the turns ratio, 

N, which satisfy the equations 

= o (4-1) 

= 0 (4-2) 

TRANSFORMER-COUPLED COMMON-BASE AND COMMON-EMITTER AMPLIFIER 

If it is assumed that the leakage and magnetizing inductances of the 

transformer are negligible and that only thermal noise is generated in 

the transformer windings, the noise factor parameters of the common-base 

and common-emitter amplifier become 

(4-3) 

(4-4) 

G = ..!..( l + r ) 
nc ; ~re 

(4-5) 

Here, Rl and R2 are the resistances of the primary and secondary windings; 

N is the primary to secondary turns ratio, 

r = 



and 
f3 0 

a 
o 

= 1- a 
o 

Equation 4-3 shows that, with typical values of f3 o' r e , Rl and R2, 

transformer coupling does not significantly alter the value of the noise 

factor parameter, K . From equations 4-4 and 4-5 it is found that R is o no 

multiplied by approximately the turns ratio squared while G is divided nc 

by W2. Thus the minimum noise factor, which in terms of the noise factor 

parameters is written 

F K + 2 (R G )1/2 
min 0 \ no nc 

is not affected to any degree by transformer coupling. However, the 

optimum source resistance 

is multiplied by approximately the turns ratio squared. 

Comparing the mean frequency noise model without transformer coupling 

(part b of figure 6) to the noise model with transformer coupling (figure 

30), they become identical if 

enb is replaced by e
nb 

+ enT 

e is replaced by e IN ns ns 

As a result, the optimization problem given by equations 4-1 and 4-2 

can be solved by using equations 1-21 and 1-24 which were derived in 
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Figure 30. Noise Model of Transformer-Coupled Transistor Amplifier 
Connected in Common-Base Configura tion . 

Section 1. These are 

~I )1/2 
( 

0 CO 
= 2erb1b 

(1-21 ) 

(1-24 ) 

If, in equation 1-21, rb1b + Rl/~ + R2 is substituted for rblb' 

the optimum emitter current of the transformer coupled amplifier becomes 

~O = 
r __ ~_O_IC;:,..,:O----,,...-_ r/2 

2e(rblb+R1 /~+R2) 

If, in equation 1-24, ~ (Rso)o and rb1b + Rl/~ + R2 are sub-

s tituted for (Rso)o and rb1b' the optimal source resistance of the 

transformer coupled amplifier becomes 

(4-6) 

(4-7) 
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However, in the optimization problem given by equation 4-2, the turns 

ratio is the controllable parameter and the source resistance is the 

uncontrollable parameter. Substituting Rs for (R ) and solving equa­so 0 

tion 4-7 for N, the optimum turns ratio of the transformer coupled amp li-

fier becomes 

N 
o 

(4-8) 

In typical commercial transformers and transistors, the values of Rl , 

R2, ,and rb1b are such that 

Therefore, the optimum turns ratio can be approximated as 

s 
( 

R )1/2 
(4-9) 

Equations 4-6 and 4-9 form the solution to the transformer-coupled tran-

sistor amplifier noise optimization problem in which the controllable 

parameters are the emitter current and the transformer turns ratio. 

Comparison of equation 4-6 with equation 1-21 shows that transformer 

coupling does not significantly alter the value of the optimum emitter 

current. Equation 4-9 shows that an optimum transformer turns ratio 

exists for any arbitrary value of source resistance. N can be found 
o 

by making d.c . and small signal measurements on the transistor. 
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TRANSFORMER COUPLED COMMON COLLECTOR AMPLIFIER 

From an analysis similar to that carried out for the common base 

and common emitter amplifier, it is found for the common collector ampli-

fier, that 

lEO = 
_1_ ( k'Il3i co y/2 
0

0 
2erb1b 

(4-10) 

o R / /2 
N 

o s 
= 1/2 0 

( 130 2rb l b 
(4-11) 

EXPERIMENTAL VERIFICATION OF THE DERIVED RESULTS 

To verify the results in equations 4-3 to 4- 9, noise factor measure-

ments were made on the transformer coupled common base and common emitter 

transistor amplifiers. The transformers used were commercial units with 

turns ratios varying from 1.4 to 14 . To minimize the effects of the mag-

netizing inductance of the transformer, a variable capacitor was placed 

across the primary winding . The effect of the optimum value of capacity 

on the noise performance of the amplifier is shown in figure 31. 

To insure that noise generated in the preamplifier could be neglected 

(figure 32), one set of noise factor versus source resistance measure -

ments was made with the transistor connected in both the common base and 

common emitter configurations. If noise from the preamplifier is not 

negligible, this would be indicated by higher noise factor readings for 

the common base amplifier . The results of the test are shown in figure 33. 

One solution to the optimization problem given by equations 4-1 and 

4-2 is contained in figure 34. The turns ratio,N, was dictated by transformer 

availability; as a result, equation 4-7 rather than equation 4-9 was 
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lN336-1 Transistor 

V C ~ +2v IE = O. I rna 

T = Z9S - K {= la, 000 c ps 
Transforme r-coupled ampl ifi er 

N
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Figure 33. No ise Factor of Transformer-Coupled Common-Base and 
Common-Emitter Amplifier as a Function of Source Resistance. 

used in the solution. For the OC 61~ transistor, the theoretical optim-

ization parameters (when N = l~ . l)are 

~o = O.~ma 

The experimental solution is 

~O 0 .8ma 

(R ) = 100,000 ohms so 0 

Although it was assumed that Ilf noise was negligible in the derivation 

of the equations in this section, this assumption was made only to ob-

tain an analytical solution to the optimization problem. The results 

which show that the minimum noise factor is not affected, to any degree ) 

by transformer coupling and that the optimum source resistance is multi -

plied by the turns ratio squared are not predicated on this assumption. 

This can be shown by carrying out an analysis similar to that shown here 

in terms of two frequency dependent noise generators. Experimentally, 

this is shown in figure 35 . 
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5. TEMPERATURE 

This section discusses an experimental study of the effect of 

temperature on the noise performance of a transistor amplifier . 

It differs from previous investigations in that a diverse set of 

source resistances is used . As a result, it is possible to determine 

from the experimental observations how this uncontrollable parameter 

affects the optimum source resistance and the minimum noise factor 

of the amplifier. 

Also included is a description of a theoretical study of temper -

ature and its effect on noise performance. However, owing to the 

complexi ty of the problem, the theoretical investigation is limited 

to the mean-frequency region. 

EXPERIMENTAL STUDY 

The apparatus used to obtain the experimental results is shown 

in figure 36 . For measurements at audio frequencies, extensive shield-

ing was necessary to avoid erroneous readings caused by the 60 cycle 

field; at radio frequencies it was necessary to minimize the shunting 

effect of stray capacities . Liquid nitrogen was the coolant used to 

o obtain readings at 77 k; a dry- ice alcohol mixture was utilized to 

obtain temperatures from 194°k to room temperature; a thermostatically 

controlled hot water bath was used in the range from 330 to 300ok. In 

order to facilitate switching of the source reSistance, this parameter 

was maintained at room temperature throughout the experimental procedure. 

A partial compilation of the experimental results can be seen in 

figures 37 to 42 . These results show that in most instances, l l f 

noise increases significantly as the transistor is cooled. This is 
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Figure 36. (a) Apparatus for Low-Frequency Study of Temperature Effects 
on Noise Performance. (b) High-Frequency Measurement Apparatus. 
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especially true of the diffused base transistor (figure 42). Here, at 

77°k, l l f noise is visible in the megacycle region. 

Although the majority of alloy junction transistors tested also ex-

hibited an increase in llf noise as the transistor was coole d, the increase 

was not nearly as pronounced. For the 2N43 transistor, l l f noise was 

negligible above a few kilocycles at liquid nitrogen temperature. 

It is apparent from the marked decrease in the magnitude of the 

optimization parameter, R ,that the l l f noise observed at low tempera­so 

tures is generated in the collector-base region of the transistor. An 

explanation of this phenomenon can perhaps be found in the adverse tempera-

ture dependence of the common-base current gain, a . 

MEAN-FREQUENCY THEORETICAL STUDY 

If the validity of van der Ziel1s mean- frequency theory is assumed, 

and if it is assumed that the small-signal emitter junction resistance 

retains a temperature dependence given by 

KT 
e~ 

and if the source reSistance is maintained at room temperature, T , the 
o 

noise factor parameters of the common-base and common-emitter amplifiers 

become 

(5-1) 

(5-2 ) 

G (T) nc (5-3 ) 
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Here 

and 

The common-emitter current gain, ~, and the collector cutoff current, 

I CO ' in the preceding equations are implicit functions of temperature. I n 

order to formulate the noise - factor parameters as explicit functions of T, 

it is necessary first to obtain equations that describe the temperature 

dependence of ~ and I CO • 

To obtain such a formulation for ~ J measurements of this parameter 

were made on a number of diffused base and alloy junction transistors . 

The results shown in figures 43 and 44 reveal that ~(T) can be written with 

reasonable accuracy as 

~(T) (5 -4 ) 

Here, r is an empirical parameter that was found to vary from 7 to 11 

-3/ 0 -3 0 x 10 k . Its average value, in those units tested, was 8 x 10 / k . 

An experimental study by Hurtig (Ref . 30) shows that the collector 

cutoff current can be approximated bY* 

(5-5) 

*The theoretical temperature dependence is given by 
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-2 / 0 . The parameter kl was found to vary from 6 to 9 x 10 k; its 

average value was 8 x 10-2/ Ok . 

Substituting the values for ~ and ICO given by equations 5-4 and 5-5 

into equations 5-1, 5-2, and 5-3, the temperature-dependent noise-factor 

parameters become 

R (T) no 

Here, 

= 1 + Cl (T) [ 
rb1b ; reo(T/ To) ] 

eo 
(5-6) 

(5-8) 

It has been assumed in the formulation of Cl(T) that temperature variations 

in a o could be neglected . 2 This is true for ~ »1. 

Differentiating equation 5-6 with respect to temperature and substi­

tuting typical values for ~(To)' rb1b reo' and ICO into the resulting 

differential, it is found that for the temperature range considered 

(5-9) 

Owing to the difficulty in obtaining an experimental measure of 

Ko(T), no attempt was made to directly verify the result shown in equation 

5-9. However, it was indirectly verified by observing the temperature 
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dependence of the minimum noise factor. 

It is found, by differentiating equation 5-7, that for temperatures 

above nOk 

oR (T) 
no > 0 aT 

This shows that R is a monotonically increasing function of tempera­no 

ture. Its rate of increase is a function of the emitter current IE' 

At larger values of emitter current, the generation-recombination and 

diffusion noise generated in the active base region of the transistor plays 

a more prominent role in determining the value of R no The adverse tempera-

dependence of ~ causes this noise to increase as the temperature is lowered, 

partially balancing the simultaneous decpease in the thermal noise gener-

ated in the base resistance. For small values of emitter current , R is no 

determined principally by the shot-noise fluctuations in IE' The influence 

I of this noise on R is proportional to ---2' 
no T 

It is concluded from these observations that the parameter R is more no 

sensitive to variations in temperature for small values of IE (figure 45). 

This illustration shows both the experimental and theoretical values of Rno 

as a function of temperature. 

Differentiation of equation 5-8 reveals that G (T) exhibits a minimum nc 

at a temperature TI for which 

For typical values of the transistor parameters, TI is located in the range 

from 250 to 300
o
k. 

With the transistor cooled to a temperature below TI , the parameter 
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Gnc increases at a rate of approximately 1% of its room temperature value 

per ok . At temperatures above T
l

, it increases at an exponential rate 

given by 

Figure 46 shows both the experimental and theoretical variation in 

G as a function of temperature . nc 

o 
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Figure 46. Noise Factor Parameter G vs . T. nc 

A further analysis of the preceding equations shows that the minimum 

noise factor which, in terms of the noise - factor parameters, is given by 

[ J
l/2 

K (T) + 2 R (T) G (T) o no nc 

exhibits a minimum at a temperature approximately equal to Tl • At higher 

temperatures, there is an exponential rise caused by the increase in leo. 

At lower temperatures, 
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Conversely, the optimizing parameter Rso(T) remains fairly constant 

from 320 to 194°k. At temperatures below 194°k, there is a sharp decline 

in this parameter. In all the units tested, the optimum source resistance 

o was less than 100 ohms at a temperature of 77 k. 

CONCLUSIONS 

The results of the experimental and theoretical study indicate that 

the transistor can be used successfully as a low-level device at tempera­

o tures as low as 77 k. However, this success is predicated on restrictions 

concerning the magnitude of the driving-source resistance and the frequency 

of operation. 
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6. BIAS STABILIZATION AND EMITTER DEGENERATION 

In the amplifier noise optimization problem, only the noise generated 

in the transistor itself has been conSidered . If this device is to be 

used as the active component in a low-level amplifier, extrinsic, noise-

generating elements are usually added to stabilize the operating point of 

the transistor and the power gain of the amplifier. Middlebrook (Ref . 31) 

has shown these stabilizing elements affe ct both the minimum noise factor 

and the optimum source reSistance of the tranSistor amplifier. In this 

section, utilizing van der Ziel1s mode~analytical expressions are derived 

which give the degradation in the minimum noise factor and the change in 

the optimum source resistance produced by bias stabilization and emitter 

degeneration . 

EFFECT OF BIAS STABILIZATION ON NOISE PERFORMANCE OF TRANSISTOR AMPLIFIER 

Bias stabilization (shown in figure 47a) is used to reduce temperature-

induced variations in the collector current of the common-emitter ampli -

fier . * However, this method of biasing also increases the noise factor. 

The extent of increase can be determined from an analysis of the noise 

model shown in figure 47b . From this model , if it is assumed that 

1 . Only thermal noise is generated in the bias stabilizing reSistors 

2. 

3. 

The correlation e* i ne nc 

r2 «a (l - a )z2 
e 0 0 c 

'" 0 

*Without bias stabilization, i.e . , with Rl ~ R2 "' ~ ( figure 47a), the change 
in collector current, dIe' induced by a change in temperature, dT, 
is given by 

r 01 1 
dIe leo ~ + (B + 1) a~O dT 

...., (B + 1 )dICO 

Here , B is the direct - current, common-emitter current gain, and leo is the 
collector cutoff current. With bias stabilization, dIe can be reduced to 
dICO ' 



121 

Bi as 

(a) (b) 

Figure 47. (a) Common-Emitter Transistor Amplifier With Bias Stabiliz­
ation, (b ) No ise Model of the Bias Stabilized Amplifier. 

then the noise-factor parameters of the bias - stabilized amplifier become 

Here 

2(R + R b) ne n 
1 + ---=----

RB 

G nc 

R no 

2 e ne 

i 2 
nc 

= 4kTR B ne 

(6-1) 

(6-2) 

(6-3 ) 

For values of RB greater than a few thousand ohms, it can safely be 

assumed that 

+ R ne 
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With these assumptions, equations 6-1, 6-2, and 6-3 become: 

K 2gnc(rblb + r ) (6-4) 
0 e 

2 (6-5) R R + Rnb + gnc ( r bIb + r e ) no ne 

G 
1 (6-6) - + G nc RB nc 

To determine the increase in the noise - factor parameters produced by bias 

stabilization, only the terms containing RB are retained in equations 6-4, 

6-5, and 6-6 , As a result: 

6Ko 0 (6-7) 

t.Rno 0 (6-8) 

6G 
1 (6-9) = 

RB nc 

From equations 6-7, 6-8, and 6- 9, as a first - order approximation for the 

change in the minimum noise factor and the optimum source resistance pro-

duced by bias stabilization, there is obtained 

6Fmin 

t.Rso = 

R so 
RB 

R so 

(6-10) 

(6-11 ) 

where Rand G are the values of these parameters for an amplifier with so nc 

no stabilization, 

Equation 6-10 shows that the degradation produced by bias stabiliza-

tion is a function of the emitter current , This follows from the fact that 

Rso is a function of IE' As the emitter current is lowered and the need 

for bias stabilization increases, the degradation produced by a fixed amount 

of biasing also increases, 
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Equation 6-11 shows that the optimum source resistance is lowered 

when bias stabilization is used. This effect is quite pronounced. For 

example, with RB = 20,000 ohms and IE = 0.1 rna, there is obtained for the 

2N207B transistor, whose characteristics are given in Table 2-1, 

L'lRso 8 
L'lRso = 1,100 ohms and -R- = 0 .3 • 

so 

EMITTER DEGENERATION 

The common-emitter stage, while offering the advantage of providing 

the largest power gain of the three configurations, is also found to give 

the poorest power gain stability. One method of improving the stability 

is to apply current feedback by means of an unbypassed emitter resistor 

(figure 48a). Although degeneration of this type has the added advantage 

of increaSing the input impedance of the amplifier, it also degrades its 

noise performance . The extent of this degradation can be determined from 

an analysis of the noise model shown in figure 48b . 

Bias 

Figure 48. 
generation, 

(a) (b) 

i 
n c 

(a) Common-Emitter Transistor Amplifier with Emitter De­
(b) Noise Model of Amplifier with Emitter Degeneration. 
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If it is assumed that 

1. Only thermal noise is generated in the unbypassed emitter 

resistance 

* 2. e i = 0 ne nc 

2 r 
Izc 12 3. 

e « (xo ( l-<:to ) 

the noise-factor parameters of the stage with emitter degeneration become 

KO 1 + 2gnc (rb'b + re + fl:) (6-12 ) 

+ gnc(rb'b 
2 R = R + RE + Rnb + r + RE) no ne e (6-13 ) 

G = gnc nc (6-14) 

To determine the degradation in the noise-factor parameters intro-

duced by bias stabilization, only those terms containing RE are retained 

in equations 6-12, 6-13, and 6-14. It follows, from this procedure, that 

(6-15) 

(6-16) 

(6-17) 

As a first-order approximation, the changes in the optimum source 

resistance and emitter degeneration produced by bias stabilization become 

&min 
RE 

= R (6-18) 
so 

R nofl: 6Rso -R-- (6-19) 
so 
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Equation 6-18 shows that the degradation produced by HE is also a 

function of the emitter current. Here, as the current is raised and the 

need for emitter degeneration increases, the degradation in the noise 

performance produced by a fixed value of emitter resistance, HE' also 

increases . 

Unlike bias stabilization, emitter degeneration increases the opti­

mum source resistance of the transistor stage . 

CONCLUSIONS 

The preceding analysis shows that both emitter degeneration and bias 

stabilization degrade the noise performance of the amplifier . The degra­

dation produced by each is a function of the emitter current and the source 

reSistance . For high values of source resistance and low values of emitter 

current, the effect of bias stabilization is more pronounced . With emitter 

degeneration, the converse is true . 
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7. LOAD RESISTANCE AND MULTISTAGING 

In the preceding sections, only the Single-stage transistor ampli-

fier has been considered . It was assumed during these studies that thermal 

nOise generated in the load resistance could be neglected . This section 

considers the multistage amplifier . Particular attention is focused on 

the degradation in noise performance produced by thermal noise generated 

in the load resistance of the first stage . Also derived is a noise figure 

for the multistage amplifier with resistive coupling between stages. 

EFFECT OF LOAD RESISTANCE ON NOISE PERFORMANCE 

In order to facilitate the analysis, each stage of the multistage 

system is treated as a noiseless Z parameter 4- pole . The noise generated 

in each stage is represented by two uncorrelated noise voltage genera-

tors . * Figure 49 shows the first two stages of the system to be analyzed. 

From this figure and the noise factor definition, the noise factor of the 

two stage amplifier be comes 

(7-1) 

Here,F
l 

is the noise factor of the first stage 

*The solution becomes no less general with this assumption since cor­
relation that may exist between the two noise generators is not a function 
of the input or output termination of the stage . 
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and 

In order to determine whether an optimum load resistance exists, 

equation 7-1 is differentiated with respect to RL1 • The result of this 

operation shows that for all values of RLl 

< 0 (7-2) 

Hence, the degradation in the noise performance of the two-stage 

system owing to the load resistance of the first stage is a monotonically 

decreasing function of RL1 • 

Equation 7-1 further shows that the load resistance degrades the 

noise performance of the system in two ways. It introduces thermal noise 

(which is represented by the second term in equat ion 7-1) and it increases 

(by loading) the effects of the noise sources present in the second stage. 

This is evidenced by the presence of RLl in the third and fourth terms of 

equation 7-1. In order to determine the degradation caused by RL1 , each 

of these effects are considered in turn. 

With the first stage connected in the common-base configuration, the 

thermal noise can be neglected if the value of the load resistor 

a~ (1 + r ) 

Thermal noise with the first stage connected in the common-emitter con-

figuration can be neglected if 

» (7-4 ) 
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If the f i rst stage is connected i n the common-collector configur­

ation, t hermal noise can be neglected if 

2r e 

To determine the effect on the noise performance produced by load­

i ng of the first stage, the common base-common base amplifier is con­

sidered first. Here, regardless of the value of RLl, the noise generated 

i n the second stage can never be neglected unless a step- up transformer 

is used between the first and second stage . 

For the common emitter- common emitter amplifier, loading can be 

neglected i f 

(7-6 ) 

The common collector- common collector ( or Darlington) circuit 

wi ll not be cons i dered , since in this configurat i on a load res i stance, 

RLl, is not necessary . 

From this analysis, it is found that i n the cb- cb and ce- ce two stage 

amplifier, the degradation in noise performance produced by RLl i s due 

primarily to its loadi ng effect on the second stage . For the cb- cb ampli ­

fier ~ should be made as large as practi cable; for the ce-ce amplifi er 

it need only exceed the value given by equation 7-6 . 

MULTISTAGING 

Extending the analysis to the multi stage system, it is found that 

the noi se factor of the mth stage of the amplifi er (figure 5Ob) can be 

written as 



F 
m 

2"" 
1 + en{2m_l) 

2"" 
enL{m_l) 
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2"" 2 
+ en{2m) IZ(2m_l), (2m-I) + RL(m_l)1 (7-6) 

2"" 2 
enL (m_l)lz(2m),(2m_l)1 

th The power gain of the m stage with conjugate matching at the input 

and output, becomes, from figure 50b 

or 

p 
gm 

For the transistor amplifier operated at frequencies well below a 

cutoff, it is safe to assume that 

With this assumption, and the further assumption that only thermal 

noise is generated in each of the load reSistances, the noise factor 

of the n stage system becomes 

(7-8) 
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where, P l. go 

R 
s 

Figure 49. Z Parameter Noise Mode l of the Two stage Amplifier . 

R 
Lm - l 

S econd 
stage 

(a) 

R
Lm 

(b) 

Figure 50 . Z Parameter ~Rise Model of the n stage Amplifier, 
(b) Noise ~lodel of the m stage. 
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8. MEASURING METHODS 

This section contains an analytical description of the methods used 

to obtain the noise-factor measurements found in the dissertation. As 

part of the measuring technique, a method of calculating the error intro-

duced by noise generated in the measuring equipment is included. 

TRANSISTOR NOISE-FACTOR MEASUREMENTS 

Two methods were used to obtain the information necessary to quantify 

the noise factor of the tranSistor amplifier. Both involve increasing the 

power observed at the output of the system by injecting a voltage (or 

current) of known amplitude at the input. They differ, however, in the 

spectral properties of the injected signal. 

The first method uses a continuous-wave (CW) voltage and requires, in 

addition to the amplitude of the injected signal, that B, the noise band-

width of the system, be known. 

The second method uses a noise current (or voltage) and requires a 

knowledge of the spectral properties of the added noise source. 

CONTINUOUS-WAVE METHOD 

Figure 51 is a block diagram of the system used to obtain the CW 

noise-factor measurements. When the CW voltage, es(t), is reduced to zero, 

the mean-square output indication can be written as 

(8-1) 

where 

S (f) ns the unit-power spectral density of the 

driving source resistance, Rs 
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S (f) na the unit power spectral density of the 

noise sources contained in the system when 

these sources are referred to the input 

A(f) the voltage gain of the system when the input 

is terminated with R 
s 

14 A (fl 

"I 
I 
I 
1 R e 
I 5 na 
I 

Test L ow - noi s e Band pass RMS 
stage amplifie r filte r s e indicator no 

Figure 51. Block Diagram of Apparatus for CW Noise Measurement Method. 

If B, the noise bandwidth of the system, is much less than f , the 
o 

center frequency of the filters , equation 8-1 can be simplified to read 

e2 
no = I S (f) + S (f)] IA(f)12

B L ns 0 na 0 0 
(8-2) 

If the CW voltage, es ' is increased until the mean-square meter 

"""'2 i ndication becomes N e ,this increase, in terms of the spectral densi­no 

ties, can be wri t ten as 

Here, e 2 is the mean-square CW voltage. s 

(8-3 ) 

In terms of the spectral densities, the noise factor is given by 

Sna(fo ) + Sns(fo ) 

Sns(fo} 
(8-4) 
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Therefore, from equations 8-2, 8-3, and 8-4, 

F(f ) 
o 

e2 
s 

(N-l)S (f )B ns 0 

(8-5) 

With N = 2, and a resistive source at room temperature, equation 

8-5 becomes 

e2 
s 

1 6 lO-21R B • x s 
(8-6) 

To determine the noise factor of the amplifier using the CW method, 

the noise bandwidth B must also be calculated. However, this part of the 

measurement procedure can be eliminated by utilizing a noise current (or 

voltage). 

NOISE- INJECTION METHOD 

The noise current source that was used to obtain the majority of the 

mean and high frequency measurements was the temperature limited diode. 

Its placement in the test stage is shown in figure 52. With this con-

figuration, the noise factor as a function of diode plate current be-

comes 

F (8-7) ( N-l )S ( f ) ns 0 

Here , N again signifies the increase in the output mean-square indication; 

In signifies the diode plate current necessary to produce this increase. 

With N = 2 and a resistive source at room temperature, equation 8-7 ap-

proximates to 
F (8-8 ) 



Noise 

d iode 

e 
na 

Test 
stage 

Figure 52. Placement of Di ode for Measurements by Noise Current Method . 

It is found from the preceding equation that large values of diode 

current are required when small values of source resistance are used . 

Under this condition it is desirable to use a noise source such as the 

Polaroid N- l or the General Radio 1390. To make the device a near-perfec t 

.. voltage generator, its output can be modified as shown in figure 53. 

z - 1 o 

N o rma l output 

~--.,---

1 ohm 

L-____________ ~------------~---

Modified 
o u t p u t 

Fi gure 53. Me thod of Lowering Output Impedance of Noise Source. 

The spectral density of the noise source can be calibrated in the 

following manner . If it is assumed that the spectral density of the noise 

source, S , is constant over some yet undetermined noise bandwidth, B , no n 

then the mean-square voltage measured at the output of the noise source 

.. This is a requisite in measurements of the noise - factor parameter, R no 
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= S B no n (8-9) 

The noise source is then used to drive a linear bandpass filter of 

known noise bandwidth, Bf , and insertion loss, Af • In terms of these 

parameters, the output mean-square indication can be written as 

Equations 8-9 and 8-10 yield Bn' With this value, Sno can be 

determined. 

(8-10) 

For noise-factor measurements, the noise voltage generator is placed 

in series with the driving source. With this configuration, the noise 

factor of the system is given by 

F = 
S no 

(N-l) S (f) ns 0 

e2 
n 

(N-l) S (f )B ns 0 n 

(8-11 ) 

Here, N signifies the increase in the mean-square output indication; 

e~ signifies the mean-square input noise voltage necessary to produce this 

increase. B is the noise bandwidth of the noise source. 
n -----

With N = 2, and a resistive source at room temperature, this equation 

becomes 

F 
1.6 x 

2" e 
n 

EFFECTS OF EQUIPMENT NOISE ON NOISE-FACTOR MEASUREMENTS 

(8-12 ) 

In many of the noise measurements made (especially those at cryogenic 

temperatures) the noise added by the measurement eqUipment became a sig-



nificant part of the total noise observed. It therefore became necessary 

to derive a method of accurately determining the effect of noise genera t ed 

in the measurement equation on a noise - factor measurement . The following 

is an analytical description of the derived method. 

Figure 54 shows the tes t stage in terms of its admittance parameters 

and two uncorrelated noise current generators.* The transfer character-

is tics of the remaining system are represented by the admittances, Y33' 

Y34' Y43' and Y44; its noise properties are represented by the noise 

current generator, i
n3

• From figure 54, with sWl open, the mean-square 

noise current observed at the output is given by 

22 
i 2 IY43 , in3 

(8-13 ) nO l 2 
IY33 + YL I 

i
l " I "2 i2 oWl i3 "3 "4 i4 

YI2 Y43 i 
"20 "40 

YH nO 

0 0 

Figure 54 . y Parameter Noise Model of Test Stage and Measurement 
Equipment . 

With the switch closed, the mean-square noise current becomes 

Here, 

(8-14 ) 

* Although the analysis was carried out assuming uncorrelated noise sources 
in the test stage, a Similar analysis, made without this assumption, yields 
identical results . 
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With noise diode current, i 2 is multiplied by a yet undetermined 
n0

2 
constant K for which the noise factor of the test stage, Fl , can be 

written 

(8- 15) 

(i2 )* i 2 Here , ns is the contribution to from noise generated in the 
n0

2 
driving source . 

Since FT, the noise factor of the system (including the test stage), 

can be written as 

(8-16) 

it follows, from equations 8-15 and 8-16, that 

(8-17) 

Writing the noise factor of the test s tage in terms of the admittance 

parameters, 

(8- 18) 

For the transistor amplifier, it can safely be assumed that 

and 
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With these assumptions, and equations 8-13, 8-14, and 8-18, the noise 

factor of the test stage becomes 

i 2 _i2 

Fl 
n02 nO l 

(i2 )* 
ns 

(8-19) 

It follows, from equations 8-15 and 8- 19, that 

i 2 _ i 2 

K-l 
n02 nOl 

i 2 
nO l 

Therefore, 

i 2 

K 2 -
nO l (8-20) 

i 2 
n02 

A diode current and a mean-square current indicating device were 

assumed in the preceding analysis for convenience only . The final results 

are not predicated on these assumptions. 

Figure 55 illustrates the error incurred in a noise -factor measurement 

as a function of the logarithmic ratio of output noise currents . An 

example will illustrate the use of the graph . 

If it is assumed the mean-square output indication is -7 decibels 

with SW-l open and +12 decibels with SW - l switch closed, the error incurred 

in this noise-factor measurement is 0.5 db . 

INDICATING DEVICE ERROR 

Another source of error encountered in time -averaged noise measure-

ments is the finite time constant of the indicating device . That is, in 

order to obtain a true measure of the mean-square noise current (or voltage) 
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no 

12 14 lb 18 20 

Figure 55 . Error in Noise Factor Measurement as a Function of 
Output Noise Power Ratios. 

given by 

i
2 
n 

T _CD 

.l lin( t) 1
2
dt 

the device must have an infinite time constant. Therefore, an error will 

be incurred since the actual integration is performed over a finite time 

interval. The probable error in a reading owing to the finite integration 

period is shown by van der Ziel (Ref . 32) to be 

P . E . 

Here, B is the noise bandwidth of i 2 and ~ is the time constant of the 
n 

indicator . 

Applying the sampling theorem to van der Ziel 1s result , it is found 

that the probable error of the mean of M readings 1s given by 
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P .. E. = 

A numerical example will illustrate the difficulties encountered in 

obtaining accurate noise measurements when the noise is limited to very 

narrow bandwidths . If it is assumed that the noise bandwidth B = 4 cps 

and that the time constant of the indicating device is 't = 15 seconds, 

the probable error in a reading is 11% or 0.4 db . To reduce the error to 

0.1 db requires 25 readings or an integration time of ,75 seconds. 
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CONCLUSIONS 

Van der Ziel1s transistor noise model formed the basis for the theo-

retical study conducted at mean and high frequencies. From this model, 

expressions for the noise factor of the transistor amplifier in each of 

its configurations were derived. An investigation of the noise-factor 

formulas reveals that in the unconstrained amplifier, i.e., one in which 

the source resistance is not a fixed parameter, two quantities are of 

importance in determining the noise performance of the amplifier. These 

are the magnitudes of the source resistance and the emitter current. 

Partial differentiation of the noise-factor equations with respect to 

these two parameters reveals that a unique value of source resistance, 

~so)o, and emitter current lEO exist, which will minimize the effects of 

internally generated transistor noise. The formulas that describe these 

two quantities were found to be functions of easily measurable transistor 

parameters. 

In applications where the value of source resistance is constrained, 

the noise-factor formulas can be differentiated directly to obtain an 

equation that describes the optimum emitter current. 

At frequencies where Ilf noise predominates, it was found that a two 

generator empirical noise model would suffice to describe the amplifier1s 

noise performance. Utilizing this model, an experimental procedure was 

derived for obtaining the optimization parameters (Rso)o and lEO' From 

an experimental study made to substantiate the procedure, it was found 

that the collector noise generator contained in the noise model was the 

predominant noise source at Ilf frequencies. Utilizing this fact, it 

was found that analytical expressions could be derived for (R )0 and IE • so 0 
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These formulas are functions only of the extrinsic base resistance. 

At frequencies approaching alpha cutoff, the noise-factor formulas 

exhibit an f2 frequency dependence similar to that found to exist in 

vacuum tube amplifiers. However, the high-frequency noise cutoff point 

was observed to be a function of the source resistance. By decreasing 

the value of R , it was found possible to obtain reasonably low noise 
s 

factors up to the alpha cutoff frequency. 

In the constrained amplifier, it is sometimes possible to interpose 

a transformer between the driving source and the input to the amplifier. 

With this configuration, it was found possible to obtain reasonable noise 

figures from the transistor amplifier with values of source resistance 

exceeding 1,000,000 ohms. An investigation of the equations that pertain 

to the transformer-coupled amplifier revealed that a turns ratio existed 

which, for any given value of Rs' minimized the effects of internally 

generated transistor noise. 

In a study conducted to determine the effect of temperature on the 

noise performance of a transistor amplifier, it was found 

1. 
o that at temperatures above 300 K the principal source of transis-

tor noise is shot noise fluctuations in the collector cutoff current, leo' 

The mean-square magnitude of these fluctuations increases exponentially 

with temperature and noise produced by these fluctuations masks, at temper-

atures only a few degrees above room temperature, noise caused by diffusion 

and recombination-regeneration 

2. that at liquid nitrogen temperature it becomes possible to obtain 

extremely low noise resistances in a transistor amplifier. This phenome-

non, which is predicted by theory, introduces the possibility of utilizing 

a transistor amplifier in conjunction with a low impedance detector in 



cryogenic infra-red applications. Also, the very low input impedance of 

the cryogenically-cooled transistor amplifier in conjunction with its low 

nOise resistance makes it ideally suited as the R.F. stage of an ultra­

sensitive radio receiver. 

It has been shown that bias stabilization and emitter degeneration 

affect the optimum source resistance and the minimum noise factor of a 

transistor amplifier. In a theoretical study, using van der Ziel's model, 

analytical expressions were derived which give the degradation in noise 

performance and the change in source resistance caused by these stabilizing 

elements. 

Previous investigations have concluded that , in the two-stage r - c 

coupled tranSistor amplifier, the value of the load resistance of the first 

stage should optimize the noise factor of the second stage. For typical 

applications, this value is a few thousand ohms . However, by differenti­

ating the noise factor, Fl2, of the two- stage amplifier with respect to 

the load resistance, it was found that Fl2 is a monotonically decreasing 

function of this parameter . Hence, for noise optimization, the load re­

sistance should be as large as practicable . 

It was found , in obtaining analytical expressions for the measurements 

required to attain noise factor readings, that the noise diode method 

would be the most convenient to be used . Here , F is a linear function of 

ID, the d . c . diode current, and Rs ' the source resistance. However, with 

low values of source resistance, this method becomes impractical owing to 

the large values of diode current required. In this case, it was found 

necessary to use either a continuous -wave or noise voltage . 

Owing to the small power gains obtainable from cryogenically-cooled 

tranSistors, it was found necessary to derive a procedure that would permit 
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noise measurements when equipment noise was not negligible. The method 

derived gives the error incurred as a function of two r.m . s. readings. 



APPENDIX 

Friis defines the noise factor in terms of available signal-to-noi se 

power ratios. By this definition, conjugate matching must be used at the 

input and output of an amplifier whenever noise factor measurements are 

made. However, this restriction does not apply to spot noise factor meas-

urements . 

Any linear noi sy 4 pole can be represented as a noiseless 4 pole and 

two noise voltage generators which describe its noise properties . Such a 

representation is shown in figure 56a. Here, es signifies the input 

signal, ens signifies the noise generated in the driving source impedance 

zs' and enl and en2 represent the noise generated in the amplifier. If 

the mutual impedance Z21 is not zero or infinite, then the two -generator 

noise model can be replaced by the one -generator model shown in figure 56b . 

The magnitude of e is given by na 

e na (A- I) 

The amplifier is noiseless beyond the points 1-1 ' (figure 56b)i 

therefore the signal-to-noise ratio at the output is equal to that obtained 

at 1-1'. This ratio is not a function of the output termi~ation. 
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-
Figure 56. Z Parameter Noise Model , (b) Equivalent One Generator 
Noise r~odel. 
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With conjugate matching at the input, the signal-to-noise ratio at 

1-1' is given by 

(SiN) h-ll = (A-2) 

Here, S (f), S (f), and S (f) are the unit power spectral densities of s ns na 

the signal voltage, es ' the source noise voltage, e , and the amplifier ns 

noise voltage, e • na 

Without conjugate 

(SiN) h-ll 

matching at the input, 
CI7 r 

[ s (f) 11 df 
' 0 s IZ11 + Zs 12 

[
• ) r 
( S ( f) + S ( f ) 11 df 

, 0 \ ns na I z11 + Zs 12 

where r ll signifies the real part of zll' 

(A-3 

In order to obtain the same noise - factor measurement with and without 

conjugate matching, an equality must be established between equations A-2 

and A-3. They become equal if B, the noise bandwidth of the measuring 

system, is much less than f o' the frequency at which the measurements are 

made . This can be shown by writing r 11, zll' and Zs in a Taylor series 

This gives 

. . . 

(A-4) 

. . . 
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With spot noise-factor measurements, the frequency band is limited 

to the incremental range f ± df. When these limits are placed on the 

integrals of equation A-3, the second and subsequent terms of the series 

can be neglected.* As a result, this equation can be written 

~
f +<if -

o ls (f) 
f -df ns 
o 

+ S (f)Jdf na 

(A-5 ) 

If the same limits are placed on the integrals of equation A-2, it becomes 

identical to equation A-5 . From this, it is concluded that the same noise-

factor measurement is obtained with and without conjugate matching . 

*Assuming no poles of rll(f), Zll(f), and Zs(f) exist in the incremental 
frequency band fo ± df. 
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