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DEVELOPMENT OF A COMPUTER PROGRAM 

FOR TRANSISTOR NOISE ANALYSIS 

ABSTRACT 

A computer program is developed for designing low-noise 

systems and calculating the spot and broadband values of input 

and output noise,- the noise bandwidth and the noise figure. 

The transistor base-spreading resistance, an parameter of 

the noise model, is determined experimentally from l/f noise meas

urements. 

ii 



Bl1G1SAYAR YARDIMLI TRANZ1STOR 
GOROLTO ANALIZ1 

OZETCE 

Elektrik cihaz tasarlml, endUstri ve askeri uygulamalar gibi pek 

cok konuda gUrUltU onemli bir sorundur. CUnkU gUrUltU herhangi bir 01-

cUmUn dogr~lugunuve elektronik olarak isleme tabi olan sinyalin en dU

sUk degerini belirler. 

DUSUk gUrUltU sistem tasarlml icin tek bir frekansta veya bir 

frekans bandlnda giris ve clklS gUrUltUsUnUn hesaplanmaslnda, yUkseltec 

ve sezici devrelerin tepki egrilerinin bulunmaslnda ve gUrUltU faktorU

nUn belirlenmesinde bilgisayar yardlmll gUrUltU analizi etkili bir co

zUmdUr. 

iii 

Bu tez'de ilk olarak sezici devrelerdeki ve tranzistorlU yUksel

teclerdeki gUrUltU kaynaklarl incelenmistir. Devre elemanlarl ve alt 

devreler icin gUrUltU modelleri gelistirilmis ve bu modellerdeki gUrUl

tUnUn belirlenmesindeki hesaplama zorluklarlnl yenmek icin bir bilgisa~ 

yar programl gelistirilmistir. 

Bazl tranzistor parametreleri gUrUltUnUn olcUlmesi yardlmlyla 

bulunabilir. Tez'in ikinci klsmlnda da iki kutuplu eklem tranzistorU-



nUn parametrilerinden alan baz-govde direnci, al~ak frekans gUrUltU 

ol~me yontemi kullanllarak belirlenmi$tir. Bu ama~ i~in bir ol~me 

cihazl kurulmu$ ve kullanllml$tlr. 

iv 
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I, I NTRODUCTI ON 

Electri"cal noise is a problem in industrial, military, and consumer 

equipment design. The designer must be cognizant not only of the sources 

of noise, but also of the methods of noise reductions that one available 

to him. He will strive toward an optimum design. In this quest he must 

use all available and applicable tools. One such tool is the digital 

computer. 

The main purpose of calculating the noise in an electronic system 

is to discover what is the least signal it will detect or what is the 

accuracy with which a large signal can be measured~ and to show how the 

resul t depends on the parameters of the system. 

In this thesis,first the sources of noise are examined; these 

sources include sensors and other devices, amplifier, and associated 

circuitry. Noise models are developed for circuit components and for 

subsystems. In the design of low noise systems,that information is 

used to predict performance. However, it should be noted that associ

ated calculations can be very time .consuming. Network and sensor imped

ances can be complex. To predict the total noise in a usable bandwidth 

it is necessary to calculate the noise at many frequencies and integrate 

the mean square noise voltage ove~ the 'bandwidth of interest; To simplify 

the design process a computer pr6gram is developed for noise analysis, 

1 



In the second part, the low-frequency noise measurement is used 

to determine the base-spreading resistance of a bipolar junction tran

sistor. For this purpose a laboratory calibre equipment is built and 

used •. 

2 



II. NOISE MECHANISMS 

2~1 INTRODUCTION 

Noise is undesired random signals that obscure or interfere with 

a desired signal. These extraneous signals may be derived from sources 

external to the system such as the electrostatic or electromagnetic co

upling from the 50 Hz power lines. Another source of noise is the physics 

of the devices and materials that make up the electrical sy~tem. We will 

be concerned with this type noise. 

The fluctuating quantities such as noise voltages or currents are 

called random variables. Random variables X(t) can be characterized on 

a statictial basis •. One important way is to characterize them by their 

statistical averages. The most widely used averages are the mean value 
- -2 
X and the mean square value X. Often X is rigorously zero, and then 

the most meaningful quantity is 7. 

The most significant noise ~~urces give rise to fluciuating quan

tities that have averages and mean square averages that are independent of 

time. Such random variables are called stationary random variables~' 

Stationary random variables have probab~lity density functions that not 

explicity depend on time. 



A fluctuating quantity X(t) can be described by its spectral 

density function Sx(f). By introducing th~s quantity, a fluctuating 

voltage V(t) in a small frequehcy inte~val hf can be represented by a 

noise voltage'; Sv(f) hf, where SvCf) is the spectral intensity of . 

V(t) .at frequency f. 

The main types. of noise are thermal noise, low frequency noise, 

shot noise, and burst noise. 

. 2.2 THERMAL NOISE 

Thermal nois~, also known as white noise or Johnson noise, is 

caused by the thermally excited random vibration of the charge carrie'rs 

in aJ!conductor. The expression for the r.m.s. noise voltage in the con-

ductor over a frequency interval hf is, 

- 1< 
et = (et 2 )2 = .; 4 k T R hf (2.1) 

where 
-23 0 

k = Boltzman constant = 1,38 x 10 W - sec/K 

T = Temperature of the conductor in degrees Kelvin 

hf = Noise bandwidth in Hertz 

R = Resistance of real part of the conductor impedance 

4 

For the purpose of analysi~ a noisy resistor R is represented by an 

equal noiseless resistor in series with a noise generator of r.m.s. 



. !:2 
value et equal to (4 k T R lit) as shown in Fig. 2. 1. This series 

arrangement can be replaced by an equivalent constant-current generator 

in parallel with the resistor. 

R 

Figure 2.1 Equivalent circuits for thermal noise 

2. 3 SHOT NOISE 

Shot noise is generated when the charge· carriers supplying the 

current,pass through an energy gap in tubes, transistors, and diodes. 

Shot noise is associated with current flow accross a potential barrier. 
. . 

Such a barrier exists in every p-n junction semiconductor device·· and 

at the cathode surface in vacuum tubes. The mean square current fl uc-

tuation is a function of the bandwith Af:. 

'2 
i = 2qI Af ( 2.2.) 

No barrier is present in a simple conductor, therefore no shot noise 

is generated. Thermal noise and shot noise both have a flat frequency 

spectrum. 

5 



2.4 l/f NOISE 

l/f noise is also referred to as flicker noise or low-frequency 

noise. The thin meta)lic or semiconductor layers, carbon resistors, 

carbon microphones, vacuum tubes, solid state devices, etc, are sources 

of another type of noise which is important at low frequencies. The 

power spectrum of this noise source may be expressed in the general form·! 

S (f) 
_ _ I13 
-·K--

fa 
(2.3) 

where 

I = DC current flowing through the device 

f = frequency 

13 - 2 

a - 1 

K = constant 

The major cause of l/f noise in semiconduttor devices is traceable 

to properties of the materials. The generation and recombination of car

riers in surface energy states and the density of-surface states are im-

portant factors. 

2.5 BURST NOISE 

A pulse-type noise, called burst noise or "popcorn" noise, has 

been observed in carbon or carbon-film resistors, at reverse or forward 

biased p-n junctions, and discrete or integrated circuit transistors. 

This type of noise appears as a square wave width random fluctuations. 

6 



The power spectral density is a l/fa. function with 1 <a.< 2. It is 
2 

often found to vary as l/f This noise is masked by other mechanisms 

such as shot noise and l/f noise. 

2.6 NOISE BANDWIDTH 

The effective noise bandwidth M represents the bandwidth of 

the equivalent rectangular filter which will pass the same rms noise 

as the actual filter. Noise bandwidth is the area under the power curve; 

the integral of power gain versus frequency, divided by the peak ampli,: 

tude of the curve. This can be stated in an equation form: 

where 

1 co 

~f = ---- f G(f) df 
Go 0 

~f = noise bandwith in Hertz 

G(f) = power gain as a-function of frequency 

Go = peak power gain 

The equivalent noise bandwidth can also be written as 

1 
co 

[A~( n] ~f = J df 
2 0 

Avo 

where 

(2.4) 

(2.5) 

Av(f) _= vol tage gain as a function of frequency 

Avo = midband voltage gain 

Let us assume the bandwidth of the overall frequency range is 

7 



f2 - fl. The transfer func~ion of the two-port is H(f) and the one

sided power density of the noise source connected to the input is S(f). 

Then the squared output noise voltage is 

f2 
2 2 

Av = f S(f) 1 H(f) 1 df (2.6) 
if l 

Let H(f) be the transfer function of a band-pass filter. For a 

sinusoidal signal, the bandwidth is defined between the 3-dB points 

where the output power is decreased to half the maximum value~ However 

for a stochastic driving signal, the output power is a function of both 

H(f) and S(f), the latter being the spectrum of the driving signal the 

definition of the bandwidth is 

2 

t.f = [I H(f) 1 S(f) df 
2 

(2.7) 

1 H(fo)1 S(fo) 

where fo is a reference frequency .suitably chosen within the pass-band. 

2.7 ADDITION OF NOISE VOLTAGES AND CORRELATION 

Equivalent noise generators represent a very large number of 

component frequencies with a random distribution of amplitudes and 

phases. The output power is the sum of these sep~rate output powers 

and consequently it is valid to combine such sources so that the re

sultant mean square-voltage is the sum of the mean square voltages of 

the individual generators. This statement can be extended to noise 

current sources in parallel. 

8 



If- el and e2 represent uncorrelated noise sources in series, 

the mean square of the sum ~ is given by, 

(·2.8 ) 

In order to sum correlated waves, the general expression is 

(2.9) 

where C is called the correlation coefficient and can have any value 

between -1 and +1. When C=O the voltages are uncorrelated. When C = 1 

the signals are totally correlated. 

9 



III. NOISE PARAMETERS OF LINEAR NETWORKS 

3.1 ONE-PORT 

The noise equivalent circuit of a resistor R consists of a 

noiseless resistor R in series with a noise voltage source. The mean 

square value of the thermal noise component of the voltage is given by 

f+M 
2 

e = J Sv(f)df = 4 k T R 11 f 
f 

(3-1) , 

The source voltage of the voltage generator in Fig. 2.1 is 

-; k 
e = (e L

) 2 = .; 4 k T R 11 f (3.2) 

After a Norton - Thevenin transformation, we have the elements of the 

current generator equivalent circuit shown in Fig. 2.1 

~ 
i = (i

2
) =.; 4k T G 11 f (3.3) 

If S(f) ~~ assumed t6 be constant within a narrow frequency band 

I1f, the following expressions are freque~t1y applied: 

10 



i = lSi( f) 1M where I Si (f) 

e = I Sv( f) 1M \·,here I Sv( f) 

~ = A/Hz 

!;; 
= V 1Hz 2 

(3-4) 

(3:-5) 

The noise equivalent circuits may be easily be applied to networks 

comprising reactive elements. The appearence of a susceptance B in par

allel with conductance G will not change the source voltage in Eq. (3.1); 

an ideal susceptance does not generate noise. However, the terminal volt-

age of an admittance Y = G + j W C wil be frequency dependent : 

i i 
eo =-- =----

Y G+jwC. 
(3-6) 

3.2 TWO-PORTS 

For a two-port network, the admittance equation is 

t
o 1 1 . 0 I :1 = y e1 + :11 
, e2 ' 

2 J 
(3-7) 

which may be expressed in the form: - " 

(3-8) 

(3-9) 

Figure 3-1 shows the definitions of thes~ quatities. Superscripts I 

and II refer to the input and output respectively. 

11 



There is a difference between one-ports and two-ports. A single 

parameter, which may be either voltage or current, is sufficient to 

characterize a one-port. However, two uncontrolled generators ( e.g • 

. 1 d·II) . 1 an 1 are requlred to characterize a t«o-port. These generators 

are not necessarily independent. The noise equivalent circuit of the 

network is shown in Fig. 3.2 

y 

Figure 3.1 Two-port with noise sources 

9b 

gUC = iao-t-i( .!....1-_...::....L.....;..-'-_ 

(0) .(c) 

Figure 3.2 (a) Noisy two-port (b) Exclusion·of noise sources 

(c) Contraction of noise sources 

where 
ia = I 4 k T ga ~f 

ib = I 4 k T 9b M 

ic = 14k T gc 6f 

The source current of the input equivalent noise generator is 

obtained by shorting the output and connecting an ideal current meter 

12 



of zero resistance accross the input. In this case, we have: 

'0 12 ** 
1 = ( ia + ib) (ia + ib ) (3-10) 

2 
,oll __ ( 0 0) 

','b + 'c (3.11) 

(Assuming i~, ib and it are indep'endent) 

The correlation between i I and ill ;s characterized by the product 

01 0 ll* (0 0) ( 0* 0 *) 0 0* 
l' = 'a +'b 'b +'c ='b'b (3.12) 

The two-port block will be regarded as noise·-free, as the ex

cluded internal noise sources have been substituted byi I and ill and 

by their correlation. 

The equivalent circuit of Fig 3.3 may be utilized even more 

conveniently. 

Noise. 
free 

"'-------':"':"""';--1 two -par t 

Figure 3.3 Two-generator equivalent circuit. 

The two-port, regarded as noise free is characterized by its 

chain matrix L and the noise sources are reduced to the input. 

01 , 

and the correlating factor can be defined as, III 

(3.13) 

13 



1* .1 e 1 
C =------

3.3 AMPLIFIER NOISE 

(3-14) 

In preceeding section a universal noise model for any two-port 

hetwork is descri bed. The network is cons i dered as a noi se-free box, 

and the internal sources of noise are represented by a pair of noise 

generators located at one port only. Figure 3.4 represents a noisy 

amplifier including the signal source Vs and the source resistance Rs. 

Rs I 
I . 

J>Z' et 
In 

I I 

I 

Vs I 

Figure 3.4 Amplifier noise model with the signal source 

Amplifier noise is represented completely by a zero imped~nce 

voltage generator en in series with the input port, an infinite im

pedance current generator. in in parallel with the input and by a 

complex correlation coefficient C (omitted). The thermal noise of 

the signal source ;s represented by a noise generator et. 

The equivalent input noise is given bYJ 

14 



(3-15) 

Where K = AvZ . / (Rs + Z.) 
1 1 

2 2 2 2~ - 2 

and Vni = et + e + in R n .. s (3-16) 

The equation can be applied to a system using any type of active device. 

The noise voltage and current generators are not necessarily independent. 

We must introduce the correlation coefficient C. And Eq. (3-16) results 

-2 2"2 -22 22-
Vni = et + en + in Rs + 2C en in' (3-17) 

In Figure 3-4, the cor're1ation term can be represented as a voltage 
--z 1 

generator with r.m.s. value ... ( 2C 2· r en 'n in series with en or an 

appropriate current generator in parallel with in' 

3.4 NOISE FIGURE 

The noise figure, also called the noise factor, of a two-port 

device is the ratio of the available output noise power per unit 

bandwidth to the portion of that noise caused by the actual source 

connected to the inputtermjnals of the device, measured at the standard 

temperature of 290 oK. 

I 
Pno Pno 

F=----=l +---- (3-18) 
Ap Pni 

15 



Where P no = the output noise power 

p . = the signal source noise power nl 

Ap = power gain 
I 

Pno = Fraction of the output noise power 

two-port 

An equivalent definition of noise figure is: 

. The 

F = Input signal-to-noise ratio 
Output signal-to-noise ratio 

noise figure F can be defined in terms of 

2 2 2" 2 2 2 2 

ei + en + in Rs en + i Rs 
F = = 1 + _.-z -z 

et et 

generated within the 

en and in 

(3-19) 

The equation shows that the noise figure can be expressed as the ratio 

of the total mean square equivalent input noise to the mean square ther

mal noise of the source. A minimum noise figure may be obtained by dif-

(3-20) 

(3-21) 

16 



3.5 NOISE IN CASCADED STAGES 

1st 2nd ------- nth 

p. F. F2. Fn 
Pa,=Pi2 Pc)2= Pi3 II G. G,2. Gn 

-------

Figure 3-5 Cascaded networks. 

The system shown in Fig. 3-5 is a cascaded n~stage network; 

where Gn is the available power gain and Pn is the available power. 

According to Eq. 3-18 noise figure is: 

1 F =- (3-22) 
G k T ~:f 

The avai1able noise power at the input to network 2 Pi2-is 

(3-23) 

By considering the second stage separately Eq. 3-22 becomes: 

P02 
F = --'---- (3-24)" 

Noise generated in stage-2 is: 

17 
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(3-25) 

The total output noise Pt is given by the sum of term Eq 3-23 and 

3-25 

The noise figure of the cascaded pair is; 

F 
Pt 

=------

By substitution of Eq. 3-26 into 3-27 we obtain: 

= F + F2 - 1 
1 

(3-26) 

(3-27) 

The general expression for the noise figure of an n-stage amplifier 

F F - 1 F2 - 1 3 - 1 n . F = Fl + + + .••••.••••• + -------

It can be concluded that for an n-stage amplifier the overall noise 

figure is nearly the noise figur-e of the first stage if the gain of 

the first stage is sufficiently large. 

18 



IV. NOISE IN BIPOLAR TRANSISTORS 

4.1 SIPOLAR TRANSISTOR NOISE MECHANISMS 

The common bipolar transistor contains sources of ,thermal noise, 

l/f nois~and shot noise. The widely used hybrid -n small signal 

equlvalent circuit is modified to include noise sources. The equivalent 

input noise parameter Vni is derived for the bipolar transistor by 

making use of the noise circuit model. 

The base-spreading resistante rb~' the resistance of the 

lightly doped base region between the external base contact and active base 

region, exhibits thermal noise. Fluctuating base current. IS and col-

. lector current IC are responsible for shot noise at the respective 

junction. The flow of base current IS through the base-emitter dep

letion region gives rise to l/f noise. These noise generators are 

shown in the hybrid-~ noise model in Fig. (4.2) Feedback elements C ' 
b'e 

and rb'e have been omitted for simplicity. 

The noise voltage generator eb represents the thermal noise 

6f the base-spreading resistance. The noise current geneiator . i, 'i~ 

the shot noise of the total base current and i2 is the shot noise of 

the collector current. These generators are~ 

19 



-2 

i = 2q I B lif 
1 

2 

; 2 = 2q Ie 6f 

( 4-1) 

(4-2) 

(4-3) 

The source and load resistance thermal noise generators ·are respectively, 

(4-4) 

(4-5) 

The correlation between i1 and i2 is I 1 I 

(4-6) 

At low frequencies, gm ~ Re (Y21) ~ Y21 , so Eq. (4.6) is simpl ified 

to 
* h h = O· 

According to the discussion in Section 2-4, the spectral density 

of llf noise current can be written as 

i 
2 . K Is . 

i f = ----"'-"'-- ( 4-7) 
f 

i ranges between 1 and 2, but often can be taken as unity. It has been 

found that the constant K can be replaced by 2qfL where q is the 

electron charge and.fL may have values from 3.7. kHz to 7 kHt .. 
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The value for fL isa representation of the noise corner frequency. 

The equation (4-7) can be rearr~nged in the form 

2 -{ 
if = 2q fL IB 

f 
(4-8) 

To derive an equivalent input noise V ni' first we need to cal

culate the total noise at the transistor output, the gain from source 

to output and then divide the output noise by the gain. 

The final expression for tne equivalent input noise Vni is 

given by 141 : 

(4-9) 

. Eq. (4-9) is a good engineering approximation to actual behavior. The 

errors are at high frequencies beyond the transistor cut-off. 

-2 
The en of the transistor can be written in the absence of the 

source noise as 

2 2 2qIc 2 

en = 4 kT rbb' + 2qIB (rbb' ) + 2 ( rbb' + rb'e ) 

So 

f 2 

2 q ~L IB rbb' 1 2 (_f_) 2 
(4-10) , 

+ + 2 qI c ( rb b' + ) 

f w Cb'e fT 
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And by assuming that Rs is very large, Rs» rb' e' i~ is obtained 

from Eq. (4.9). After dividing each term by Rs ' we obtain the i~ 

parameter 

i 
-2 2qfL IB f- 2 2qI 
in ~ 2qIB + + 2qI c 

'. c (-) + 2 
f fT eo (4-11 ) 

VI C 

Cr.!e v ·1 u ~ 2. 

ICe 

e 

Figure 4.1 Hybrid - TI noise model with source and ioad resistances 
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V, NOISE IN FET/ $ 

5.1 NOISE IN FET's 

In a p-n junction device, the current flows insi.de the semiconductor 

material, while in the Metal-Insulator-Semiconductor or Metal-Oxide 

Semiconductor the current flow is confined to an extremely thin layer 

on the surface. Both JFET and the MOSFET can be assembled in either 

conductivity type, depending on whether the channel is p or n-type 

silicon. These differences appear naturally in the noise parameters too. 

The noise equivalent circuit for common-source operation is shown 

in Fig 5.1. ' This circuit appl ies to both JFET or the MOSFET [ 4 J. 

Gate VI C.9d 

~----~--~----~--~--~ 
Drain 

c 

Source' 

Figure 5.1 Noise equivalent circuit for JFET and MOSFET 



Th~ noise current generator ig is the result of three physical 

processes : Shot noise of the current flowing through the gate, l/f 

rioise, and thermal fluctuations in the drain circuit. Noise generator 

id is the result of the thermal excitation of carriers in the channel 

of the device. Following the relations in the literature [1] for the 

channel noise, the expression for id is : 

2 
id = 4 k T llf gms KCi (11) (5-l) 

where 1> Kd (11) > 2/3 if 0 < 11 < 1 ~ms is the mutual conductance. 

And the gate .noise is [lJ : . 

For 

2 

-2 . w2 Cgs 
i = 4 k T II f ! Kq (11 ) g . -

gms 

0<11 < 1 1/12 < K (11) < 16/135 
9 

(5-2) 

Both the channel noise and the gate noise are brought about by 

random fluctuation of the channel potential, so there is correlation 

between 'i g and id especially at high fr.equencies. 

(5-3) 

if 0 < 11 < 1 , 0 < Kdg( 11} < 1/9 

For practical purposes for which the value pertaining to n = 1 is 

extrapolated, is of importance. Then Eqs. (5-1), (5-2), and (5-3) 

will take the forms 
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-:2 2 
, d = - 4 k T gms M 

3 

2 2 C2 

,. __ 16 w gs 
9 --4kT---

135 

."'. 1 4k 'g 'd = - T jw Cgs M 
9 

and the complex correlation factor is: 

* 
C = ig id = 0.39 j 

.,I lig\2lidl2 

(5-4) 

( 5-5) 

(5-6) 

( 5-7) 

This factor is independent of the frequency, the mutual conductance, 

and the capacity Cgs.We see that C is purely imaginary and its 

magnitude is smaller than 0,5 which means that the ·correlation has 

little effect on either the design or the performance of the low-noise 

amplifie~ [2J . For most. purposes we can ignore it. In the noise 

equivalent circuit of the field effect transistor shown in Fig. (5-2), 

the noise sources are reduced to the input port. 

I Noise-free 

: FET 
I 

L __ _ 

Figure 5-2 . Noise sources reduced to the input in FET 
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In junction field effect transistors the gate leakage current 

Ig adds a further uncorre1 ated component to ··th~·:.· gate-current f1 uc

tuations and the Eq. (5-5) becomes as: 

222 
i= _1_6_ 4 k T ~~ t:.f + 
g 135 

The MOSFET has no shot-noise tomponent. 

5-2 FLICKER NOISE IN FETls 

(5-8) 

The devices designed for low-noise low-frequency operation have 

a considerable increase of noise output at low frequencies. This is 

associated mainly with surface phenomena. The surface effects can be 

eliminated, however, in junction - gate devices, and the residual noise 

is then due to fluctuations in therecorrbination rate of carriers in 

the gate-channel. dep1~tion layer. These fluctuations modulate the 

channel current and therefore are equivalent to an addit~ona1 noise 

voltage generator in the gate circuit. There is a little effect on the 

gate current noise. It is convenient to express the flicker noise power 

spectrum as: 

2 4 k T (5-9) 
3 ·gms f 

and the frequency fo determin~~ the frequency at which flicker noise 

first becomes noticab1e. The input noise voltage generator is then 

~xpressed as ; 
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2 2 4 kT e =-
n 3 9ms 

fo 
( 1+---) 

f 
(5-10) 



VI. NOISE r.N SENSORS 

6.1 NOISE MODELS 

To develop the noise model of a sensor one can start with the 

equivalent circuit diagram. To each resistance and current generator 

we add the appropriate noise generators to obtain a noise equivalent 

circuit. The resistances have thermal noise and possibly excess noise. 

The current generators may have shot noise, llf noise, and excess noise. 

An expression for equivalent input noise can be deriYed using the noise 

equivalent circuit. The derivation of the equivalent input noise for 

the system fbllbws three ~teps: 

i. Determine the total output noise 

ii. Calculate the system gain 

iii. Divide the total output noise by the sy~tem gain to get 

equivalent input noise 

For six classes of sensors, noise models and equivalent input 

noi se express ions are deri ved [4],These sensors are : 

1. Resistive sensor 

2. Biased resjstive source 

3. RLC source 
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4. Biased diode sensor 

5. Ira nsf ormer model 

6. Piezoelectric sensor 

6.i~1 Resistive Sensor 

Resistive detectors include the thermocouple, thermopirr~,and . 

PEM infrared cell. In Fig. 6-'a the sensor is symbolized by signal 

source Vs and series resistance Rs. A coupling capacitor Cc can 

be used if we are interested exclusively in the time-varying output 

of the sensor. Element RL may be useful for impedance matching. 

A noise model of the sensor-amplifier system is shown in Fig 6.1.b. 

Shunt capacitance Cp can be the result of the sensor assembly or 

it may represent the capacitance of the connecting wires. 

(0) 

Cc: 
~--~--~(~----~~ 

Cp 

(b) 

Rj c· I 

Figure 6.1 (a) General system diigram for resistive sensor 

(b) Noise model for computer 
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The amplifier is represented by the noise parameters en and 

in' and by its input resistance Ri and input capacitance Ci. Following 

the procedure, we obtain 

-2 2 
Vni = 4 k T Rs + en 

and the gain is 

f 
R c 

1 + ___ s_ ( 1 + ---p- ) + j ( wRs Cp 
RL Cc 

L ' 

1 + j w Rs (cp+cc) 

j w Cc 

l 

(6-1 ) 

j W RL Cc Ri 
Kt = ---------------------------------------------------

Ri+RL - w2RiRLRs (CiCp + cicc + cccp) + jw [ (Ci+Cc) RiRL + 

(cp+cc) Rs (Ri+RL) J (6-2) 

6.1.2 cBiased lesistive Source 

Biased resistive sources include photocondu~tive 'cells, .pie

zoresistive strain ga'uges, and other elements which resistance changes 

with the sensed parameter~ The noise model is shown in Fig. 6-2b. 

Following the method, the expression for input noise is: 

2 fL ~ 4 k T [ Rs (cp+cc) RS+Rb]2 
Vni = 4 k T Rs (--) + (1 + , ) _ - j 

. f, n ' RL Cc . w Rb Cc 

r 
+ l ccRL(Rb+Rs) + RbRs(cp+cc) + j(w RsRb~Lcpcp - (Rs+Rb)/W 

Rb RL Cc 

2 

2 
e . 
n 
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+ (6-3) 

and the system gain is 

Rb Rp Cc 
Kt =----------------~------------------~--

Rp (Rb+Rs) (cc+Ci) + RsRb (cp+cc) + j (w RsRb c; (cp+cc) 

where Rp = R;RL / (R; + RL) . 

(0) 

1 
Cc. 

y, 
b . rr RL lnb 

(b) 

Figure 6-2 (a) B;ased resistive s9urce system. 

(b) Noise model for computer. 

(6-4) 

31 



32 
') 

6.1.3 R L C Source 

R L C source models coils, inductive pickups, dynamic microphones, 

and various other inductive sensors. A general system diagram is shown 

in Fig. 6.3. 

Cp Amp. 

(0) 

( b) 

Figure 6-3) (a) System diagram for R L C sensor 

(b) Noise'model for Computer 

The equivalent input noise is found as : 

2 

Vni = 4 k T Rs + (6-5) 



and the system gain is: 

Ri 
Kt = -------------------

Ri+RS-W'RiLS (cp+Cj) + jw [ RsRi (cp+ci) + LSJ 

(6-6) 

6.1.4 Biased Diode Sensor 

An example of the reverse-biased diode sensor is the photodiode. 

A dc voltage reverse biases the diode and direct current flows through 

a bias resistor. Incoming radiation causes the current flow to incre-

ase. The shot noise of the dc bias current is an extra noise mechanism. 

A system diagram is shown in Fig. 6-4a and the noise model is shown in 

Fig. 6-4b. Where Cs is cell capacitance ahd Cw is wiring capacitance. 

For this circuit, it is most convenient to derive the expression for 

equivalent input noise current Ini. That equivalent is the sum of the 

noise currents entering the amplifier. 

"2 

Ini = 

where 

+ 2q IDe ( ....!L. + 1 ) + 4 k T 
f 

--:2 
en 

+--
2 

Z 

j w Lp Rp 
Z = ----------, Rp = Rb / / RL 

and the system gain is: 

(6-7) 
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j w R;RbRLLp 

Kt =------------------------------------ (6-8) 

(0) 

Cs 
oil 14 II Lp Rb . 

ish RL i"l.c R· Cj 
lob I 

(b) 

Figure 6-4 (a) System diagram for diode sensor 

(b) Noise model for Computer 

6.1.5 TransformefModel 

There are thre~.main reasons for using an input transformer to 

couple the signal source to the amplifier. The first is to transform 

the impedance of the source to match the noise resistance of the ampl.i

fier and therefore minimize the system noise figure. The second is to 

provide isolation between the source and amplifier. A third. reason is 

for impedance matching to obtain maximum signal power transfer. 
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Altough the transformer can reduce the equivalent input noise of the 

amplifier, its own noise mechanism ean contribute to the overall system 

noise. A system diagram and the small signal ac equivalent of a trans

former-coupled input stage are shown in Fig.6-5 The transformer is 

represented by primary winding resistanGe rp and primary inductance 

and reflected secondary series resistance The prime designation 

is to indicate the reflected values. 

(0) 

h-_ ....... T 

I 

C; 

(b) 

Figure 6-5 (a) System diagram for transformer coupled source. 

(b) Noise model for computer 
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The results of circuit analysis are 

-2 
Vni =' 4 k T Rs +4 k T rp + 4 k T 

4 k T 
(6-9) 

and the system gain is: 

(6-10) 

I I 

where . Rp = Ri/ /RL and 

6.1.6 . Piezoelectric Sensor 

Ferroelectric ceramic elements and quartz crystals are examples 

of piezoelectric transducer. These elements are used in microphones, 

sismic detectors', vibration sensors, and other devices where there is' 

mechanical to electrical energy·conversion. A system diagram and'the 

noise model for the system are shown in Fig. 6-6. Where Lm and em 
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are mechanical inquctance and capacitance respectively, Cb is bulk 

capacitance. 

The system equivalent input noise is: 

_ 2 . 

r / + 
-2 2 Zs+ZL 4 k T 2 

Vni = 4 k. T Rs + en + ZL 
ZL l n 

RL 
(6-11 ) 

and the system gain is: 

Kt = -------- (6-12) 

where 

j w RL Lx 
ZL = 

2 

RL-W RL Lx (Cb+Cp) + j W Lx 

1 
2 . 

Zs Rs - j ( - w Lm em ) = 
w em 

Z· 
R; 

= 1 

1 + j w Ri ci 
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Sensor 

o 
(0) 

(b) 

Figure 6-6 (a) System diagram for piezoelectric sensor 

(b) Noise model for computer 
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VII DEVELOPMENT-OF THE COMPUTER PROGRAM 

7.1 INTRODUCTION 

This program provides a noise analysis of an electronic system. 

The system is considered to be composed of three subsystems. 

1. The sensor and its circuitry. 

2. The amplifier or the first transistor stage. 

3. The gain and frequency response of the system. 

The program must be provided with data concerning sensor charac

teristics, response information, and frequency ranges. The program .performs 

the following calculations [4J. 

1. Total equivalent input noise over a band of frequencies. 

2. Input network frequency response. 

3. Input noise at one frequency. 

4. Input and output noise versus frequency. 

5. Total noise at the output. 

6. Total system gain. 

7. Noise bandwidth. 

8. Noise figure versus source resistance. 

Calculation 4,6, and 8 are coupled in a plot routine. 



Calculation 1 integrates and prints equivalent input noise Vni 
for each frequency interval selected. This is the total noise at the 

input independent of amplifier gain and input impedance. 

Calculation 2 determine~ the transfer function from the sensor to 

the amplifier input impedance. The frequency range must be selected. 
10-

The program calculates at 10 frequency/decade stepping by I 10 

Calculation 3 determines the equivalent input noise Vni in a 

l-Hz bandwidth at any frequency specified. 

Calculation 4 determines the noise voltage-spectral de~sity at 

the input as a function of frequency and plots the noise versus frequen

cy. The frequency range must be specified. The computer steps through 

the band, printing the noise at 10 frequency/decade as in calculation 2. 

Also the noise at the output of the,amp1ifier is plotted as a function 

of frequency. The equivalent input noise is calculated and multiplied 

by the input network transfer function and the amplifier transfer function. 

This gives the total noise at the output after it has been amplified and 

equalized. 

Calculation 5 integrates the total noise at the output of the 

amplifier over the intervals selected. 

40 

Calculation 6 prints and plots the total system gain versus frequen

cy. For the selected frequency range, it prints the results at 10 frequen

cy/decade. The total gain is the product of the input transfer function as 

determined in calculation 2 and the amplifier response as supplied in 'the data 

. Cal~ulatibn 7 determines the noise bandwidth as discussed in chapter 2.-



Calculation 8 determines and plots the noise figure versus source 

resistance at the any frequency selected. 

7.2 SUBROUTINES 

The system to be analyzed is shown in Fig. 7.1. The three major 

subdivlsions are sensors, amplifier noise, and gain and response. 

Amp. noise 
r--_-..:..-I-_-I 1f H--......,-',.---~Gain and response 

Senror --I 
1Zs : 
Iv. I 
IS,... I 

L 

L_ -_.J 

Figure 7.1 Subsystems 

The user selects a sensor from the six available subroutines to 

describe a specific source. The data describing the source has to be 

entered. The subroutines are representative of sensors according to 

the following table: 

Subroutine 

SOURCE 1· 

SOURCE 2 

SOURCE 3 

SOURCE 4 

SOURCE 5 

Sensor model 

Resistive source 

Biased resistive source 

Coil-RLC source 

Biased diode source 

Transformer model 
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SOURCE 6 Piezoelectric sensor 

To represent the amplifier or first t~ansistor, the user selects 

either the TMFET soubroutine or the BJT subroutine. 

The third major section of the system is referred to as AMPLG. 

The AMPLG subroutine is concerned with the voltage transfer function of 

the post amplifier and equalizer. 

7.2.1 "BJT" and IITMFETII Model 

It is shown in chapter 4 that the noise of a bipolar transistor 

can be calculated from its hybrid- n values. The equivalent noise voltage 

and current generators en and in are represented in Eqs. 4-10 and 

4-11. These equations are valid for a 1-Hz frequency band. 

The equivalent noise voltage and current generators en and in 

for FET's are represented in Eqs. 5-8 and 5-10. Symbol equivalents used 

in BJT and TMFET are listed in AppendixB. 

7.2.2 Amp1 ifi er and Equa 1 i zer Response "AMPLG II 

Noise at the load depends on the system transfer function. The 

transfer function for each frequency-shaping network is ~tored in 

subprogram AMPLG. The Bode plot of each network is illustrated in Fig. 

7.2. 

By providing the proper values for the frequency corners, these 

.. curves can be combined to match most amplifiers and equalizers. The 

resulting transfer function is then the pdoduct of them all. The midband 

gain jsreferred to as K2 and must also form part of the data. 
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A2 

Logf 
~~--~------~~~ 

A4 

,-___ --'i ____ ----...}og f 
15' 

Logf 

Figure 7-2 The Bode plots of the frequency-shaping networks 



For the first-order high pass characteristic, the transfer function 

A 1 is: 

f/f 1 
N8 

A1 = 0 
~ ".;, 

V 1 + (f /f )2 J 
(7-1) ", 

0 

N8 = 1 corresponds to a slope of 6 dB/octave and N8 = 2 produces a 12 

dB/octave roll-off. 

The transfer-function AS is given by, 

f 
2 

r 
(f /f:2) + 1 

A2 = 
2 (7-2) 

(f/f 1 ) + 1 
L 

The gain d~creases linearly at 20 dB/decade from fl to f 2 • It remains 

constant ·for frequencies higher than f 2 • 

The transfer function A3 is 

r . (7 -3) 

This is a type of equalization curve used to linearize a sensor high

frequency roll-off. 

The transfer function A4 for the resonant .~e~k:is:: 

f/fs (7-4) 
A4 = --------------------..., 

, ~ 

[ ( (l-U/fs)')2 + (2f/fs ( .,! (1 + 110')'- 1) )2f 
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This curve can describe an RLC resonant circuit or peaking as can be found 

in a feedback amplifier. The circuit Q is entered. as QO. 

For the first-order low pass characteristic, the transfer function 

-AS is desc ri bed by, 

AS = [--;:=:=::::::::1 2' J N9 
11 + (f/fG) 

(7-5) 

The total amplifier and equalization gain is the product of these 

five transfer functions and gain constant K2, the reference gain. 

7.2.3 Sensor Subroutines 

The equivalent input noise for the six sources is given in chapter 

6: Symbol equivalents used in SOURCE subroutines are summerited in the 

Appendix B. 

In the calculations 1,3,4, and 5 the computer prints the four 

output separately. The first output called SENSOR EN is the thermal noise 

of the sensor .. The second output call ed LOAD EN is the thermal noi se of 

the load resistance RL and the other coupling network noise. The third 

output called AMPL EN is the contribution of the noise voltage of the 

amplifier. Then the fourth output called AMPL IN; IS is the contribution 

of th~ noise current of the amplifier. Thus, by looking at the computer 

printout we can see the noise contribution of each section; sensor noise, 

toupling network noise, and amplifier noise. Th~ total noise is also 

printed out. 
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VIII MEASUREMENT OF BASE-SPREADING RESISTANCE 

8.1 EQUIVALENT NOISE CIRCUIT OF A SINGLE STAGE TRANSISTOR AMPLIFIER [24]" 

The low-frequency hybrid-n noise model for a ~ommon-emitter amplifier 

stage is shown in Fig. 8.1 at low frequencies [8]. Where en and in rep

resent the equivalent noise voltage and equivalent noise current sources 

respectively. 

c 

Figure 8.1 (a) A Common-emitter transistor circuit. 

(b) The low-frequency noise equivalent circuit 

(8-1 ) 

(8-2) 



The noise factor F can be written as follows 

F = 1 + 

2 

(Rs + rbti + re) 

213 re Rs 
+ 

(8-3) 

The noise factor is independent of transistor configuration, but 

depends on the d.c collector current and the transistor type. For the 

optimal value of Rs ' noise factor given in Eq. 8-3 will be minimized. 

(tl-4) 

2rbb'· 1 k 
F(min) ~ i + ( --_. + - P (8-5) 

13 re 13 

For small values of collector current the minimum value of noise factor 

also becomes smaller. When the condition Ic« VT/rbb' is satisfied 

one can define F, Rs(opt), and F(min) as follows: 

2 

(Rs + re) re 
Fb:·l+ +--

213 re Rs 2Rs 

t 
F(min) = 1 + S-.~ 

(8-6) 

(8-7) 

(8-8) 

It is clearly seen that the equatio~s above are base-spreading 

resistance independent. On the other hand, the collector current which 

minimizes the noise factor is: 

47 



k: 
VT (1· +8) 2 

Ic(opt) = ----- (8-9) 

It can be simplified as 

(8-10) 

When a low noise amplifier is designed for a known source resis

tance, the first stage transistor operating point collector current can 

be found from the above equation. 

For the small source resistance, p-n-p transistor is preferred 

to n-p-n type, because p-n-p's have lower base-spreading resistance 

When the base-spreading resistance is not negligible, in order to 

calcula~e the values of Rs(opt) and F(min) rb~ must be defined accu

rately. The base-spreading resistance can be best determined by noise 

measurement methods [9J. Gibbons and Chenette proposed a method for 

determining rbb' from the l/f noi se data ; Hsu proposed the method of 

measurement from thermal noise data [10,1",12,13J. 

8.2 THE l/F NOISE REGION 

. tfbr the frequencies at which l/f noise is effective (f < 1 kHz), 

the noise c~rrent source ii~ r~ptesenting the base emitter junction 

surface l/f noise. and the noise current source i f2 representing 

active base region l/f noise should be added (Fig.8-2). The power· 

density spectra ,of ifl.and i f2 are proportional to the bias current 
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of the transistor and inversely proportional to the frequency [16J. . 

• 
b lin c 

. 
If2. ~iin 

e 

Figure 8 2 The low-frequency noise equivalent circuit of a common

- emitter transi stor (ra + rb = rbb/) • 

7' K I 6f lfl = 1 B ---f-

K I 6f 
= 2. B----

f 

(8-11 ) 

.(8-12) 

The l/f noise equivalent voltage sources can be obtained as the 

product of the resistors parallel to i f1 and i f 2. noise -current sources 

by these tw~_current sources correspondingly. 

The experiments show that the resistance ra parallel to if! 

noise current source should be smaller than the base-spreading resis

tance rb~ D~. The total base-spreading resistance can be considered 

to be composed of two sections: the relatively small resistance from 

the base contact to the edge of the emitter junction (ra) and a larger 

resistance lying beneath the emitter (rb). 

For ~e frequencies at which the other low-frequency noise sources 
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are negligible, the noise factor of a common-emitter transistor amp1ifi~ris: 



The value of Rs .which minimizes the noise factor is: 

~ 2 

i f2 rbb' 
"2" 
if! 

) I (1 + 

(8-13) 

(8-14) 

In the equivalent noise circuit, the current sou~ces i f1 and 

i f2 · can be replaced by a single noise current source if to be connected 

after rb~. 

Accordingly the power spectrum of noise current source if can 

be wri tten as [151: 

lIf 

f 
(8-15 ) 

Po = the equivalent noise resistance which equals to llf noise of 

transistor with the base open circuit, at l-Hz. 

The value of P can be considered to be constant wh~n the ~olo 

lector biasing current is between 10 J-lA and 1 rnA. The dependence. 

- of llf noise on the operating point of the transistor can be obtained from 

"the. dependence of input resistance rbl~ on the collector current~ 
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For, the values of collector. currents Ic in the order of microamperes, 

the current gain 8 is changed as 8 a I~3. That is why the effective 

value of l/f noise is changed as t~3. 

In l/f noise region, the noise factor is as 

2 

2'" (Rs + r bb' ) 
F = 1 + if. ------

4 k T R 8f s 

from Egs. 8-15 and 8-16 

F = 1 1 
+-

f 

For Rs(min) = rbb' the noise factor will be minimum 

F(min) = 1 + -±-Po 
f 

8.3 MEASUREMENT OF BASE SPREADING-RESISTANCE [24J 

(8-16) 

(8-17) 

(8-Un 
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The noise factor of a low noise amplifier which operates in l/f 

noise region will be minimum, if Rs equals to rbb'. For determining 

optimum source resistance and calculating the noise factor, the exact value 

Of the base-spreading resistance rb~ should be known. 

'. 
In the method proposed by Gibbons and Chenett~,for a suitably 

selected source resistor, emitter current,'and collector d.c. voltage, 

the noise factor F is measured in the l/f noise region [lO,llJ. 



When the value of the. collector d.c. voltage is sufficiently low and 

the value of the emitter current is sufficiently high, llf noise factor 

is changed proportionally with respect to (1\ + rbb,) I Rs [Eq. (8-l6l 

Then the value of Rs which minimizes the noise factor will be equal to 

the base..;spreading resistance rbb' 

F 

(Q) (b) 

Figure·8-3 (a) The"noise figure versus Rs foy.':different values 
- of I E ~ :, 

lb) The noise figure contours~ 

Since the minimum points are not changed for different emitter 

currents, as it is shown in Fig.8-3, the minimum source resistance value 
"':,' 

is obtained from the curves. When compared with the others, it is not 

a very accurate ·method because one reads a minimum region rather than a 

mi nimum point for Rs [11, 12J . 

The method proposed by Chenette has been adopted for rb~ 
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meastirements. Transistor noise is measured for the different values of 

source resistor Rs in the llf noise region, the value of Rs(opt) 

which minimizes the noise is found D~O. By repeating the experiments 

for diff~rent collector operating currents, the values of Rs(opt) are 

plotted as a function of VT/I E" The p~int at which the line intercep~s 

the Rs{opt) axis, Rs(opt) is equal to -rb~ (Fig. 8-4). 

IEl 

~ 
I ,. 
I I . . 
I I . . , . 

Rs 
., 

(a) 

,0:{ 
/ 

, 
/ 

" 

, 

/ 
/ 

)Ie' 

" 

(b) 

Figure 8-4 (a) Relati,v:e noise power output versus Rs for differ--- , 

ent v~lueSDf'lE{IEl > IE2 > IE3 > I~4) 

(b) Rs(opt) versus re = (VT/l c) 

8.4 MEASUREMENT OF rbb IN HIGH-GAIN TRANSISTORS 

In the high-gain transistors, the flicker noise is found to be 

much smaller than that of a low-gain transistor. The reason is that 

in order to achieve large current gain the generation-recombination 

center and the surface state density in the device have to be greatly 

reduced. Therefore thermal noise measurement methods are used in place 

of methods of llf noise region measurement. 
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When the thermal noise of the base-spreading resistance suppresses 

all other noise sources, the measured noise power is the thermal noise of 

By selecting the operating point such thatrbb• > rbi/a is 

satisfied for a common-emitter transistor, it can be shown that the output 

short-circuit current, when the input terminal is ac.shorted, is given by 

-2 

i = no 

2 

4 k T rbb a ~f 

2 

{rbb'+ rb 'e) 

(8-19 ) 

If the transistor is biased in the small collector currents region 

(Ic < 10 llA and rb'e» rbb' ), shot noise is the dominant noise. Then 
2 
i no is changed in proportion to the squared value of collector current; 

4 {8-20) 

The base-spreading resistance rbb' is found easily from the Eq.8-19 

and Eq. 8-20 

As an alternative method, the output short-current is measured 

when a Rs resistance which satisfies the condition (Rs + rb~ )« rb'e 

is connected to the input terminal. 

4 {8-21) 

When the output noise current is plotted as a function of source resis-
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tor Rs' the point at which the line intercepts the Rs axis will give 

the base-spreading resistance rb~ directly. 

8.5 MEASURING EQUIPMENT 

device under 
:test 

. wide-band 
preamp. 

adjusiable . 
gaIn 
amp, 

/")l.J 

true rms 
meter 

>---+----1 ,...- I--+--........ -J 
~ 

narrow-band 
filters 

scope 

Figure 8.5 Slock diagram of the measuring system 

A block of the noise measurement set-up is shown in Fig 8.5. 

The equipment used the ba~e-spreading resistance measurement comprises 

the following devices. 

8.5.1 Transistor Test Circuit 

Altough the noise of a transistor is about the same for all three 

configurations, it is normally measured in-the common-emitter configura-

tion.The biasing network must not contribute additional noise. The 

low noise biasing method shown in Fig. 8.6 has been adopted ~]~ 
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The network contains a resistor RO connected between the jur.ction ofRA 

.nd RS and the transistor base. The capacitor Cs is chosen so that its 



r~actance at the lowest operating frequency is small compared to the 

resistor RB. This CB provides an-ac.ground that eliminates any 

noise generated in RA and RB from getting to the transistor. The 

only biasing resistance that contributes noise is RO. The d.c. drop 

accorss RO' need not be large. Because RO parallels the source 

resistoG its thermal noise is important. However attenuation of 

that noise is present: RS/RO~ It can be shown that th~ maximum ther~ 

mal noise contribution exists when RO is low valued. 

Figure 8.6 The Transistor stage wit~ noiseless biasing 

The reactance of CA XCA must be much less than Rs at the 

lowest frequency of interest. We would select the reactance of CB 

to be no greater than O.lRO at the lowest frequency of interest. 

To meet the noise specification CE must effectively bypass the noise 

of RE. The impedance ofCE-RE network must be low compared to 

(RT + Hi + Re) / B, where RT is the theveni n equi va 1 ent of a 11 res i s-
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tance to the left of the base terminal, and tpe Ri is the input resis

tance of the transistor alone. The resistor RD .. ::is:Q'f::~ow noise type. 

B.5.2 The Wide Band- FETInput Stage Preamplifier f24) 

(Fig.B-7) offers a nominal gain of 1000 in a 50 kHz bandwidth. 

The common-drain FET configuration is considered for the input de

vice. As a further precaution the preamplifier is battery driven 

(2x9Vo1t batteries). [25J 

If the amplifier is represented by an equivalent noise resis

tance Rn in series with. the input of noiseless amplifier then the 

noise output power with white noise input from a known· resistance R 

will be proportional to (Rn +R), Fig. (B-B) ~5J. For the conditions 
2 2 

R = a and R» Rn the measured noise powers are· V1 and V2 res-
2 2 

pective1y, and the ratio (Vl R/V
2

) yields the noise resistance Rn. 

The experimental results are plotted in Fig.{B-9) for the range of 

frequncies of interest. All measurements will be relative to the 

reference resistor R. 

R ,lOOK 
.Low-noi se R 
r~ference· .. 
resistor· 

R [> 2.2 n V:a(R+Rn ) 

avR-n--W------I. >----,----

nOiseless 
I amplifier ·_--__ "_0_. _ .. ___ 0_ .. _._ 

Figure 8.B Equivalent representation of the amplifier by its 
noise resistance in series with the input of an 
identical but noise free amplifier 
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rr-----lt~----------------r_--------~----------lr----------~--~ 
680 ~FI ' , .. 1av 

oc. 3098 
o +,1 ~F 

. 1(-.-. BFW56 
8e 109 

+5V 

680 229 t'-F 

82.5k + 1.70 rF .I 30Q
PF 

f'----tMr---:tl f--o 

2k 
10k 

1M 

l' 
220 IAF 22k 

of" 
15k ~ ;:r 220t'F 

Figure 8.7 The low-noise FET input stage preamplifier 
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Ik 

600 

300 

Figure 8~9 Equivalent series noise resistance of the 

preamplifier at room temperature. 

frequency (Hz) 



8.5.3 Adjustable-Gain Amplifier 

Fig. (8-10) shows the adjustable-gain amplifier and the buffer 

stage used in the measuring instrumentation: The gain can be adjusted 

between -1 0 ~B and 10 dB in 10 dB steps. 

10fF 
e----J 

t- 100k 1t'F 

+ 

Buffer st age 

1M 

4.7 k 

4.7k 

Figure 8.10 Adjustable-gain amplifier and buffer stage 

8.5.~ Band-Pass Filter 

Seven BIQUAD band- pass filters centered at different frequen

cies are built and used in the measurement (14 Hz, 35 Hz, 84 Hz, 424 Hz, 
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1 KHz, and 10 kHz). A BIQUAD band-pass filter is shown in fig. (8.11) 

and the design equations are as follows:· 

The center frequenciy fo and the Q- factor are 

1 fo = ---
2n RC 

The bandwidth 
fo 

BW =--
Q 

The gain at resonance 

R 
Q = .-:!L 

R 

R. is adjusted to make the gain and the square root of 
ln 

bandwidth product constant (G(fo) ~ = 100) for ea~h filter. The 

component values, the center frequency, and-the bandwidth for seven fil-

ters are listed in Table 8.1 

R 

c r 

Vo 

Figure 8.11 BIQUAD filter 
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'. 

I I 
: Rin R \R c- G BW f (~) 0 (n) (n) 

10 : kHz 243 k 1 M 56.6 k 270 pF 4 590 Hz 

1 

424 

128 

84 

35 

14 

'-

kHz 17k 1 M 56.6 k 2.7 n-F- 13 59 Hz 

Hz 47 k 1 M 51 k 7.35 nF 21.5 22 ::Hz 

Hz 27 k I 1 M - 56.6 k 22 nF 37 7.25 Hz 

Hz 22 k 1 M 56.6 k 33.4 nf 45 4.75 Hz 

Hz 13.33 k 
-I 

1 M 51 k I 90 nF 75 1.80- Hz 

-' 

Hz I 5.8 k 470 k -51 k 220 n'F 81 1.60 Hz 
I I I 

Table 8.1 The component values and the design parameters 

for the BrQUAD filters with G x./BW = 100. 
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IX. SAMPLE PROGRAM AND EXPERIMENTAL RESULTS 

9.1 A SAMPLE PROGRAM 

The program is used to analyze the no~se in a magnetic cartridge 

circuit shown in Fig. 9.1. 

L R 

I . 

Cartridge 
Connect ion 

cable 
Cp= 100 pF 

Input tr:: 2N4250 

1c =100 rA 

Figure 9.1 The equivalent circuit diagram for a magnetic cartridge. 

Three cartridges from different manufactures are chosen as an 

illustration to the RLC sensor circuit. The characteristics for each 

type are listed in Table 9.1 
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I 1 

Cartridge types L R R. Ci 1 

(1) SHURE V15 - I I I .500 mH. 1350 n '; -47 kn 4eS pF 

(2) STANTON 881 S 510 mH 900 5J 47 kn 400 pF 

I 

\(3) ORTOFON SME 30 H 500 mH 600 n I 47 kn 1275 pF 
I I 

Table 9-1 

The frequency response of the magnetic cartridge preamplifier is 

as shown in Fig 9-2. 

Vol tage 
gain 

3001-------

. 
I 30 .-.-._.- .~.-.-.-.-.~----

I 

50 Hz 500Hz 
I 

2.11<Hz 

Figure 9.2 The frequency response of cartridge preamplifier 

according to RIAA Replay characteristic. 

The program requires that the user assembles13 data cards. 
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The first card contains the following 

1. Coloumn 1 the sensor model (a number from 1 to 6) 

2. Coloumn 2 . the input device (l -for BJT, 2 for TMFET) 

3. Coloumn 3 number of calculations 

Card 2 is used for BJT or TMFET model. If the user selects 

BJT, he must supply meaningful values for all nine locations. Symbol 

equivalents are given Appendix B. When the TMFET is used the user must 

supply meaningful values for four locations. Source data are contained 

in cards 3 and 4. A value for each element must b~provided even if 

that element is not present in the noise model of the system. For example, 

a resistive sensor as discussed in Section 6.1.1 does not have elements 

C2, R6, L1, and L2. Harmless constants must be provided for these loca

tions on the card. A set of such constants for the cartridge (SHURE 

V15 III) is shown in Appendix C. Card 5 is used to enter data for AMPLG. 

For this data card, Harmless constants are given by Appendix C. This 

example requires that the values for the break frequencies FO, F1, F2, 

F6, and the midband gain K2 must be supplied. A2 and A5.representations 

discussed in Section 7.2.2 are used with N9 = 1. All values in card 5 

must be provided as shown in Appendix C. 

Data cards from 6 to 13 contain information regarding the frequen

cy or frequencies to be used in each calculation. These data are 

listed in Appendix D. for the example being considered. 
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9.2 SAMPLE RESULTS 

- The results of calculation 1 for the cartridge IISHURE V15 IIIII 

are listed in Table 9.2. 

TOTAL EQUIVALENT INPUT NOISE OVER A BAND 

VOLTAGE SOURCE MODEL 
FREC!UEt\ICY 

SENSOR EN LOAD EN 

1. TO 50. 

.. \MPL EN 

66 

0.00 21. :::'7 41.20 

50. TO '500. 

100.30 0.00 ·::;.4.77 _ 

500. TO 21.00. 

0.00 

TOTAL NOISE VOLTAGE= Nr\NOVOL T::; 

Table 9.2 Total equivalent input noise over a band 

The computer calculates and integrates the noise in each frequency 

band. It prints the r.m.s. value of the noise contribution of ea-ch noise 

generator as well as the sum referred to the input side. 

For the input network transfer function, that is the gain of the 

input network including the amplifier input impedance, the output of 

calculation 2 is shown- in Table 9.3 (for IISHURE V15-III 11 Cartridge) 

Calculation 3 determines the equivalent input noise at the selec

ted frequencies. The computer outpuf for the cartridge "SHURE V15-III 11 

is shown in Table 9.4 



INPUl NETWORK FREQUENCY RESPONSE 

FREO!)LI[NCY 

47 

...,.r.:
,:" -._, 

15~) 

2::::::: 

::::77 
475 

75:::: 

11':'!4 
150:::: 

1-::,-;,'-, 
n .," i .::.. 

·c .. -:·: 
III •• ' i "_, 

.97:::: 
,. "~:i7 4 
• ':'//!:I 

- .. 241;' 
-. ~·:4·/~, 

,-. ~ ." 

-tl ,;!.!-j.a':.: • 

__ -" ;:.45 
-.245 
-'" 24·4 

-.24() 

~.224 

-.210 

-.157 
-.104 
-. (>21 

Tab1e o 9.3 Input network frequency response. 

The equivalent input noise versus frequency is determined from 

calculation 4. The program .ca1cu1ates and prints the noisa at each of 
, 

10 frequency/decade over the range requested. As it is shown in Table 
2 

9.5, at about 20 kHz which is the resonance frequency (w RsLs = 1), the 

contribution of the noise voltage generator of the transistor (en) is 

minimum. 

FF;EI~UENCY 

40 

15000 
20(i()O 

::~E,N::::OF, EN 
4 .. 7:::: 
4.73 
4.7:::: 
4.73 

L.C;\[! EN 
0.00 
0.00 
O.QO 
0.00 

::::" C>5 
1.7t) 

./'::.4 

Table 9.4 Input noise at selected frequencies. 

1 .. ()~:: 

:=,':' . '-"-' 
14.4-:;:-

5. {::"~' 
15~ :::r::; 
1 '~I .. ::!'S 



INPUT NOISE VERSUS FREQUENCY 

VOLTAGE SOURCE MODEL 
FREC:UD··1CY 

10 
1··) 

1:5 
19 

.31 

50 

i ·-,e::" 
~ •• _I 

'251 

501 

794 

125:::: 
15:::4 
1';:"::'5 
2511 
31.-:',2 

5011 

79t.1·3 
'::'99'::' 

15::::4~:: 

19952 
2511::; 

4.7:::: 
4.73 
4.7:::: 
4.7:::: 
4.7:::: 
i~ .• 73 

4 .. 7::: 
4. 7:~: 
4.7:;:; 
<.1-. T:: 

4.7::: 
4.73 
4.73 
4 -y.-, 
. • I . .:. 

4.73 
4. T: .. : 
4.73 

.1 -., .'-, 
.,... I .:., 

4.7:::; 
4·. 73 
·4.73 

loll1 7:~: 
4.7:;: 

4 ...,..-, 
... ,I .':1 

4.73 

LOi~D EN 
0.00 
0.00 
0.00 
0.00 
() .. ()t) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
() ~ (;(; 

(:r .. ~)() 

(1. (i() 

0.00 
0.00 
0.00 
0.00 

·0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

:~:. ()'S 

:::: • ()/S 

:::: .. <)15 
:~! .. (){S 

~~: .. ()5 

:::!" c)S 
:::: II (~5 

::::. i)5 

:::!. <)S 
:3 .. ()5 
:~;. ()5 

.::; .. ~)5 

:3. (j5 
:31r ()5 
:3. ()5 
:3. {)4 
::::.04 
::::. ()3 

:~; .. (j:~ 
.-/ c,r:, 
i:_,. .,' ", 

2. i:: 1 
2. i~.7 
2.45 
2. 10 
1. 54 

Table 9.5 Input noise versus frequency. 

i~,j"'IP [N, Z ::; 
:2.04 
1. ;:;:::::: 

1. 47 

1.20 
1.09 

'~J 1 
.. " .1. 

II (::..,:::., 

.1::"7 

.71 
,77 

. :~/::: 
1. 16 
1. :39 
1.69 

3.17 

4-. r;.':3 
6.17 
7. 7:;:. 
'::'.70 

12.1:3 
15. ::::0 
19.2:3 
24.1;::: 

68 

t:' ""7,-. 
'_'. I '=.I 

5. 7(> 

511 '57 

5. I':.! 
511 ,S7 

5 It I"':'II~~ 

5.71 
5.74 
5.79 
r::- ,-,._'. ,=, I 

9.45 
11.06 
1::::. 2::;~ 
ItS.09 



The program plots the contribution of noise generators and total 

noise at the input and output. The plot of the total output noise of .the 

cartridge 1,2, and 3 are shown in Figure 9-3 a,b,c respectively. 

The total noise at the output o~ the amplifier shown in Table 

9.6 is obtained by using calculation 5. (for IISHURE V15 IIIII) 

TOTAL NOISE AT THE OUTPUT 

VOL TAGE :;:;OUF:CE l"IODEL 
FREOUENCY 

SENSOR EN LOAD EN 

1. TO 50. 

0.00 

50. TO ::;(iO. 

0.00 

500. TO 2100." 

4:::51~)" :;:(; 0.00 

2100. TO ::::000. 

25l:'5. ()2 " 0.00 

TOTAL NOISE VOLTAGE= 

AMF'L EN 

5402.4:3 

312:::.70 

NANOVOL T::; 

Table 9.6 Total noise at the output· 

1.05;:;0.1.5 

1405.56" 

3:347. 1.4 

The total equalized system gain is determined by using calcul

ation 6 (in Table 9.7). Calculation 6 plots the gain versus frequency 

too. 
In the calculation 8 the program calculates the noise figure 

versus source resistor at a selected frequency. The plot of the noise 

figure versus source. resistor at 100 Hz "is shown in Fig. 9.4 (for IISHURE 

V15-III 11 Cartridge) 
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Figure 9.3aThe plot of th'e total output noise of the 

ca rtri dge "SHURE V1S-II I ". 
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TOTAL SYSTEM GAIN 

FF£OUENCY 
c::-
._I 

7 
.:-, .. ' 

1 '-· . ~ 

2~i 

:3:i. 

.," ,'-, 
':.1 .. ...:. 

7 '';;, .' 

15::: 
11::''-:;1 

" " 

250 
:315 
::::97 
499 

1255 
15:;::1 
1 99C) 

25<);:i 
::.: 1 ~54 
3971 
49'~'9 

7924 

1 ~~~55'~! 
1 :1;::: 11 
1';"':;-,)5 
:;:5(>5';:J 
:::: 1~54 '7 

240. O;':~5 

1'?7.09::;:: 

146. ::::12 

102. 15,::, 

57. E::;:5 

41.1;'57 

32.440 
29.41:::: 

20.410 
H::. 1 i~'::: 

14.002 

11.114· 
10.05i;' 
7. '::"15 
4.::::40 

.417 
r. 2()~) 

.097 

Table 9.7 Total system gain 

GAIN DB 
11;1 I: ;:. 4 :~:: 
L~'~i • ;! j :3 

4:::.540 

4<1-.710 
4::::. :::::3!:t 

40. 1::::5 
3::::. ~514 
:;:tS. :=:5(} 
:~:51o ~:4·:::: 

:;:::;:;.74·4 
,,: •. -, ':'C,''':' 
'-'~":- . '-' .,' '-' 

:::a) II 2~~ 1 
2':':,. :;:i7 l 
~~::::. 611 
27. g7~-;~ 

20.04:;:: 

12.749 
5 .. ;:;i::~() 

- -= '~"~/7 
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Figure 9.4 The plot of the noise figure'versus source resistor for 

the cartridge "SHURE V15-III" at 100 Hz. 
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9.3 EXPERIMENTAL RESULTS 

The Be 109- Silicon planar epitaxial transistor is selected for 

measud ng the base-spreadi ng resi stance .-beacuse of its popularHy 

,at1lct_- ~~ow rob' resistance. Figure 9.5 shows the plot of the rel-

ative noise output voltage as a function of the source resistor Rs 

with the emitter bias current as para~eter. 

Noise is measured at four different values of emitter currents. 

For each emitter current value, the source resistor Rs is varied to 

determine Rs(min). The r.m.s. readings of the noise voltages are aver

aged by eye. 

-The values of Rs(min) could be determined from Figure 9.5. The 

approxim~.te values of Rs(mjn) are 180 n., 290'fl-,· 640 n , and 1310 n. 

Figure 9.6 js a plot of tbe Rs(mjn) as a functjon of kT~IE. 

The best fjt. to the data is a straight line intercepting the Rs axis 

at -220 n. Thjs yields the base--spreading resistance rbt) of the test 

transistor. 
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CONCLUSION· 

Various circuit analysis programs are available in the literature 

for computer-aided design. Programs for a.c. analysis, such as ECAP and 

HICAP, can be used in noise problems. One has to introduce the noise mech

anisms in the computer model in the form of noise voltage and current gen

erators. The computer calculates the output voltage for each generator 

acting alone. ECAP is capable of analyzing the noise of cascaded stages.This 

universal circuit program calculates the noise as a function of frequency 

only. Although it is possible to use a general circuit analysis program 

in noise problems, it seems to be much faster and convenient to use the 

program given in this thesis. 

Noise is essentially unaffected by the circuit configuration and 

the overall negative feedback; therefore the transistor and its operating 

point can be selected to meet the circuit noise requirements, and then 

the configuration Or feedback determined to meet the gain, bandwidth, and 

impedance requirements. This approach allows the circuit designer to op

timize for the noise and for other circuit parameters independently. 

·The ultimate limit on the equivalent input noise is determined by 

- the sensor imdedance and the first stage of the amplifier. Initial steps 

in the design procedure are the choice of the type of the input device 



such as bipolar transistor or field effect transistor, and the associ

ated operating point to minimize the generated noise. If the amplifier 

is operated over a band of frequencies; the noise must be integrated over 

this interval. Since the noise mechanisms and sensor,impedances are fre

quency dependent, the computer program must also perform an integration. 

The computations may indicate that-there is too much noise to meet the 

requirements or i.t ma.y s'uggest a different operating point. By changing 

devices and/or operating points, the performance can approach the optimum 

point. The program can be used in computing the design equations. 

Low-frequency noise measurements are shown to provide a convenient 

and reasonably accurate means of measuring the" base-spreading resistance 

rb~. This method requires a large amount of l/f noise and relatively 
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small value of rbb' and therefore is not applicable"to high-gain transistors. 

In the measuring instrumentation a low noise FET input preamplifier is 

used. Since a wave analyzer was not available, BIQUAD type band-pass 

filters operating sele~ted frequencies are designed. For the instrumen

tation and test circuitry, the screenning' has been provided because 

interference may be effective on the noise measurements. " 



APPENDIX A 

PROGRAM CNXIXNPUT.KUTPUT.TAPE5=XNPUT,TAPE6=KUTPUT) 
DIMENSION FR(lOI,FGI200),EG(200),GII200),SUMGI200),GK(200) 
DIMENSION FQ(10),FACTOR(200),RES(200I,EOG(200),G01(200) 
DIMENSION SUMOG(200) . 
COMMON B,BO,Bl.BKO,Cl,C2~C3,C4,C8,CKO,D,DO,Dl,DI0,E,EO,F.FO.F1~F2 
Cot'II'ION F4, F5, F6, F7, F:3, F9, 1,10,12, IB, IC, ICB, K, KO, Kl, 1:::2, K9, I:~T, Ll, L2 
COMMON M2.M4,N2,N8,N9,NM,P,Rl,R2;·R3,R4,R6,R7.R10,Rll.R12,Q,QO.~l 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6.A7,A8,A9,AO,RI3,F3,Ml,Q2,LX 
REAL I,IO,I2,IB,IC,ICB,K,KO,K2,K4,KT,Ll,L2.N2,N8.N9,K9 
DATA JP,JRiJS,JT,JU,JV,JY,JZ,JW/9~OI 
DATA IZ,IW.IQ,IV,IU,IM,IP,IR,IS/9*OI 

C READ IN VALUES FORM41S0URCE USED),NMINOISE MODEL), 
C NN(NUMBER OF CALCULATION) 

READIS,.) M4,NM,NN 

r:: 

(: 

C. 

C 

101 
4·-' .:.. 

102 

103 

104 

DO 100·LP=I,NN 
IF(NM-l)101,102,103 
WRITE(6.42) 
FORMAT(lHl./I.~NOISE MODEL IMPROPERLY SELECTED') 
GO TO 150,.:, 
READ IN VALUES FOR BJT 
READ(5,.' RIO,B,F7,F8,Ql,Q2,IC,ICB,C8 
GO TO 104 
READ IN VALUES FOR TMFET 
READI5.*) F8,C8.ICB,B. 
READ IN VALUES FOR SENSOR MODEL 
READI5;~) Rl,R2,R3,R4.R6.Cl;C2.C3,C4 
READ(5,.) Ll,L2.I2,T,TO,F9 
READ IN V/-\LUES FOR AMPLG 
READI5,*) FO,Fl,F2,F3.F4,F5,F6,QO,N8,N9,K2 
P=::;:.14·159 
G!=1.602E-19 
K=l. :3:=:E-23 
DO '?';:; ~12:::: 1 • ::: 
GO TO (505,505,505,515,505,505),M4 

505 GO TO (710,720,730,740,750,760,770,780),M2 
515 GO TO (810,720.830,840,850,760,770,780Y,M2 

r TOTAL EQUIVALENT INPUT NOISE OVER A BAND 
710 WRITE(6,21) . 

21 FORMATIII,2X,'TOTAL EG!UIVALENT INPUT NOISE OVER A BAND',/) 
Vl=1 
CALL PRINTl 
CALL PRINT2 
CALL WTEGR 

703 N2=SI~!F:T I N2) 
ItmITE(6,:::!1) N2 

81 FORMAT(II,2X,'TOTAL NOISE VOLTAGE=',F12.3,3X,'NANOVOLTS',I/) 
GO TO 9'~' 

r INPUT NETWORV FREQUENCY RESPONCE 
7;~O l·iF: I TE ( 6 , ;:~;!) 

22 FORMATIII,2X,'INPUT NETWORK FREQUENCY RESPONSE',/1 
CAL.L [;~EAD 1 
CALL PRINT5 

719 1'11=2 
CALL :;:;OURCE 
C(-'lLL PF~Hn4 
GO TO (719,99),LX 

CINPUT NOISE AT ONE FREQUENCY· 
730 WRIIE(6.23) .. 

2::: ront·lt,TII!.2X,··INPUT NOISE AT ONE FHEG!dENCY···,/) 
READ(5,.) (FRIIK),IK=1,10) 
WrUTE (6, E:;:'.) 

82 FORMAT(/,2X.'FREG!UENCY') 
CALI PRINT2 

7:;:1 IL=l 
31 F:::rn IlL) 

IF ( r- ) '~J9 ; 99, 1501 
1.501 1:::1 =1 

CALL 1'::1 T 
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:=':;lJ,'l,:smn (E+ I +[Htll ) 
E=::::ORT (E) 
I =::::(.lRT ( 1 ) 
D==::::GlF\T ([I) 

1.ll =,::::('r-([ (D 1 ) 
I=::F,,,r: 
WRITE(6.84) I=::F,D,Dl,E,[,SUM 

84 FORMAT(I7,5FI2.2) 
1L==IL.+1 
GO TO ::::1 
INPUT AND OU1PUT NOISE VERSUS FREQUENCY -

740 wrnTE(6,21l-) 

24 FORMATIII.2X,'INPUT NOISE VERSUS FREQUENCY',!) 
1(1 = 1 
CI:-;LL F\EAD 1 
CALL PRINT1 
CALL PR I NT;? 
LI(=1 

1. 4 9:::: CAL.L f~: I T 
,.JF=F 

7:=: 

74~i 

74·6 

747 

:;Ut-!::·SClFa I E + I +[1+0 1. ) 
E==::::OF:T IE) 
'1 =::::GIF,T ( I ) 
D=::::GlRT ( [I ) 
III =::::QRT <L1l ) 
(-m 1 fE I IS, :3-1) ,..IF, D, [11 , E, I , ::::UI1 
EGILK)=E 
(';1 (UO=I 
':=::UI'ICi ( L.K ) =SUt1 
I'll :::-.;: 
CALL SOURCE 
CAI.L ,'.>,11PLG 

1:::O=:;:;GmT ( 1<0 ) 
EOCi I LK ) =I<(J;>;E 
1301 (U()=f:::O~I 
SUMOCi(LK)=I(O-SUM 

. Fe; (Lf::: ) =r: 
IF IF-·Bi) 1.4-9'~/. 1499,91 

U:::=LK-"l 
GO TO 14';n:;: 
t.-JFUTE'(6, 71) 
FORMAY(III,2X,'PLOT OF THE CONTRIBUTION OF TilE NOISE' 

~. ..' VOL T AGE. OF THE AI·lPL. I F I ER AT 1 NPUT -' , ;' ; / ) 
CALL PLOT1(LI<.EG,FG,1~JP, IZ,LP) 
\.-JR Il E (.:;' .• 7';0 
F!:IF:I"IIH (/ / / , 2X .-- PLOT OF THE CONTR I BUT ION OF THE NOISE 

I 'CURRENT OF THE AMPLIFIER AT INPUT',;/I) 
CALL PLOT1(LK,CiI.FG.l.JR,IW,LP) 
l·!F; lIE ( IS, 7:-=:) 
FeW,MAT ( / / I, 2 X,' F'LOT OF Tl-IE TOTAL I NPUT NO I SE VEF<SU:::: FHEGl -' , 1/1 ) 
eM .. L FLO T 1 ( U:,:, :;::UI-1Ci, FC;, 1 , ,..I::::, I Gl, LP ) 
f...mI1E(IS.745) 
FOF:t'lAT( 1//, 2X. -'PLOT OF lIlE CONTRIBUTION OF THE NOISE 

+ -·'VOL TAGE OF THE AMPLIFIER AT THE OUTPUT--, / II} 
CALL PLOT1(LK,EOCi,FG,(,JT.IV,L~) 
(·JRITE (IS, 741':') 
FClRl'll\T(//!.;:!X,-FLOT OF THE CONTRIBUTION OF THE NOISE 

+ ~CURRENT OF THE AMPLIFIER AT TIiE OUTPUT',I!/} 
CALL PLOTl(LK,C;Or,FCi,1,JU,IU,LP) 
(.)(;: IT E ( 6, 747 ) 
FORMAT(;'!!.2X,'PLOT OF THE TOTAL OUTPUT NOISE VERSUS' 

+ -'FREG!UEtKY---, / I!) 
CALL PLOT1(LK,SUMOG.FG.l,JV,IM,LP) 
130 TO' ';.",-, 
TUT(;L NO I ::::E 1\ T HIE OUTPUT 

-750 WRITE(6.25) 
25 rURMA1(!I,2X,'TOTAL NOISE AT THE OUTPUT',/) 

1:::1=2 

760 

CALL PRINT! 
CALL PRINT2 
CALL INlEGR 
00 TO 70:~: 

lOlAL SYSTEM GAIN 
\-JFI '\ E (6. ;!6) 
FORMAl (/1.2X,'TOTAL SYSTEM GAIN',/) 
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761 

CA1.L F:EADI 
C/~LL H(Itn5 
LV=1 
t11:::2 
CALL :::;OUF:CE 
CALL At1r'LG 
1:::0 =1:::0 ,00 I:::T 
CALL F'RINT4 
(W: ( LV) =KO 
FGILK'=F!1.2589254 
U(=LK+l 
GO TO (761.92).LX 

92. I>JRITE(6.94) 
94 FORMAT(/!,2X,'PLOT OF TOTAL SYSTEM GAIN',!!) 

LK=LK-l 
CALL PLOT2(LV,GK.FG) 
GO TO ';:'9 

810 I>JRITE(6.21) 
10=1 
CALL. PfU NT~: 
CALL Ii\iTEGR 

:::: 11 N;~=S;OF<T ( N2 ) 
WRITE (6, ::::7) N2 

87 FORll("T (!!, 2X, -'TOTAL. NOISE C:URRUNT=~, F12. 4. :=:X. ---PICOAMPERS--.!) 
GO TO ';'':.' 

8:30 I-,lRITE (6,23) 
READ!5,.) IFR(IK).IK=1,10) 
WF\ Il E (:':'.88) 

88 FORMAT(!!,2X,'FREOUENCY SENSOR IN LOAD IN~) 
GO TO 7:=:1 

::::40 It-JR I TE ( 6.24 ) 
Kl=l 
CALL READl. 
CALL PRItH3 
LX= 1 

8':+1 CALL KIT 
.JF=F 
SUM=SQRT(E+I+D+Dl) 
E=SORTIE) 
I=S;mn (I) 

D=SG!F:T ( D) 
Dl=::=;G!F:T(Dl) 
WRITE(6.84) .JF,D,Dl.E,I.8UM 
EC1 ( LX: ) =1: 
Ci I (l.l:::) = I -
!:;Ut'lG ( LK) =8Ut1 
1"1.=2 
CALL, !::;OUnCE 

-CALL At1PLG 
1::0=I<O:o;KT 
KO=SG!F<T ( 1<0) 
EOG (LI< ) =I:::O:<;E 
001 (LK):::KO;';I 
SUMOG(LK)=KO*SUM 
FG (U( )=F 
IF(F-Bl)1491.1491,93 

1491 F=F*I.2589254 
LK=U:+1 
GO TO 841 

',!:~: WRITE(6,74) 
74 FORMAT(!!!.2X,'PLOT OF THE CONTRIBUTION OF NOISE' 

+ 'VOLTAGE 6F THE AMPLIFIER',!!!) 
CALL PLOT1(LK,EG,FG,I,.JP,IZ,LP) 
WRITE(6.75) 

75- FORMAT(!!!,2X.'PLOT OF THE CONTRIBUTION OF NOISE' 
+ 'CURRENT OF THE AMPLIFIER',!!!) 

CALL PLOT1(LK,GI.FG,1,.JR,IW,LP) 
1-JF:ITE(6,76) 

76 FORMAT(!!!,2X,'PLOT OF THE TOTAL INPWT NOISE VERSUS FREO',!I!) 
CALL PLOT1(LK;SUMG,FG,1,.JS,IQ,LP) 
l.oJRITE (If:.,. 845) 

845 FORMAT(!!!.2X.'PLOT OF THE CONTRIBUTION OF THE NOISE 
+ 'VOLTAGE OF THE AMPLIFIER AT THE OUTPUT',!I!) 

CALL PLOT1(LK,EOG.FG.l,.JT,IV,LP) 
WRITE(6.846) • 

846 FOnMAT(I!!,2X.~PLOT OF THE CONTRIBUTION OF THE NOISE' 
+ rCURRENT OF THE AMPLIFIER AT THE OUTPUT~,!!I) 

'--
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r.I~LL F'LOT 1 (U(, oc:i 1 ;FO, 1, ...IU, I U, LP) 
I-JF: I TE ( 6. :::47 ) 

847 FORMATilll,2X,~PL.OT OF THE TOTAL OUTPUT NOISE VERSUS 
+ 'FREQUENCY ',1/11 

CALL PLOT1(LK.SUMOG,FG,I,,JV,IT~LP) 
(iO TO '?i,~, 

::::50 l-olnITE( 6,25) 
1':1=2 
i_.:·C,U .. F'Rlrn:~: 

CAL. L I NI ECiF;: 
CiO TO :=:11. 
NO I :3E Bl\NDl-oJ I DTH 

770 TOF-'=O. 
READ(5,~) IFQII),I=I,10) 
Kl=2 
M=1 
N=2 

1 IFCFQIN» 16,17,17 
17 S=CFQ(Nl-FQIM»/24. 

R=O. 
F=FGHI't> 

1:::;: F=F +:::; 
CALL KI1 
R=R+I:~';I;"2 • 
IF(F-FQ(N)+2.-S) 18,18,19 

F==F+S/2. 

F:=R+K9ie:4. 
IFCF-FQ(N)+S) 11,11,12 

1. 1 F=F+S; 
GO TO 20 

12 F=FG!(11) 
SX=FG! (N) -FI~! (M) 

13 CALL KIT 
R=R+K'~/ 

IFCF-FQIN}+2._S} 14,15,15 

GO TO 13 
15 TOP=TOP+R~S/6. 

t·1<:.r1-I·l 
N=N+l 
IF C N-·l I)} 1, 1 , 16 

16 TOP=TOP/(K2-K2) 
1-o1F: ITE ( IE •• :32) TOP 

32 FORMATI!II/,2X,'NOISE BANDWIDTH=',F12.0,/I/) 
GO TO 9';' 
NOISE FIGURE VERSUS SOURCE RESISTANCE 

780 READCS,.) FF 
F=FF 
Rl=10. 
Kl=1 
LK=l 

781 CALL I:::IT 
::::Ut'l= (E+ I +[It·[ll ) 
FACTORIU()=10 •• (ALOOI0ISUM/[I» 
RE:::; ( LK ) =F: 1 

LK=LI<+1 
IFIR1.LT.I0(1)00O. l GO TO 781 
LK=LK--l 
l-oJRITElc.,782) FF 

782 FORMAT(/(I,2X,'NOISE FIGURE VERSUS SOURCE RESlSTAN~E',il,2X, 
+'FREQUENCY=',F7.1),'HERTZ',lj~2X,'SOURCE RESISTANCE NOISE FIGURE~ 
+ ,... [IE:::; I BEL -' , I ) 

[10 7:::::;: .J=1, U( 
-783 WRITE(6,784) RESC,J),FACTORC,J) 

784 FORMAT(2X.F12.0.5X,F7.3) 
l-oJf\,lTE((~., 785) FF 

785 FORMAT(I//,2X,'PLOT OF NOISE FIGURE VERSUS SOURCE RESISTANCE', 
+ ' AT ',F7.0,'HERTZ',/) 

CALl.. PLOT 1 C U(, FACTOR, RES:, 3, .JW, IS, LF') 
I..JF: I TE ( If:.,. 706 ) 

. 786 FORMATC1X.'OHM') 
'~'~I CONT I NUE 

11)0 .comINuE 
1501':. :=:TOF' 
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::;iJDRi:IIJT .! I~E REf,!) 1 
COMMm~ B,BO,Bl.BKO,Cl,C2,C3,C4,C8,CKO,D.DO,Dl.D10,E,EO,F,FO.F1,F2 
COI'1I'10N F4. F5, F6, F7, FE:, F'?, 1,10,12, IB, Ie, lC8.1(, r:o, Kl, K2, 1'::'7'. In , Ll, L2 
COMMON M2,M4,N2,N8,N9,NM,P,Rl.R2,R3,R4,R6,R7,R10,Rl1,R12.Q,QO,Ql 
COMMON Sl~,T,TO.W,A1,A2,A3,A4,A5,A6,A7,A8,A,?,AO,R13,F3,MI,Q2,LX 
READ(5,~) BO,Bl ' 
F=80 
nETURt~ 

HllJ 
::O;Ur:ROI...IT I NE NODEL. 
COMMON B.BO,Bl,BKO,Cl~C2,C3,C4,C8,CKO,D,DO,DI,D10,E.EO.F.FO,F1.F2 
CCII'Hi0!,;1 F 4, F5, F 6, F7, F:;::. F9, I, I I), 12, I B, 1(:, I CB, 1(,1<0, K 1,1:::2, K':", KT, Ll , L2 
CONMON M2,M4.N2.N8,N9,NM,P,Rl.R2,R3,R4.R6,R7,R10,Rl1,R12,Q,QO,Ql 
COMMON SUN,T;'I'O,W,Al,A2,A3,A4.A~.A6.~7,A8,A9,AO,R13,F3,Ml.Qi,LX 
nEAL I 
IF (f~I'l-1 ) 11. I;;!, 1:::: 

11 STOP 
12 CALL B,)T 

RETURN 
1 ;::: CALL Tl'1FE T 

F;:F1 URN 
END 
:::;urmOI.IT I NE B.JT 
COMMON B,BO,Bl,BKO,Cl,C2,C3,C4.C8,CKO,D,DO,Dl,D10.E.EO,F,FO,F1.F2 
COMMON F4,F5,F6,F7,F8.F9,I,IO,I2,I8,IC.ICB.I(,KO,Kl,K2.K9,KT.Ll.L2 
COMMON M2,M4,N2,N8.N9.NM,P,Rl,R2,R3,R4,R6,R7.R10,Rl1,R12.Q.QO,Ql 
CONNON SUM,T.TO,W,Al.A2.A3,A4,A5,A6,A7,A8,A9,AO,R13,F3,Ml.Q2,LX 
REAL I,IB,IC,ICB.K ' 
l'J=2. ;c,p;c:F 
IB=ICiB+ICB 
Xl =4. O'<;f:~:c;T:c;R 1 (l 
X2=(2.0.0.IC.(RI0+B/(IC~40.»·-2.)/(B-B) 
X3=2.0~Q.IC~(RI0+1./(W:C;C8» •• 2 •• (F.F)/IF8MF8) 
X4=2.0.Q.IB.(RI0)~.2. 

X5=2.0.Q~F7.(IB.-Ql).RlOMRlO/(F.~Q2) 

E=Xl+X2+X3+X4+X5 
X6=2.0-Q:c;IB+(2.0:C;Q:o;F7-(IB:C;:C;Ql»/(F.·Q2) 
X7=2.0.0-ICi(B-B)+2.0MO-IC-F-F/(F8*F8) 
I==X6+X7 
RETURN 
END 
SUBROUTINE TMFET 
COMMON B.BO,Bl,BKO,~1,C2,C3,C4,C8,CKO,D,DO,Dl,D10.E.EO,F,FO,F1,F2 
COI'1I101\\ F 4, F5, F 6, F7 , F:::, F'? I , 10, 12. I B, Ie, I (:B, I:~, ':::0, K 1 , 1:::'2,1(',,' , I<T . L.l , L2 
COMMON M?M4,N2.N8,N9.NM,P,Rl,R2,R3,R4,R6,R7.R10.Rtl,Rl?G!,OO.Ql 
COM~JI~ SUM.T,TO,W,Al.A2,A3,A4,A5,A6,A7,A8,A9,AO,R13,F3.Ml,Q2,LX 
fiE.AL I, I:~ 
l.J::=~~. ;.,P-F 
Xl=4.;c;f:::*T 
E=( (2. ;:;:. ):c;X liB) "" (1. +F::::/F) 
1=(16./135. ).W.W.C8.C8-XI/B+2.~Q.ICB 
RETURN 
END 
SUBROUTINE AMPLG 
COMMON B,BO,Bl,BKO,Cl,C2,C3,C4,C8,CKO,D,DO,Dl,D10,E,EO,F,FO.F1.F2 
COI'1I1 01·1 F4,F5,F6,F7,F8,F'?, 1,10,12, IB, IC, ICB,i'::,I<O,I<1,K2,1<9,f<T,Ll,L2 
COMMON M2,M4,N2,N8,N9,NM,P,Rl,R2,R3,R4,R6,R7,RlO,Rl1.R12.Q.QO,Ql 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6,A7,A8,A9,AO,R13,F3.Ml,02,LX 
REAL N8,N9,K2,KT 
Al=«F/FOI/ISQRT(1.+(F/FO) •• 2.») •• N8 
/;2= ( (F/F2 );0;;.,2. +1. ) 1 ( (F/F2+F IF!) "'_2. +1. ), 
A:::: = ( (FlF3+F/F4)'<H";!.+1.)/( (F/F4):c;.2.+1.) 
A6::::F/F5' 
A7=1. -A(:"'P:Ar:, 
A8=2.~A6.(SORT('I.+1./QO)-1) 

A4=1.+(A6_A6)/«A7:c;A7)+(A8'P:A8» 
/\~:'i= ( 1. i (:=;1)[':::1 ( 1.~' (F IFIS) "'.::!. ) ) ) *;c,N9 
KT=K2.K2.Al.Al.A2-A3.A4.A5~A5 

nETURN 
EtlD 
SIJF.:ROUT I WE I NTEOF, 
COMMON B,BO,Bl,BKO,Cl,C2,C3,C4,C8,CKO,D.DO,DI,D10,E.EI),F,FO.F1,F2 
COMMON F4,F5,F6.F7,F8,F9,I,IO,I2,IB,IC,ICB,K,1<0.Kl.1<2.K9,KT,Ll,L2 
COMMON M2,M4.N2.N8,N9,NM,P,Rl,R2,R3,R4,R6,R7,RI0,Rl!.Rl?,O,QO,Ql 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6,A7,A8,A9,AO,R13,F3,Ml,02,LX 
Dlt-lENSIClhl FR( 10) 
HEAL I,IO,N2 
N2=-O.O 

84 



r:;Et,[l( 5, ;0:) ( FR ( I K ) , H::= 1 , 1 (I ) 
L=j 

1 :::::;: ! F (FR (,J) ) 1:.::1 , 131. . 1 :'::2 -
132 WR1TE(6,93) FR(L),FR(J) 

93 FORMATC/,F7.0,' TO',F7.0) 
H7=(FR(J)-FRIL»/24. 
(11)='0. 

[110"'0,. 
EO=O. 
1(:0:::0. 
F=FF:(L) 
~-I';:;o=FF: (.J) -FR (L ) 

'JA'~ CALL t:::I1 
EO=EO+E 
IO=IO+I 
[10=0(1+[1 

DI0=[ltO~ [It 
IF(F-FR(J)+2.~H7)141.142.142 

141 F=F+H9 
GO TO 14'1 

142 F::::FP(L) 
F=F+Hll;;;'. 

1 ~'i4 Cr..Ll. f':: 1 T 
EO=EO+E"'4. 
JO=10+11':4. 
[If) = [Il) + [E:i 4 • 
D l (;~·'[ll (I-I--[ll;.;4. 
IF(F-FP(J'+H7)151,151,152 

151 F::-F+H7 
(;0 TO 154 

152 F::::FRIL) 
161 F=F-iH7 

CALt. KIT 
EO=EO+[>2. 
10=10+1;0:2. 
[I0=[lO+[I",,;~ • 
DI0=DI0+DIi<':;~. 
IF(F-FR(J)+2.~H7)161,161.162 

162 N2=N2+(EO+10+DO+DI0);.;H7/6. 
H::::=H7 / '~" 
SUMD=SQRTIDO~HS) 

SUMD1=SQRTIDI0>HS) 
::;:UNE=:;::G!RT ( EO'+18 ) 
::::Ul"l I =:=::G!RT ( I (J~:H::: ) 
~~MSUM=S~RT«E(I+10+DO~[l10).HS) 
WRITE(6.94) SUMD.~~MD1,SUME,SUN1,SUMSUM 

94 FORMAl (/,6X,5F12.2) 
L==L+l 
• ..1=- • ..1+ l. 
IF ( . ..1-1 0) 1 :3::;::, 13::;::, 1 ::: 1 

1:'::1 f,\ETURt~ 

Et·J[! 
::::UBF\OUT I tJ[: I< I T 
COMNON B.BO,Bl.BI<O,Cl.C2,C3,C4.C8.CKO.[I,[lO,[ll.[l10,E,EO.F,FO.F1.F2 
CONNON F4,F5,F6,F7,F8 y F9,I,IO,I2,IB,IC,ICB,KiKO.I<I,1<2,1<9.KT,LI,L2 
CONMON N2,M4,N?N8,N9.NM,P,Rl,R2.R3,R4,R6.R7,RI0.Rll,R12.Q.QO.QI 
CONNON SUN.T,TO,W,Al.A2,A3.A4,A5,A6,A7,A8,A9,AO,RI3.F3,Ml,Q2,LX 
RE~\L 1,KO.K2,t:::~1 

IF (1<1-1) 1500, 1510, 15;:~O 
1510 CfIl_L t'l(JDEL 

I'll::: 1 
CALL. ::::OURCE 
RETUHN 

1500 :;::TOF' 
·15::~O CALL I:::IL-;;: 

m:TURN 
EhlD 
';::UlmCII.IT 1 Ne .:: I T2 
COMMUN B.BO.Bl.B~O_CI.C2,C3,C4,C8,CI<C~[I,[lO.Dl.D10.E,EO.F.FO,FI.F2 
cot-n-1(I\··j F4. 1""5. F6, F'7, F:::, F';;', 1,10,12, IE:, IC. IeB, f:~,I:~O. 1<1, 1:::2.1<·~', I:::T, LI. L2 
COMMON N2.M4,N2,N8.N9,NN,P.Rl,R2.R3,R4,R6.R7.RI0,Rll,RI2,G!,G!O,Ql 
COMNON SUM,T,TO,W.Al.A2,A3,A4,A5,A6,A7,A8,A9,AO,RI3,F3,Ml,Q2,LX 
r~EAL 1. t:::o. t:::9, I<T 
CALL 1-1()DEL 
Ml.=l 
CALL ::::our;:CE 
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t'll "2 
CALL ~:::OUr.:CE 

CALL AI"IPLG 

E=f:::S';o:E 
I =I:::':;'~,:I 

[1=1<9;:;[1 
[l1::-=1::';:';<i[l1. 
F:E~ rUr-;:N 
Ej.m 
::=:UlmOUl I NE': SOURCE 
cor'U'IOtJ B, E:O, E: 1,1::1<0, C 1 ,.C~~~, C::;::, C4, C::::, CKO, D, DO, Ll1 • Dl 0, E. EO.F. FO. F 1, F2 
COI·1t'lot~ 1""1, F!:':" F,:', , F7, F:::, F9, 1,10,12, IB, Ie, ICE:, 1<, f<O, 1<1,1:.:;:" I:::';;',I:::T. L1, L.2 
COMMON M2,114.N?,N:::,N9,NM,P,Rl,R2,R3,R4,R6,R7,RlO.Rl1,Rl?Q,QO.Q1 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5.A6~A7,A8,A9rAO,R13,F3,M1,Q2,LX 
EE I\L r 
GO TO (1,2,3,4,5,6),M4 

1 Cl\L L. s:onCE 1 
GO TO ':;' 

2 CALL SOF:CE~:! 

GO TO ':;i 
:::: C I" U. ':':cmC:E3 

GO TO ':.;' 
4 CI~L.L SOf;:CE4 

CiO TO '3:' 
5 eM.1... :=:onCE5 

GO TO SI 
,;. CAL.L. :=:Of~CE6 
';;, RETURN 

END 
SUBROUTINE SORCEI 
COMMON B,E:O,Bl,E:1<0,Cl.C2,C3,C4,C8,CI<0,D,DO,Dl,DlO.E,EO,F,FO,F1.F2 
COMMON F4,F5,F6,F7.F8,F9;I,IO,I2,IE:,IC,ICE:,K,KO,l<l,f<2,K9,KT,1...I,L2 

~ COMMON M2,M4,N2,NB,N9,NM,P,Rl,R2,R3,R4,R6,R7,R10,R11,R12,Q,QO,Ql 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6,A7,A8,A9,AO,R13,F3,M1,Q2,I_X 
EEAL I. I:::, KO 
~'J=:=!. ;c,P*F 
GO TO (10,1l0),Ml 

10 A0=1.1(Rl/R3).(1.+CI/C3) 
Al=W~Rl.Cl-(1./(W~C3-R3» 

A3='l.+A2-A2'/IW-W-C3_C3) 
E=E~(A0~AO+Al.Al).1.E18 

1=1 ""A3;o::;J. •. E18 
D=(4.~K~T-Rl)-1.E18 
[Il =: ( 4-. ;O::il:::.T.':,.~;1 H:3);q . E.l. :::: 
HETUPN 

110 n7=R8~~4/(R3+R4) 

A4=W*R7-Rl*(C4.(Cl.C3)+Cl-C3)-(1./Wj 
A5=Rl.(Cl+C:3)~R7*(C3+C4) 

1<0=CH7*R7~C:3.(3)/(A4.A4+A5.A5) 

PETURN 
Ehlfl 
SUBROUTINE SOHCE2 
COMMON B,BO,Bl,BKO,Cl,C2,C3,C4,C8,CKO,D,DO,Dl,D10,E,EO,F,FO,F1,F2 
COI'11-10I,1 F4,F5,F6,F7,F:3,F9, I, 10, 12.1B, Ie, lCB,K,f;:O,f:::l,I:::2,1<9,I<T,Ll,L-:::: 
COMMON M2,M4,N2,N8,N9,NM,P,Rl,R2,R3,R4,R6,R7,R10.Hl1,R12,Q,QO.Ql 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6,A7,A8,A9.AO,R13,F3,Ml,Q2,LX 
F:EAL I, f:::, KO 
W=2.0;';P;<:'F 
GO TO (20.120),Ml 

;:~(, A()::P-.:::;<'C::::;c, (R 1 +R2) +R 1 ;ciR2* (C 1 +C2) 
Al=W*Cl~C3.Rl.R2.R3-(Rl+R2)/W 

A2=(Rl.CC1+C3»/C3 
A3=(Rl+R2)!(W*R2*R3! 
D=4.0-K-T-Rl;.;(F9!F+l.).I.E18 
A4=(AO~AO+Al*Al)~H2*R2*R3.R3.C3*C3 
I=I-(A2*A2+A3*A3).1.E18 
E=E;.:;A4*1. El:::: 
Dl=«4 •• K*T/R3).(A2.A2+A3*A3)+4.~K*T.Rl*Rl!R2)*1.E18 
f-;'ETURN 

120 R7=R3.R4/(R3+R4) 
A5=(RJ+R2).R7*(C3+C4)+R1*R2.CC1+C3) 
A6=W.Rl*.Cl.C3;';R7-(Rl+R2)/W+W~Rl.R2*C4.R7.(Cl+C3) 

KO=R2~R2*R7*R7~C3~C3/(A5.A5+A6.A6) 

RETURN 
Hm 
SUBROUTINE SORCE3 
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::::0 

1_-,.-:, 
.=.. •. 

CONMON B,BO,Bl,BKO,Cl,C2,C3,C4,C8,CKO,D,DO,Dl.D10.E.EO.r,FO,FI,F2 87 
COMMON F4,F5,F6,F7,F8,F9,I,IO,J2,IB,IC,ICB,K,KO,Kl,K2,~?,KT,LI,L2 
COMtlON M2,M4,N2,N8,N9,NM,P,Rl,R2,R3,R4,R6,R7.RI0,Rll,RI2.Q_80,QJ 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6.A7,A8,A9,AO,R13,F3,Ml,Q2,L~ 
REAl. I, K, 1:::0, L:::, 

GO TO (30.130l.Ml 
[\=4. t):Cil::::O'Te-cf.:l:<:i 1. E I::: 
T F iT,3--J . '37, J ::~9, ::::7 
At)= 1 • -+J~;I-J:::l..2"i (C 1 +(:::::, -(.):·'\,):<;1-;: 1 ;o;R:):e:C 1 ;0;[::;': 
Al:W~(C3*(Rl+R3)+CI-Rl-W;o;W;o;R3.L2.CI*C3) 
A2=1.-W*W~L2.(Cl+C3) 
1'I3=l.J:<::R 1. * ( C I-fC:;: ) 
E=E.«AO~AO+Al;o;Al)/(R3*R3~C3.C3;o;W.W»*1.Eis 
I=I-«A2*A2+A3~A3)/(W.W.C3.C3')_1.E1S 
[11= (4 •• K-T IR::::>. ( (A2-A2+A:;:io:A:;:) /( W:,iWio:C:;:io:C:;:) ,;0; 1. E I::: 
I=I*(Rl*Rl+W*W:e:L2-L2'.I.ElS 
AO= 1 • - f..J?=:\.-Jit'L2*C 1 
Al =f..J:<::Rlio:Cl 
E=E;o;CAO;o;AO+Al*Al)*1.E1S 
[11=0.0 
F:ETURt~ 

130 IFIR3-1.'12S,127,128 
12S R7=R3~R4/(R3+R4) 

AO=I.J*R7i<'C:;: 
Al=l.-W~W;o;L2;o;(Cl+C3'-W.W;o;Rl.R7*(Cl_C4+Cl*C3~-C3*C4) 
A2=W* (R7;o; (C3+C4' +Rl*(Cl+C3'-W-W*R7*L2*(Cl;o;C3+C3_C4+Cl* C4,) 
KO=AO.AO/CAl.Al+A2.A2) 
RETURN 

127 AO=Rl+R4-W*W.R4*L2.(Cl~B4) 
Al:W;:.;(Rl*R4.(Cl+C4'+L2) 
KO=R4*R4/(AO*A01-Al*Al) 
RETURN 
END 
SUBROUTINE SORCE4 
COMMON B,BO.B1,BKO,Cl,C2,C3,C4,C8,CKO,D,DO,Dl,Dl0,E,EO.F,FO,F1,F2 
COMMON F4,F5,F6.F7,FS r F9.I,IO,I2,IB,IC, ICB,K,KO,Kl,K2,1:::9,I:::T,L 1,L2 
COMMON M2,M4,N2,NS.N9,NM,P,Rl,R2,R3,R4,R6,R7,RI0,Rl1,RI2,Q,QO,Ql 
COMMON SUM,T,TO,W,Al,A2,~3,A4,A5,A6,A7,AS,A9,AO,R13,F3,Ml,Q2,LX 
REAL I.I2,KO,K9,Ll,K 
I'J=2. ""P(::F 
GO TO (40,140),Ml 

40 C5=Cl+C2 
R5=R2~R3/(R2+R3) 

Al=1.;R5~R5+«1.-W~WC5*Ll)/(W~Ll»io:~2. 
E==E.:<::Al itd . E::!4 
l"'I«;1.E;~lf 

D=«((4.~K~T)/R3)+C2.~Q~I2W(F9/F+l. »)~1.E24 
Dl=(4.io:K-T/R3)Wl.E24 
RETURt~ 

. 140 C6=Cl+C4+C2 
R7=(R2~R3~R4)/CR2~R4+R2~R3+R3?=:R4' 

AO=(I.-W~W*Ll*C6'/W*Ll 

KO~(1.iC(1./(R7.R7)'+(AO*AO'» 
r~ETUF~I'l 

END 
::;UE:F~OUT I NE SORCE!:. 
COMMON B,BO,Bl.BKO,Cl,C2,C3,C4,CS,CKO.D,DO,Dl_DI0.E,EO.F,FO,Fl,F2 
COMMON F4,F5,F6,F7,FS,F9,I,IO,I2,IB,IC.ICB,K,KO,Kl,K2,K9.KT,Ll.l2 
COMliON M2.M4,N2,N8,N9,NM,P,Rl,R2,R3,R4,R6,R7,R10,Rll,Rl?,Q,QO,Ql 
COMMON SL~,T,TO,W.Al,A2,A3,A4,A5,A6,A7,AS,A9,AO,R13,F3,Ml,Q2,LX 
F:E.AL I,K,KO,L.l. 
W=;~. ~F'*F 
GO TO (50,150),Ml 

50 RS=R3/(TO~TO' 

AO=«R6+R8).(RJ+R6»/(W""Ll*RS) 
Al=(Rl+R6+R6+RS)/RS 
A2=(R6~(Rl.+R6')/(W.L.l) 

A3=R 1 +R6'I-F,,;, 
E=(E*(AO-AO~Al~Al)/(TO~TO»io:l.E1S 

J~I~(A2.A2+A3~A3)~TO""TO.l.E18 

A4~(4.*K~T/RS).(A2~A2+A3""A3) 

A5=1.+(Rl+R6)~(Rl+R6'/(W*W.Ll.Ll) 
D~q .• K.T.RIWl.E1S 
Dl=«4.~I:::~T.R6)+(4.~K*T.R6)~A5+A4'.1.E18 
RETUm~-

150 R7=(R3+R4)/«R3+~4).TOio:TO) 



(-'lO==i-J;<-;L.l':'H7 
Al=(Rl+R6).(R6+R7)-W~W~L1*R7*C4~(Rl+R6) 
A2=W~(RliR6iR6)+R7+R6~R7.C4.(Rl+R6) 
KO~(AO-AO~TO.TO)/(Al.Al+A2_A2) 
I;:E'IURN 
END 

, SUBROUTINE SORGE6 
(:or11'lOt~ E:, BO, Bl. BKO, (:1, C2, C:;:, (:4, C::::, CI(O, D, DO, Dl . Dl O. E, EO, F, FO, Fl, F;;~ 
conl'lOLI F 4, F 5, F 6, F7 , F8, F'~', I, 10, 12, I B, I C, I CB, 1<, .'::0, J< 1 , I=::':! , I'::'~', I=:T • L 1 , L ;;: 
COMMON M2,M4.N2,N8.N9.NM,P,Rl.R2,R3,R4.R6.R7,R10,Rl1,R12,Q,QO,Ql 
COI-II'JON ':::Ut'l, T, TO, t.J, Al , A';;:, A:~:, jI\4, (,5, AtE., A7 , A::::, A9. AO, F\l :;:, F::: ,1'11 , GQ, LX 
REAL I,K,KO,Ll,L2 
\'J "';;::. :<o:F' <:F 
AO=W~L2-(1.i(W~Cl» 

ZO=SQRT(Rl~Rl+AO.AO) 

E:5=lITAN (AO/RI ) 
Al =I+"';L 1 :<:r:.::~; 
A2~R3-(1.-W.W~Ll*C2) 

B6~ATAN(W-Ll!A2) 
8/,:.=-:"0 ... 1::6 
Z2=SQRT(I.+W:o;W:O;C4:O;C4_R4:o;R4) 
B7~ATAN(W~R4.C4) 

Z2=RI/Z';? 

GO 'T I) (60. 160) , I'll 
60 Z3=(Rl+Zl.COSIB6» •• 2.+(AO+Zl.SINCB6» •• 2. 

E=(E.Z3/(Zl.Zl».1.E18 
I=I.Z1;';Z (;cd. EIE: 
D=4 .• K.T-Rl.l.E18 
Dl=(4.~K.T.Zl-Z1/R3'.1.E18 

160 Z~=ZO~Zl.COS(B5+B6)+ZlNZ2.COS(B6+B7)+ZO_Z2_COSCB5+B7) 
Z5=ZO-Zl:O;SINCB5+B6'+Zl-Z2.SIN(B6+B7)+ZONZ2.SINCB5+B7) 
1'~O=Z2i<,Z2i<; Z l-Z 11 C Z4:O;Z4*Z5_Z5) 
F:ETURN 
Elm 
SUBROUTINE PRINT! 
WF: I l E \ IS. 71 ) 

71 FORMATC/,8X,'VOLTAGE SOURCE MODEL',I,2X,'FREQUENCY') 
RETURN 
END 
SUBROUTINE PRINT2 
\·JFU TE ( i~'. 72 ) 

72 FORMATC11X.'SENSOR EN LOAD EN 
+ ":Z8 SUM NOISE NANOVOLTS') 

RETUHN . 
EN[I 
SUBROUTINE PRINT3 
\·J!;:ITE(6, 7/~,) 

II~, Fom'1AT ( HI1 . ii, ", F REG!UENCY" ) 
\·JF:I TE C 6.77) 

77 , Hlm'IATel::~X, "'::::Ftr:::Ofl m LOAD IN 
~ SUM NOISE PICOAMPERS') 
nETum~ 

END 
::::1.1 Br,OUT I NE: pro: I NT 4 

At'1PL EN /:,t'1F' IN", 

At'lF' IN /~t-IF' EN; ZS" , 

COMMON 8.BO,81,BKO,Cl,C2,C3,C4.C8,CKO.D,DO,Dl,D10,E.EO,F,FO.F1,F2 
COI'I~ION r.lJ.F5,FI;"F7,F::::,F9, I, 10, I;;;, IB, IC, IC:B,K,I<O,I<l,IO::::::,I:::'?,h:T,Ll,L2 
COMMON M2,M4,N2,N8,N9,NM,P,Rl,R2.R3~R4,R6,R7,R10.R11,R12.Q,G!O,Ql 
COMMON SUM,T,TO,W,Al,A2,A3,A4,A5,A6,A7,A8,A9,AO,R13,F3,Ml,Q2.I_X 
FiEAL kO 
BI:::O=::::GIfn ( KO ) 
CKO=4.3429-ALOGIKO) 
t'lF=F 
I-Jr:: I TE ( IS, 74) t-IF. 810::0, CKO 

74 FORMAT(J8.2Fl0~3) 
IFIF-Bl+0.1-F) 99,99,98 

99 F=F~1.2589254 

LX=1 
RETURN 

98 J .. X:=:~ 
RETURN 
END 
SUBROUTINE rRINT5 
l·mITE(6,7:::) 

73 FORMAT(/,2X,~FflEQUENCY 

RETURI" 
END 

GAIN GAIN DB") 
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!3UBHOUT 1 NE PLOT l. (N::::PC, SPLOT , FPLOT , ,..IB, KP, -1;- , .f() 
D I 1'1f::t~:=: I Ol~ FF'LOT (;!OO) , ::::PL.OT (200) 
DIMENSION ISARET(4),IBUF(300),IS(300),IY(300),YI(300) 
DATA IS("nET i 1H • 1 Ii,:;, 1H+, 1H.1 
DATA AUNIT/10HNANOVOLTS ; 
DAT{~ BIJlnT/lOIIPICO(."I'lPER::::/ 
DATA CUNIT/I0HDESIBEL I 
GO TO (19.20,16).JB 

19 UNIT"'/\UIHT 
13CI lO 21 

16 UtJIT=CIJNIT 
GCI TO 21 

20 utHT=BUtHT 
21 PLOTX=SPLOT(l) 

1<=1 
11 1(=1<+1 

IF(K.GT.NSPCI GO TO 12 
IF (!3PLOT (JU. GT. PLOTX) GO TO 11 
PLOT X=S:PLOT ( f:: ) 
CiO TO 11 

12 06 13 f::~),NSPC 
1~: ::::PLOT (to:: i =:;::PLO r (I:::) -PLUT); 

TA=SPLOT(l) 
DO 1/1 L:::::2,N!:::PC 

14 IF(SPLOTIL).GT.TA) TA=SPLOT(L) 
IFeJT-l) 25.25.24 

24 ~n=KP 
130 TO 26 

25 I(T=IFIX(TA/I0.+1.) 
26 TX=TA-PLI)TX 

IF(TA.c;T.l.) GO TO 17 
TC=10. 
1'D""'100. 
IF(JT-l) 28,28,27 

27 IY(I)=IT 
C;O:I T I) 1 :::: 

28 IY(I)=IFIX(PLOTX) 
GO TO 18 

17 TC=I. 
TD=10. 
IF(JT-l) 30.30.29 

29 IY(l)=IT 

2 

.-, 

.;. 

4 

111 

GO TO ~:l. 

Ive 1 )=PI.OTX-l. 
IF(F'LOTX.LT.l.) lY(I)=O. 
IT=1"I· ( 1 ) 
YI(l)=FLOATIIY(I) 
[II) 2 1::-' 1 • 11 
1 Y 1 1+1 ) = I Y ( I ) +1::'
YI(I+l)=YI(l)+(FLOATeKT»/TC 
WRITE(6,100) (YI(JK).JK=I.12),UNIT 
DO :~: KI=l, L::~::; 
IBUFIKII=ISARET(2) 
LtO 4 11:::: 1, ] 21. , lO 
IBUF(I1)~ISARET(3) 

WRITE(6,111) (IBUFCKL),KL=1,125) 
FORMAT(10X,125Al) 
DO 5 1=1, H:3PC 
IS(I)=IFIX«SPLOTeI)~(PLOTX-(FLOAT(IY(I»»)*TD/(FLOATIKT»)+2 
f:::F'=ln 
DO 6 ,...I=2,1.2lJ 
IBUF(JI=ISARET(ll 
IF(J.EQ.ISII» IBUF(J)=ISARETI2) 

6 CONTII~UE 

IBUF(I)=ISARET(2) 
IBUF(123)=ISARET(2) 
IBUF(125)=ISARET(2) 

5 l-oJ1,\ 1·1 E ( 6, 110) FF'LOT ( I ) , ( I BUF ( ,...IK ) , ,...If::.:::: 1 , 125 ) 
100 FORMAT(6X.F6.l,11FI0;1,lX,AI0) 
110 FORMATCF9.1.125A1) 

RETURN 
EI,ID 
SUBROUTINE PL012INSPC,SPLOT,FPLOT) 
D I l'lEN:::: 101-1 I ::::AI?ET ( .q ) , 1 BUF ( :300) , IS: ( 3(>0) , I Y ( 300 ) 
DIMENSION FPLOT(200),SPLOT(200) 
DATA ISARET/1H .1H~,IH+,lH.I 
WRITE( I~" 90) 
PLUTX='?'I(H). 
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·<=1 
11 K=K+l 

IFIK.GT.NSPC) GO TO 12 
IF (:=:pun (K) . GT. PLOTX) GO TO 11 
F'LOTX:=::::PLOT I .:::) 
00 TO 11 

I? DO 13 K~l,NSPC 
13 SPLOTIK)=SPL(G(K)-PLOTX 

DO 10 1=1, N~:PC: 
10 IS(I)=IFIXII0.~IALOGI0(SPLOTII)+O.01») 

I E: I (i,,-1 !::: ( 1 ) 
'DO 20 1 =;:!. NSF'C 

20 IF(IS(I).GT.IBIO) IB10=IS(1) 
NOF:11:::1FI X (FLO(~T 118113-1(0) i 10. );.:;10 

:;::0 DO 40 1=1,12 
40 lY(I)=~ORM+(I-l)~10 

WRITE(6,100) IIYIJK).JK=1.12) 
DO 7 1=::1=1. E:5 

. IBUFII=::I)=ISARET(2) 
DO 50 11=1.121,10 

50 IBUF(ll)=ISARET(3) 
1.JliITE(i;., 111) (I8UFIKLl, KL=I, 125) 

111 FORMATI8X.125Al) 
DO 1 1=1. NSPC 
E: ( I ) =: I :=: I I ) -NORt1 
[10 :2 .-'=2.124 
IBUFIJ)=ISARET(l) 
IFIJ.EQ.ISII).AND.J.LT.111) IBUFIJ)=ISARET(2) 

;~' corn I NUE 
=-'-' 

1 
90 

1(10 
110 

RE;.'DY. 

IBUF(I)=ISARET(2) 
IBUFll11)=ISARETI2) 
IBUF(125)=ISARET(2) 
I'JRITE(6, 110) FPLOTII),(IBUF( .. HO ... IK=I.125) 
FORMAfI5X,'OAIN') . 
FORMAT(5X.I5.11II0.'DESIBEL') 
FORMATIIX.F8.0,125Al) 
RETURN 
END 
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APPENDIX B 

-. 
Symbol equivalents used in "BJT" and "TMFET" Subroutines 

R10 = rb~ = Base-spreading resistance 

i. 

C8 = Cb'e = Base-emitter capacitance 

IC = Ic = Collector current 

ICB= ICBO = Collector-to-base leakage 

F7 = fL = l/f noise corner 

F8 = fT = frequency at which ~ = 1 

Ql = i 

Q2 = (l 

. B = Bo = Short-circuit current gain 

C8 = C = Gate-channel capacity of FET's gs 

B - g = Mutual conductance of FET's - ms 

ICB= Ig = Gate Leakage Current 

F8 = fo = l/f noise corner 



Symbol equivalent used in "SOURCE" subroutines 

Rl - R = Sensor resistance - s 

R2 = Rb = Bias resistance 

R3 = RL = Load resistance 

R4 = Ri = Amplifier input resistance 

R6 = rp = Resistance of the transformer primary 

Cl = cp = Shunt capacitance of sensor or wiring 

C2 = Cw = Wiring capacitance-

C3 = Cc = Coupling capacitance 

C4 = Ci = Amplifier input capacitance 

Cl = Cs = Mechanical capacitance 

Ll = Lp = Sensor series inductance 

Ll = Lp = Transformer secondary inductance 

L2 = LM = Mechanical inductance 

F9 = fL = llf noise corner 

12 = IDC= Sensor Leakage current 

TO = T = Transformer secondary' to primary turn ratio 

Ll = Lx = External inductance 
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APPENDIX C 

CONTENTS OF DATA CARDS 3.4 AND 5 

SOURCE DATA AMPLG DATA 

Card 3 Card 4 Card 5, 

Qnty. Value Qunty. Value Qunty. Value 

Rl 1300. Ll l.E4 FO 0.1 

R2 LE8 L2 500.E-3 Fl 50. 

12 LE-l2: F2 500. 

R3 l.EO T 3.E2 F3 l.E9 

R4 47.E3 TO L F4 LE9 

R6 LEO F9 LE-3 F5 1. El 0 

Cl l.E-10 F6 2.1E3 

C2 2.E-12 QO l.E-3 

C4 400. E-12 N8 l. 

N9 L 

K2 300. 
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APPENDIX D 

CONTENTS OF DATA CARDS 6,7,~,9,10,11,12, AND 13 

, Calculation Card Number frequencies (Hz) 

l. Equivalent input . .. 
6 1.50.500.2100. 

noise over a band 

2. Input network 7 30.2000. 
frequency response 

3. Equivalent input 8 40.500.15000.20000. 
noise at one fre-
quency 

4. Equivalent input 
noise versus. fre- 9 10.25000. 
quencv 

5. Total noise at 
the output 

. ~ 10 1.50.500.2100.3000. 

6. Total system 11 5.40000. 
gain 

7. Noise bandwidth 12 1.50.1000.2100.3000.5000 
1 . E4 15. E3 2. E4 

8. Noi se fi gu re 13 . 100, 

l 
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