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DEVELOPMENT OF A COMPUTER PROGRAM

FOR TRANSISTOR NOISE ANALYSIS

ABSTRACT

A cbmputer 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 1/f noise meas-

urements.



Bil GISAYAR YARDIMLI TRANZISTUR
GOROLTO ANALIZI

UZETCE

Elektrik cihaz tasarmmi, endiistri ve askeri uygulamalar gibi pek
- ¢ok konuda giiriiltii 6nem1i bir sorundur. Cinkiu glriiti herhangi bir 61-
¢umiin dogrulugunu wve e1ektrohik olarak isleme tabi olan sinyalin en du-

siik degerini belirler. N

Disiik glirtiTtu sistem tasarwimi icin tek bir frekansta veya bir
frekans bandinda giris ve ¢ikis gliriiltiisiinin hesaplanmasinda, ylikseltec
ve sezici devrelerin tepki egrilerinin bu]unmas1ndavve girilti faktori-
niin belirlenmesinde bilgisayar yardimli guriilti analizi etki]i bir c6¥
zimdir. _

Bu téz'de i1k olarak sezici devrelerdeki ve tranzistorli yiiksel-
teclerdeki gliriiltii kaynaklari inceienmistif. Devre elemanlari ve alt
devreler i¢in girililti modelleri gelistirilmis ve bu modellerdeki giiril-
tlinin belirlenmesindeki hesaplama zorluklarini yenmek icin bir bilgisa-

yar progfam1 gelistirilmistir.

Baz1 tranzistdr parametreleri glrultiniin 6lclilmesi yardimiyla

bulunabilir. Tez'in ikinci kisminda da iki kutup]u eklem tranzistori-



niin parametrilerinden olan baz-govde direnci, al¢ak frekans giiriilti
Olcme yontemi kullanilarak belirlenmistir. Bu amac¢ dc¢in bir dlcme

cihazi kurulmus ve kullanilmistir.

iv
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I. INTRODUCTION

, E]ectr{ca1 noise is a problem in industrial, military, and consumer v
equipment design. The designer must be cognizant not only of the sources
of noise, but also of the methods of noise reductions that dne available
to'him. He will strive toward an optimum design. In this quest he must
use all available and app1{cab1e‘too1s. 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

result depends on the parameters of the system.

In this thesis,first'the sources of noise.ére exam%ned; these
sources include sensors and other devices, amplifier, and éssociated
circuitry.‘ Noise models are developed for circuit components and for
subsystems. In the desfgn 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.heceééary.fo éa]cu]ate'thernoige at mény frequenciés and 1ﬁté§rate
the mean square noise voltage over'the'bandwidth of interest. To simplify

the design process a computer program is developed for noise analysis.



2
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.



IT. NOISE MECHANISMS

2.1 INTRODUCTION

Noise is undesired‘fandom signals that obscure or interfere with
a desired signal. These'extréﬁéous signa]s.may be derived from sources
externa] to the system such as fhé electrostatic or electromagnetic co-
upling from the 50 Hz power lines. Another source of noise is the physics
,df the devices and materials that make up the electrical system. 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 statictia] basis. One important Way is to characterize them by their
statistical averages. The most'widely used averages are the meanvvaTue

X and the mean square va]ue’XZ. Often X s rigorously zero, and then

_ =
the most meaningful quantity is X .

The most signifjcant noise $6urces give rise to fluctuating quan-
tities that have averages and mean square averages that are independent of
time. Such raﬁdom variables are called stationary random variables.

>Stationafy random variéb]es have probabj]ity density functions'thét not

exp1ic1ty'depend on time.



A f]uctuating quantity X(t) can be déscribed by its spectral

density function Sx(f). By 1ntroducing this quantity, a fluctuating
voltage V(t) in a small frequency interval Af can be represented by a
noise voltage v Sv(f) af , where Sv(f) is the spectral intensity of .

V(t) at frequency f.

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

shot noise, and burst noise.

2.2 THERMAL NOISE

Thermal noisg; also known as white noise or Johnson noise, is
caused by the thermé]]y excited random vibration of the charge carriers
in anconductor. The expression for the r.m.s. noise voltage in the con-
ductor over a frequency interval Af is,

— 1

er = (e,°) = V4 kTR (2.1)

where |
k = Boltzman constant = 1,38 X 107%% W - sec/K°
T = Temperature of thé conductor in degrees Kelvin
Af = Noise bandwidth in Hertz
R = Resistance of real paft of the COﬂdQCtOr impedgnce

For the purpose of analysis, a hoisy resistor R is represented by an

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



. L
value e equal to (4 k TR Af)2 as shown in Fig.2. 1. This series

arrangement can be replaced by an equivalent constant-current generator

in parallel withthe resistor.

<= *

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 associatediwith current flow accroés a potential barrier.
Such a barrier exists in every p-n Jjunction semiconductor device and
cat thé cathode surface in vacuum tubes. The mean square éurrent fluc-

tuation is a function of the bandwith af:

i = 2q1 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.



2.4 1/f NOISE

1/f noise is also referred to as flicker noise or low-frequency
noise. The thin metallic of semiconducyor layers, carbon resistors,
carbon microphones, vacuum tubes, solid state devices, étc, 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) = Kk L (2.3)

" o ,
where

I-= DCAcurrent flowing through the device

f = frequency

B =2

o= 1

K = constant

The major cause of 1/f noise in semiconductor 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.



The power spectral density is a 1/% function with 1<a< 2. It s

: 2
often found to vary as 1/f . This noise is masked by other mechanisms

such as shot noise and 1/f noise.

2.6 NOISE BANDWIDTH

The effective noise bandwidth Af represents the bandwidth dfr
the equivalent rectangular filter which will pass the same rms noise
as the actual filter. Noise bandwidth is the area under the power curves
the integral of power gain versus frequency, divided by the pedk ampli=

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

o = G] s G(f) df N (2.4)
o o A
where
Af = noise bandwith in Herté
G(f) - power gaih as a function of frequency
G, = peak power gain

The equivalent noise bandwidth can also be written as

af = —1 [Af,(f)] df
o .

2 (2.5)
Avo
where
Av(f) = voltage gain as a function of frequency
Ayo = midband voltage gain

Let us assume the bandwidth of the overall frequency rénge is



f2 - f1. The transfer function 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
— f
2
Av =
f1

2

S(f) | H(f) 12 df (2.65

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 speétrum of fhe driving signal fhe

definition of the bandwidth is

; |
o G HE T s(e) af e

| M| S(F,)

where fo is a reference frequency_suitab]y 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 separate 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 generatoré. This statement cén be exténded to noise |

current sources in parallel.



If- e; and e; represent uncorrelated noise sources in series,

the mean square of the sum ;2 is given by,
(2.8)

In order to sum correlated waves, the general expression is

s vl 2 el el (2.9)
where C js called the correlation coefficient and can have any value
between -1 and +1. When C=0 the voltages are uncorrelated. When C = 1

the signals are totally corré]ated,



[T, 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 cbmponent of the voltage is given by

f+of
2

e’ = [ Sy(f)df = 4 k TRAF (3-1) .
f

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

1
7z

e=(e)? =/4KTRLT (3.2)

After a Norton - Thevenin transformation, we have the e]ements of the

current generator equiva]ént circuit shown in Fig. 2.1

- L
2

i<(i®) =/ikTGaf : (3.3)

If S(f) is assumed to be constant within a narrow fréquency band

Af, the following expressions are frequently applied :

10

J
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AJHz (3-4)

[N
]

JSi(f) Vaf  where ¥ Si(f)

®
i

- — 1}
v Sy(f) Vaf  where v Sy(f) V/Hz * (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+ jwC wil be frequency dependent :

e = — =1 n | (3-6)

3.2 TWO-PORTS

For a two-port network, the admittance equation is

i e il ' (3-7)
which may be expressed in the form:

11‘= Y., e +VY, e+ il (3-8)

I1 (3_9).‘

i =Y, € +Y,, & +1

'Figure 3-1 shbws the definitions of these quatities. Suberscripts I

and II refer to the input and output respectively.



-~ 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 11 . -
i® and i°" ) are required to characterize a two-port. These generators

are not necessarily independent. The noise equivalent circuit of the

_network is shown in Fig. 3.2

(a)

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

where -
iq = vV 4 kT gy Af
ip = V4 kT gy af
ic =

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:

2

. | o |
b s G ip) (v i) (3-10)
S P S S

i =iy + i) (i +ig ) (3.11)

~ (Assuming i,, i, and i, are independent)

I1

The correlation between 1I.and i"" is characterized by the product

* : * L
il 417 2 ig + ip) (dp +‘1:-) = ip 1§ (3.12)

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

I

cluded internal noise sources have been substituted by i® and iII and

by their correlation.

The equivalent circuit of Fig 3.3 may be uti]i?ed'even more

conveniently.
e
Ot
—|Noise- [
G free
! Jtwo-port|

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.

1]
—
4
—f

iy il it S (3.13)
L - .

and the correlating factor can be defined as, |1}



I* .1

C - e 1 »
Vil g | (314)

3.3 AMPLIFIER NOISE

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

hetwork is described. The network is considered as a noise-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 Rg.

Figure 3.4 Amplifier noise model with the»signa1 source -

Amplifier noise is represented completely by a zero impedance
voltage generator éa in series with the input port, an infinite im-
‘pedance current generator i, in parallel with the input and by a
complex correlation coefficient C (omitted). The thermal noise of

the signal source is represented by a noise generator ey.

The equiva]eht inpu£ noise is giyen by,



nij K2 : (3-15)

Where K = AZ./ (Rg + Z.)

2 . 2 2 20 2
n

and Vpi = € i RS (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
Vpi = € * e + RS +2C e (3-17)

S5 N
.3N|.

In Figufe 3-4, the correlation term can be represented as a voltage

. 2_.-2-1/2 . L. .
generator with r.m.s. value .( 2C e; i, J* 1in series with e, 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 thé ratio of thé available output noise power per unit
bandwidth to the-bortion of that noise‘caused by the actual source
connected to the input terminals of the device, measured at the standard

temperature of 290 °K, |

P - .
fotno g, o (3-18)

15
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Where P

no the output noise power

Pni the signal source noise power

AP power gain
! ) ' '
'Pno Fraction of the output noise power generated within the

two-port

An equivalent definition of noise figure is:

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

-The noise figure F can be defined in terms of e and i

n n
2 2 T2 R T2 T2 2
et + e, + i : e +1 Rg _
F = n n's =1 + n (3 19)
...'T 7
¢ €t

The equation shows that the noise figure can be expressed as the Eatio
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-
ferentiating Eq. (3.19) with respect to Rs. Then,

e, (r.m.s.) ip (r.m.s.)
1 +

F(min) (3-20)

2 kT af

and
en (r.m.s.)

Rg(opt) (3-21)

in (r.m.s.)



3.5 NOISE IN CASCADED STAGES

1St znd _-'_"""“."‘"_ » n‘th
s T R i
et i G, o 12 Gz 027 '3 G
| L

Figure 3-5 Cascaded networks.

The system shown in Fig. 3-5 1is a cascaded n-stage network;
where G, is the available power gain and P, is the available power.

According to Eq. 3-18 noise figure is:

F = (3-22)

‘The available noise power at the input to network 2 Pijy-is

Pi2 = Po

Piz 1 = F, G k T af . (3-23) -

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

Pos
©(3-24)
Go kKT -

‘Noise generated in stage-2 is;



FoGk Taf - Gk taf = (F,-1) 6k T af (3-25)

The total output noise Pt s given by the sum of term Eq 3-23 and
325 ;. | |

Py =G, (F]G1 kT af) + (Fy-1) Gok T af

= (F16,6, + F,6,- G,) k T af (3-26)
The noise figure of the cascaded pair is:
P
F t

6,62k T af ‘

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

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

is [4] :

ooooooooooo

It can be concluded that for an n-stage amplifier the overall noise
figure is nearly-the noise figure of the first-stage if the gain of

the first stage is sufficiently large.

18



IV. NOISE IN BIPOLAR TRANSISTORS

4.1 BIPOLAR TRANSISTOR NOISE MECHANISMS

The common bipolar transistor éontains sources of thermal noise,
1/f noise,and shot noise. The widely uséd hybrid -7 small signal
equivalent circuit is modified to include noise sources. The equivalent
input noise parameter Vg4 is derived for the bipolar transistor by

making use of the noise circuit model.

The base-spreading resistance - rpg , the resistance of the
1ightly doped base region‘between the external base contact and active base
region, exhibits thermal noise. Fluctuating base current Ig and col-
‘lector current Ic are responsible for shot noise at the respective
junction. The flow of base current Ig through the base-emitter dep-»
letion regioﬁ gives rise ,to 1/f noise. These noise generators are
shown in the hybrid- 7 noise model in Fig. .(4.2) Feedback elements Cb;é :

and "bie have been omitted for simplicity.

The noise voltage generator ey 'represénts the thermal noise
of the base-spreading resistance. The noise current generator ~i; 'is
the shot noise of the total base current and i is the shot noise of

the collector current. These generators arer

19
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ey = 4 kT rjsaf (4-1)
~ | ~

11 = 2q Ig of | (4-2)
2 ) |

1, =29 Ig of (4-3)

The source and load resistance thermal noise generatorsﬁare respectively,

=4 kT Rg af ' - (4-4)

- D
ot
!

(1]
—
1

4 kTR &F : C (4-5)
The correlation between i, and i, is Iy 1
c*o ) . -

At Tow frequehcies, gm = Re (Y21) = Y21 , so  Eg. (4.6) is simplified
to | |
: .
iy 2 =0

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

of 1/f noise current can be written as

- a |

< _ KIg. - :

g s — , (4-7)
f _ B

7 ranges between 1 and 2, but often can be taken as unity. It has been
found that the constant K can be replaced by 2qf; where q is fhe

electron charge and f| may have values from 3.7. kHz to 7 kHz. . -
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The value for f| is-a representation of the noise corner frequency.

The equation (4-7) can be rearranged in the form :

<
__2q fL I
f

(4-8) -

To derive an equivalent input noise V}ﬁ, firstbwe 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 the equivalent input noise Vpi s

given by I4| :

29Ic
2 .
o]

3 ‘ 2
Vpi = 4k T (rbb‘ + RS) + _2'918 (r‘bb/ + RS) + (rpy + RS + Y‘b/e)z

quL Ig (Rs+rbb’ )2 | 2 2
+ — + 2ql¢ (rpy + 1 . R) (—f—) (4-9)
£ - w Chle fr

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

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

The e; of the transistor can be written in the absence of the

source noise as

- ‘ 2ql

. 2 c ' 2
e, = 4 kT rpy + 291g (Y‘bb’) +-—2— ( rby + e )
| 8, |
20 I v |
. RS . ) 2 2 .
p 0L B T g (ppyr ——— ) ()" (4-10)

f Wl o fr
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And by assuming that 'RS is very large, Rg > rp a» 1; 'is obtained

from Eq. (4.9). After dividing each term by Ry» we obtain the i2

n
parameter :
- ot T 2q1
2 qr B : .2 £q
1, = 2glg + ———~ + 2q1C (—J:—) + ——;—TE— | (4-11)
f ' fr Bo
e
ek D
bb Vv, C
.—J\—- ¥ - —C

D e

Figure 4.1 Hybrid - 7 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 inside the sémiconductor
material, while in the Meta]?Insu1ator-$emic0ndUCtor 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 parémeters too.

The noise equivalent circuit for common-source operation is shown

in Fig 5.1." This circuit applies to both JFET or the MOSFET [ 4 ].

Gate Vv, ‘s Drain

IL
11

ms

4 =TI w1
q T @g"v,» * Eds<>|d

—0

Source

Figure 5.1 Noise equivalent circuit for JFET and MOSFET



The noise currént generator‘ igﬁ is the result of three physicaj
processes : Shot noise of the current flowing through the gate, 1/f
noise, and thermal fluctuations in the drain éircuit Noise genebator
id is the result of the thermal exc1tat1on of - carriers in ‘the channel

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

channel noise, the expression for iygq 1§ :

=4 K TAF g Ky (n) (5-1)

where 1>Kq (n) > 2/3 if 0 <n <13 9ms is the mutual conductaﬁce.

And the gate noise is [1] :

2 we C :
ig=4kTafi— kg (n)

5-2
g . (5-2)

For 0<n<l 1/12 < Kg (n) < 16/135

Both the channel noise and the gate noise are brought about by‘
“random fluctuation of the channel potentia], so there is correlation

between i, and i4 especially at high frequencies.

g .

* . L N ‘
ig ig =4 k T af Jules Kig (n) - (5-3)

if 0D<n<1, 0 <Kig(n) <1/9

For practical purposes for wh1ch the value pertaining to n =1 is
extrapo]ated is of 1mportance Then Egs. (5 1), (5-2), and (5-3)

vwil] take the forms :
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2 2 _— ' '

1d = ——3— 4 kT Ims Af (5_4)

P ) 2

.2 ) ]6 w2 C s .

fg=—m kT —2 4 (5-5)
Ims ’

x T o401

fg fa =~ 4k T jw Cgg af (5-6)

and the complex correlation factor is:

C = ' - 0,39 j (5-7)

This factor is fndependent 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'corre]atioﬁ has
little effect on either the design or the performance of the low-noise
amplifier [2] . For most. purposes we can ignore it. In the noise
equivalent circuit of the ffe]d effect transistor shown in Fig. (5-2),

‘the noise sources are reduced to the input port.

,76%1: g:is i
— T
| 'Noise-free
&, | FET
. 19 L

Figure 5-2 Noise sources reduced to the input in FET

BOGAZIC] Umvsnslrssi KUTliPrAnEsi



26

In junction field effect trénsistors the gate leakage current

Ig adds a further uncorrelated component to ~thé-:.gate-current fluc-

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

— 2 2 : |
i= 18 g7 WL pr o, og af (5-8)
9 135 O "9

The MOSFET has no.shot-noise'component.

5-2 FLICKER NOISE IN FET'S L

The devices designed for Tow-noise Tow-frequency operation have
a considerable increase of noise oﬁtput at Tow frequencies. This is
associated mainly with’surfa;e phenomena. The sufface effecté can be
e]iminafed, however, in junction - gate devices, aﬁd the residua] noise
is then due to fluctuations in thereconbination rate of carriers in
the gate-channel dep]étiqn layer. These f]uctuations modulate the
channel current and therefore are equivé1ent to an additional noise
‘ Vo1tage generator in the gate gircuit. There is a 1itt1e effect on the
gate current noise. - It is convenient to express the flicker noise power

. spectrum as:

ef = Af . (5"9)
3

~and the frequency f, determines the frequency at which flicker noise
first becomes noticable. The input noise vd]tage generator is then

expressed ds ;



(5-10)
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VI. NOISE IN SENSORS

6.1 NOISE MODELS

"~ To deve]op the noise model of a sensor one can start with the
A equivalent circuit diagram. To each resistance and current genérator
we add the appropriate noise generators'to obtain a noise‘equiva]ent

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

The current generators may have shot noise, 1/f noise, and excess noise.

An expression for equivalent input noise can be derived using the noise
equivalent circuit. The derivation of the equivalent input noise for

~the system follows three steps:

i. Determine the total output noise
ji. Calculate the system gain
iii. Divide the total output noise by the system gain to get

equivalent input noise

For six classes of sensors, noise models and equivalent input

noise expressions are derived[4]These sensors are :

1. Resistive sensor
2. Biased resistive source

3. RLC source

28
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4, Biased diode sensor
5. Transformer mode]v

6. Piezoelectric sensor

6.1.1 Resistive Sensor

Resistive detectors include the thermocouple, thermopille,and
PEM infrared cell. In Fig. 6-la the sensor is symbo]ized by signal
source Vg and series resistance Rs‘ A cdup]ing capacitor Cc can
be used if we are interested exclusively in the time-varying thpﬁt
of the sensor. Element RL may be useful for imbedance_matching.
A noise model of the Sensor-aﬁp]ifier system is shown in Fig 6.1.5.
Shunt capacitaﬁce Cp Can be the result of the sensbr assembly or

it may represent the capacitance of the connecting wires.

gl
e

I

|

.- E l

ns ) I
’ i o
{

(b)

Figure 6.1 (a) General system diagram for resistive sensor

(b) Noise model for computer



The amplifier is represented by the noise parameters ey and

in». and by its input resistance Ry and input capacitance C;. Following

the procedure, we obtain :

— _ - R ¢y o T
Vpi =4 k TRg +e, |1+ (1+—"L-) 43 (wRg Cp = ———)
RL Cc ' W RLcC
L
: ) 2
— 1+ 3wRe (cytc
P (e AkT 10 & (eprec) (6-1)
RL Jvce
and the gain is
§W R c¢ Ry

Kt =

. 2 )
Ri+RL - w RiR Rg (cicp + cice + cccp) + Jw [ (ci+ce) RiRL +

(cprec) Rs (Ri+R) ] (6-2)

: 6.1.2‘“Biased Resistive Source

Biased resistive sources include photoconductive -cells, .pie-
zoresistive strain gauges, and other elements which resistance changes
with the sensed parameter; The noise model is shown in Fig. 6-2b.

Fd]]owing'the method, the expression for 1nput noise is:

—V—;i =4 kTRg (_fL_) +‘ (_1'_,2, ,4 kT s (eprec) -] ———————R5+Rb
. LI RL . Cc . WRpce
~ 7 - 2
, ccRi (Rp+Rg) + RpRs(cptee) + J(w RSRbRchcp - (Rg+Rp)/w ;?’
Ry R Cc "
L

30



Ry (6-3)

and the system gain is

Rp Rp cc

K't=
Rp (Rp*RS) (cereq) + ReRy (cpree) + § (w RgRy i (cprec)

. R, R
+ W RgRpCecpRy - __E—i——é__l) (6-4)

where  Rp = R4Rp / (Ry + RL)'

- ;%’Fkb

4Cc
R, | Amp.
<R,
Ve

‘ €n
%

Vee

*

n

()

Figure 6-2 (a) Biased resistive source system.

I
|
IR

(b) Noise model for computer.

'- T T
R, | il
gRb inb ::CP sRz_ <} <'? $R5 :F'Ci

31
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"6.1.3 RLC Source

RLC source models coils, inductive pickups, dynamic microphones,
and various other inductive sensors. A general system diagram is shown

in Fig. 6.3.

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

(b) Noise model for Computer

The equivalent %nput noise is found as :

2 2 2

2 2 2 21 T2 2
Vn_i = 4 k T RS + [(]‘W CpLs) + (W Rscp) ] en + (RS+W LS ) 1n (6"5)
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~and the system gain is:

K, = i 1 (6-6)

t . 2 - '
Ri+Rg-w Rils (cprcq) + jw [ RsRi (cptcy) + Ls]

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 thrbugh
a bfas resistor. Incoming radiation cauées the cUrrent-f]ow to dincre-
ase. The shot noisé of the dc bias current is an extra noise mechanism.
.A system diagram is shown in Fig. 6-4a and the noise model 1is shown in
Fig. 6-4b. Where Cg is cell capacitance and ¢, is wiring cgpacitance.
For this circuit, it is most convenient to derive the expression for
equivalent input noise current Ip;. That equivalent is the sum of the

noise currents entering the amplifier.

——

L 2
2

4kT o 4k T L2 e
In.i =—————}+ 2q IDC(__EL—.+] ) + ———— + 1n+ N
R _ Ry z
(6-7)
where
jwlpR - '
7 - PP s Ry = Ry // Ry

Rp - w chpRp +lw Lp

. and the system gain is:“



- (6-8)

RiRyRL [ 1-w Lp (cp+c1)‘] -3 WLy (R{RL + RiRp + RpRi)

7 Ve
T Re
¢

Ce

X : A
\? g LP éFa\- Amp'

(a)

en

. | . )

| [~
4 5 1,4 L
&T JF.K s Y TR, ) Lé: d TRT C‘:

(b)

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

~ (b) Noise model for Computer

6.1.5 TranSformek~Mode]

There are three main reasons for using an input transformer to
couple the signa1‘source to the amplifier. The first is to transform
the 1mpedance of the source to match the noise resistance of the ampli-
fier and therefore minimize the system noise f1gure 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 can contribute to the overall system

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

former-coupled 1nput stage are shown 1in F1g 6-5 The transformer is

represented by pr1mary winding res1stance r, and r1mary 1nductance
p Y

and reflected secondary series resistance rs. The prime des1gnat1on

- is to indicate the reflected values.

€n
" T ; (<)
1 _/ ]
o € s g
. np nr )
RS . . ‘ SRI =
LP; M % RL(7 A 4 TG
€as ' |ln

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

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

— Retr
Vni =4 kTRs+4kTry+dkTrs|1s—P |,
’ jW Lp

, ) : .
= Rg + rp + r; + R (RS + rp) (rg + R)

en + +
» T,
Rp iw R|_‘Lp
2
.
—2 r. (Re +1.)
i + 4 f T (Rg + r_+ r;) NS T P (6-9)
R P ivlp

and the system gain is:

K, - J wlp Ry
’ 2 ’ ’ . ' P
Ra(rg + Rp) - W'Lp Rp Ci (Ry + rg) +jw [:(RA +rg + Rp:+ re
/
Rp Ci Rp (6-10)
[ / ,-
where . Rp = Ri//RL and  Rp = Rg + rg

6.1.6 . Piezoelectric Sensor

Ferroelectric éeramic elements and quartz crystals are examples
of piezoelectric transducer. These elements are used in microphones,
sismic detectors, vibration senSofs, and other devices where there is’
mechanical td electrical energy'conversibn. A:system diagram ahd’the

noise model for the system are shown in Fig. 6-6. Where Lpm and Cm
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are mechanical inductance and capacitance respectively, Cp s bulk

capacitance.

The system equivalent input noise is:

2 -2 ZS+Z
Vpi = 4 k‘T R + ey S

- 2. .
| 3 \ 2
L + [ 1n . 4 kT 7

Z 0 { R

and the system gain is:

7 74

Kt = -
Zs (20971) + 74 1
where
3 WRL Ly
Z =

2 .
RL-W RL Ly (Cb%Cp) +Jwly

2 i
Rs'j(]—Wmem )

~N
w
]

N
e
u

(6-11)

(6-12)



| Sensor
L éLx SR, Amp
(a)
o e,
AN
——{+)
. | |
.J..Cb _.CP % -
Cm T T Lx %R / A AF' T,
Rs _ L Int : <<:?n Ri |Ci
€ns l
|

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

~ (b) Noise model for computer
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VI1 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 [4].

1. Total equivalent input noise over a band of frequencies.
. ‘Input network frequency response.

Input noise at one frequency.

2w N

Input and output noise versus frequency.
5. Total hoise at the output.

6. Total system gain.:

7: No%se Baﬁdwfdth. |

8. Noise figure versus source resistance.

Calculation 4.6, and 8 are coupled in a plot routine.
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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 determines the transfer function from the sensor to

the amplifier input impedance. The freduency range must be selected.

0

’ 1
The program calculates at 10 frequency/decade stepping by v 10

Calculation 3 determines the equivalent input noise Vni in a

1-Hz bandwidth at any frequency specified.

Calculation 4 determines the noise voltage spectral density 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 amplifier 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 givéS the total noise at the output after it has bgeﬁ amplified and

equalized.

Calculation 5 integrates the total noise at the output of the

amplifier over the intervals selected.

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

"Calculation 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

- subdivisions are sensors, amplifier noise, and gain and response.

Argg._ noise
fSGﬂ\Fgg[__ﬁ
IZ

—— (%)y+—Gain and response
€ | ’ . | |
! 0 |

S

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 Sensor model

SOURCE 1: _ “Resistive source
SOURCE 2 ~ Biased resistive source
SOURCE 3 - Coil-RLC source

SOURCE 4 Biased diode source

SOURCE 5 Transformer model



SOURCE 6 . Piezoelectric sensor

To represent the amplifier or first transistor, the user selects

either the TMFET sodbroutihe,or the BJT subroutine.

The third major section of the sygtem 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 "TMFET" Model

It is shown in chapter 4 that the noise of a bipolar transistor
can be calculated from its hybrid- 7 values. The equivalent noise voltage
and current generators ep and »iﬁ arekrepresented in Egs. 4-10 and

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

The equivalent noise voltage and current generators e, and i,
for FET's are représented'in Eqs. 5-8 and 5-10. Symbb] equivalents used

in BJT and TMFET are listed in Appendix B.
7.2.2 Amp]ifief and Equalizer Response "AMPLG"

Noise at the load depends on the systém transfer function. The
transfer funﬁtion for each frequency-éhaping network is stored in
subprogram AMPLG. The Bode plot of eaéh network is illustrated in Fig.
7.2. |

By providing the proper Va]ues forAthe frequency corners, these
“curves can be combined to match most amp]ifiérs and equalizers. The
resulting transfer function is thenAthe bdoduct of them all. The midband

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

>
Gain

Gain
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b o — g
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|
Log f ! Logf
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£
'(g A4

Gawy,
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Figure 7-2 The Bode plots of the frequency-shaping networks
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For the first-order high pass characteristic, the transfer function

A1 is

N8
f/f
A1 _- < ]

ey |

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

dB/octave roll-off. -

The transfer function A5 is given by,
2 » ;2’
(f/£5) + ]

1

The gain decreases linearly at 20 dB/decade from f1 to f,. It remains

A2

2 (7-2)
(f/fy)) +1

constant for frequencies higher than f,.

- The transfer function A3 is :

(f/f3)2 +1
A3

(7-3)

2
(f/F,) +1

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

frequency roll-off.

The transfer function A4 for the resonant ‘peak’is::

- f/f e
A = — R - 78

[( (=(1/850Y + (2785 (V1 + 170 1) )2} ’
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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 1is entered. as QO.

| For the first-order Tow pass characteristic, the transfer function
‘A5 is described. by,
: N9 |
AS = ’ (7-5)

\/__-—2"
T+ (f/fs)

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 summerized in the

Appendix B.

In the calculations 1,3,4, and 5 the compufgr prints the four
output separately. The first output called SENSOR EN is the-therma] noise
6f the Sensor,~ The second output ca]]ed LOAD EN is the thermal noise of
the Toad resistance Ry~ and the other coupling network noise. The third
output cé]]ed'AMPL EN is the cohtribution of the noise voltage of the ’
amplifier. Then'the fourth output called AMPL IN3 ZS is the contribution
of the noise current of the amplifier. Thus, by 1ookihg‘at the computer
printout we can see the noise cqntribuﬁion of eééh section; sensor noise,
cOup1ﬁng network noise, and amplifier‘noise._ The total noise is also

pfinted out.
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VI1I MEASUREMENT OF BASE-SPREADING RESISTANCE

8.1 EQUIVALENT NOISE CIRCUIT OF A SINGLE STAGE TRANSISTOR AMPLIFIER.[241

The low-frequency hybrid-m noise model for a common-emitter amplifier
stage is shown in Fig. 8.1 at low frequencies [8]. Where e, and in rep-
resent the equivalent noise voltage and equiva]ent noise current sources

respectively.

_ti_z\,_fl_@ Jlin

'bE &, J

Rs in (be

| e
)

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

(b) The 1ow-frequency noise equiva]ént circuit

e, = (Zf')% = | 4 k t &f (rbH + —7?—)} ' (8-1)
io= (i) [akT o (— )1% (8-2)
! 28 re




The noise factor F can be written as follows :

: |
Pt st vt ) | Uy el (8-3)

28 rg RS E RS

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 Rg, noise factor given in Eq. 8-3 will be minimized.

% ’(8-4) :

Rs(opt) = (28 re (rpy +

T .
€%
- 2
: C2rpy
F(min) 21 + ( + )% | (8-5)
Bre B ~

For small values of collector current the minimum value of noise factor
also becomes smaller. When the condition I, << VT/rbH is satisfied

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

2

, (Re + 1) r. .
FE]e—o & €& (8-6)
2g re Rg ZRS :
Rg(opt) = VB re (8-7)
. —1/’
F(min) =1+ #* (8-8)

It is clearly seen that the equations above are base-spreading
’ resistance'independent. On the dthek hand, the collector current which

minimizes the noise factor is:
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: 3
VT (1-+8) * ‘
IC(Opt) = '(8_9)
(Rg + rpy)
It can be simplified as :
VT :
Ic(opt) A VR (8-10)
s

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

Y‘bbl.

When the base-spreading resistance is not negligible, inh order to
calculate thé values of Rs(opt) and F(min) rpy must be defined accu-
rately. The base-spreading resistance can be best determined by noise
measuremeﬁt methods [9]; Gibbons and Chenetfe proposed a.method for

determining rpy from the 1/f noise data ; Hsu proposed the method of

measurement from thermal noise data [10,11,12,13].

8.2 THE 1/F NOISE REGION

;fﬁn~the frequencies at which 1/f noise is effective (f <1k Hz),
- the noise current source {¥i répfesenting the base emitter junction
,gﬁrface ]/f- noise, and fhe‘noi§e>current sourCe ifz repreéenting
active base region 1/f noise»shou]d be added (Fig.8-2). The power

density spectra ,of g, and ifz are proportional to the bias current



of the transistor and inversely proportional to the frequency [jG]. '

Figure 8 2 The Tow-frequency noise equiva]enf circuit of a common-

-emitter transistor (ry + rp = fby) .

3 - , '
i, = K Ip % AR : (8-11)
7, = Kx Ig __A:_ | ‘ | (8-12)

The 1/f noise equivalent voltage sources can be obtained as the
product of the resistors parallel to 1f1 and 1f2 noise -current sources

. by these two_current sources correspondingly.

The experiments show that the resistance r, parallel to 16
noise current source shoqu_be smaller than the base-spreading resis-
tance ryf 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 Junct1on (ry) and a larger

'Ares1stance lying beneath the em1tter (rp).

For the frequencies at which the other ]ow-frequéncy noise sources

are negligible, the noise factor of a common-emitter transistor amplifier is:
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L2 : 2 L2 2
Fol s Tf1 (Rs * ra) . e (Rs * rbH) ' (8-13)
4k TR af 4 kTR af

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

S E o =

) 2 1, Y . 1
Rg(min) = | (ry + _f;_bb_.) /(1 o+ =2
ifl ' 1f1

)
) (8-14)

In the equivalent noise circuit, the current sources ifl

ifz- can be replaced by a single noise current source if to be connected

and

after rbs.

Accordingly the power spectrum of noise current source if can

be written as [16]:

p .
je=4kT—2— 2L (8-15) -

Py = the equivalent noise resistance which equals to 1/f noise of

transistor with the base open circuit, at 1-Hz.
Pyt = B re =B Vi/I¢

The value of po‘ can be considered to be constant when the col- .
lTector biasing current is betweén 10 yA and 1 mA. The dependence
of 1/f noise on the operating point of the transistor can be obtained from

“the. dependence of input resistance rb;e on the collector current.



For the values of collector currents IC in the order of microamperes,
Ys )

the current gain B is changed as B a Ic . That is why the effective
. 2/ o
value of 1/f noise is changed as Iés .

In 1/f noise region, the noise factor is as : ' -

;
(R, +7 1) v
= : s -~ bb
| 4 kTR, Af
s
from Egs. 8-15 and 8-16
1 (Rg + rt)= ° |
Fela— Po s_bb - (8-17)
"b'e Rs
For Rg(min) = r .+ the noise factor will be minimum
p
F(min) =1 + —— % r (8-18)
- |
b'e

8.3 MEASUREMENT OF BASE SPREADING-RESISTANCE [24]

‘The noise factor of a low noise amplifier which operates in 1/f

noise region will be minimum, if R equals to rpy’ . For determining

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

of the base-spreading resistance oy should be known.

In the method proposed by Gibbons and Chenette,for a suitably
selected source resistor, emitter current, and collector d.c. voltage,

the noise factor F is measured in the 1/f noise region [10,11].
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When the value of the collector d.c. voltage is sufficiently low and
the value of the emitter current is sufficiently high, 1/f noise factor
 15 changed proportionally with respect to (RS + rbb’) / R [Eq. (8-]63.
Then the-va]ue”of Rg which minimizes the noise factor will be'equa1 to

the base-spreading resistance b - -

Figure - 8-3 (a) The noise figure versus R for different values
_of I '

| B |
(b) The noise figure contours,

Since Fhe minimum points are not changed for different emﬁtter

_ currents, as it’i§“$hown 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 becau;é one reads a minimum reégion rather than a

minimum point for Rg [j],]é].

The method proposed by Chenette has been adopted for rbb
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measurements. Transistor noise is measured for the different values of

source resistor Rs in the 1/f noise region, the value of Rg{(opt)
which minimizes the noise is found ﬁfﬂ. By“repeating the-e*befiments
for different collector operating currents, the values of Rg(opt) are
p]otted»as a function of VT/IE’ The bqint at which the line intercepts

the Rs(opt) axis, Rs(opt) is equal to -ryy - (Fig. 8-4).

Re ..
F'S ‘Smln
Yn 4F/,,
V : /
| | \/ \/ I}(
R P ¥
N 7
] 1 . R __’ v ¥
R-Smin_ ( , . RS (-'l'bb' ' l’e
a) - (b)

Figure 8-4 (a) Re]atiﬁe noise power output versus Rg for differ-
ent values‘of“IE(IE] > Ipo > Ipg > 1)
(b) R(opt) versus rg = (Vi/I¢)

8.4 MEASUREMENT OF rpy  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 brder to achieve large current gain the generation-recombination
| center and the sgrfate,stéte density’in‘the devicé héve to‘beigreatly
reduced. Therefore thermal noise measurement methods are used in place

of methods of 1/f noise region measurement.



When the thermal noise of the base-spreading resistance suppresses
all other noise sources, the measured noise power is the thermal noise of
"bb

. By selecting the operating point such that irbH > 'rb.e/g is
satisfied for a common-emitter transistor, it can be éhown that the output

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

2
2 4kTrgpg Af
. _ bb .
i - | (8-19)

2

(Ppy + rb'e_).
If the transistor is biased in the small collector currents region
‘ (IC < 10 A and Thie >> rSH ), shot noise is the dominant noise. Then

2 .
1no is changed in proportion to the squared value of collector current;

2 : . o
"o Ic Af (8fZO)

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 Rg resistance which satisfies the condition (Rg + N )<< "o
is connected to the input terminal.

2 4

i = —

. no Vv

(rog + RS 12 af o (8-21)

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

the base-spreading reéistance o directly.

8.5 MEASURING EQUIPMENT

‘ adjustable
device under - gain |

meter

=0

‘wide-band nclrrfgl\t/v-ban dy
preamp. o ners

Figure 8.5 Block diagram of the meaSuring‘system
A block of the noise measurement set-up is shown in Fig 8.5.
‘The equipment used the base-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

Tow. noise biasing method shown in Fig.v8.6 has been adopted [4];

The network contains a resistor Rp connected between the junction of R,

and Rg and the transistor base. The cépacitor Cg 1is chosen so that its
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reactance at the}1owest operatihg frequency is small compared. to the
resistor Rg. This .CB provideé an ac.ground that eliminates any
noise generated in Rp ~and Rp from getting to the transistor. The
only biasing resistance that contributes no%se is Rp. The d.c. drop
accorss 'RD. need not be 1afge.- Because Rp para]]e]é the source
resistor, its thermal noise is 1mportént. However attenuation of
~that noise is present: Rg/Rp. It can be shown that the maximum ther-

mal noise contribution exists when Rp s low valued.

TVEC
51K %Rc o
-
A
R 2K O
Vs

Figure 8.6 The Transistor stage with noiseless biasing

~ The reactance of Cp Xca must be much Tess than Rg at the
Towest frequency of interest. We would select the reactance of Cg
to be no greater than 0.1 Rp at the Tlowest frequency of interest.
To meet the noise specification CE>.ﬁQst éffecfiveiy bypass the no{se
of Rp. The impedance of Cg=Rp  network must be low compared to

(R +'}L + R.)/B » Qﬁeré Rt 1is the Thevenin equivalent of all resis-
AR i e T |
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‘tance to the left of the base terminal, and the Ry 1is the input resis-

tance of the transistor alone. The resistor Rb;isldﬁﬂow noise type.

8.5.2 The Wide Band- FET Input Stage Preamplifier @4]

(Fig.8-7) 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

(2x9 Volt batteries). [25]

If the amplifier is representéd by an equivalent noise resis-
tance Ry 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-rRL: Fig. (8—8)’[?§]. For the conditioné
R=0and R > Ry the measured noise powérs are. Vi and Vz res-
pectively, and the ratio (Vi R/Vz) yields the noise resistance Rnf
The experimental results are plotted in Fig;(8-9) for the‘range of
frequncies of interest. A1l measurements will be relative to the

reference resistor R.

N A A V2=02(R"Rn)
! :,,— | :
R 100K | 9VRn ' i
Low-noi se Ré o noiseless X
reference - e omplifler L e
resistor L ' ‘

Figuré‘8.8 Equivalent fepresentation of the amplifier by its
~ noise resistance in series with the input of an
identical but noise free amplifier '
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Figure 8.7 The Tow-noise FET input stage preamplifier
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100k

IR

20k[—

10k
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1k
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I
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frequency (Hz)

. Figure 8.9 Equivalent series noise resistance of the
preamplifier at room temperature.
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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 =10 dB and 10 dB in 10 dB steps.

1M
—W—~= 20dB
M/ 70k
——WN—=1 10dB
100k o
—<4 0dB
10k |
——\WN—=<-10dB
10MF - Buffer stage
o—] (W e 1PF
¥ 100k | l
—————o
™
L - 4.7 k
WH
4.7k

Figure 8.10 Adjustable-gain amplifier and buffer stage

8.5.4 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,



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 f, and the Q factor are :

' R
fo = 1 . Q - ‘Q
27 RC R
fO
The bandwidth : BW =
Q
_ RQ
The gain at resonance : G(f)) =
in

Rin is adjusted to make the gain and the square root of

bandwidth product constant (G(f,) ¥YBW = 100) for each filter. The

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

ters are listed in Table 8.1

R
AN

Figure 8.11 BIQUAD filter
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. Rip Ry R C G BW
° (2) (o) ()
0ikez | 243k | 1 om | 566 k| 270 pF 4 '550 Hz
1 khHz 77 k T M | 56.6 k|27 nf 13 59 Hz
424 Hz | 47k | 1 M |5 & 7.35 nF| 21.5 1 22 ‘Hz
128 Hz | 27k | 1M 566 k|22 nF 37 7.25 Hz
84 Wz 2k 1 M| 56.6 k| 33.4 nf| 45 4.75 Hz
B Wz 1333k | 1M |51 ko0 nF| 75 1.80 Hz
14 Hz|5.8 k 470 k |51 k|20 oF 81 1.60 Hz

Table 8.1 The component values and the design parametérs

for the BIQUAD filters with G x./BW = 100.

62



IX.  SAMPLE PROGRAM AND- EXPERIMENTAL RESULTS

9.1 A SAMPLE PROGRAM

The program is used to analyze the noise in a magnetic cartridge

circuit shown in Fig. 9.1.

L R b |
— N —A\——o—+ !
| | |
> | Cp l - amplities
(% ! I _
| |
. V*| L v '
Cartridge ;] Input tr: 2N4250
~ Connection 1¢=100 F'A
cable -

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 Tisted in Table 9.1



Cartridge types L R R, C.

(1) SHURE Vi5- 11T |.500 mH. | 1350 o ' | 47 ka  |408 pF

(2) STANTON 881 S 510 mH | 900 ¢ | 47 ke |400 pF

(3) ORTOFON SME 30 H| 500 mH | 600 o | 47 kg 275 pF

Table 9-1

The frequency response of the magnetic cartridge preamplifier is

as shown in Fig 9-2.
u Voltage
# gamn

300

\~0dB/octave

30 C o —— — o — 4

. [ '
P . |
- 50 Hz ‘ 500Hz 21KHz

Figure 9.2 The frequency response of cartkidge preamplifier

according to RIAA Replay characteristic.

The program requires that the user assembles13 data cards.

-6dB/octave
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The first card contains the following

1. - Coloumn 1 : the sensor model (é number from 1 to 6)
2. Coloumn 2 : the input device (1 -for BJT, 2 for TMFET)

-3. Coloumn 3 : number of'¢a1¢u]ations

Card 2 s used for BJT or TMFET model. If the user selects
BJT, he must supply meaningful values for all nine locations. Symbol
equivalents are giveh Appendix B. When the TMFET is used the user must
supply meanihgfu1 values for four ]ocations. Source data are contained

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

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

a resistive sensoras discuésed in Section 6.1.1 does not have elements
c2, R6, L1, aﬁd L2. Harmless constants must be provided for these loca-
tibns on the card. A set of such constants for the cartridge (SHURE

V15 III) dis shown in Appehdix C. Card 5 is used to enter data for AMPLG.
For this data card, Harmless constants are given by Append%x C. This
example requires that the values for the break frequencies FO0, F1, F2,
F6, and the midband gain K2 must be supplied. A2 and A5Arepréséntations
discussed in Section 7.2.2 are used with N9 = 1. A1l 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 "SHURE V15 " III"

are listed in Table 9.2.

TOTAL ECUIVALENT INFUT NOISE OVER A BAND

YOLTAGE SOURCE MODEL
FREGIENCY

SENTOR EN LA EN AMPL EN AMF IM: 23 UM MOTZE
L.To S0, o '
.27 0.00 21,27 te.an 41,20
0. TO 00,
100, 20 D00 - 1F.26 120G, 37

=00, TO 2100

129013 .00 R 9= X SR.TE 3270

TOTAL NOISE VOLTAGE= 2AS. 20D - NANOVOLTS
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 each 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 inC]uding the amplifier input impedance, the output of

calculation 2 is shown in Table 9.3 (for "SHURE V15-III" Cartridge)

Calculation 3 determines the equiVa]ent input noise at the selec-
' ted frequencies. The computervoutpﬁt'for the cartridge "SHURE V15-~ITI"

is shown in Table 9.4
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Table.9.3 Input network frequency response.

The equivalent input noise versus frequency is determined from

calculation 4.

The program calculates and prints the noise 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 Rgls = 1), the

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

minimum.
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INFUT NOIZE VERSUS FREGUENCY

VOLTAGE SOURCE MODEL -
FREGUENCY

SENTOR

-—

) LOAD EN AMFL BN S

.:_;
i
w5
U

E Al
4,73 O.00 HeDE TP
.75 1. G0 L 08 T
4.73 .00 D0 S.ET
3.7 O.00 .04 .82
4.72 0, O 304 D73
.73 Q. Q0 T 04 5.74
4.7: 0.6 o 04 2.7
4.7 0, G0 .08 S.72

. TLOS .70
. W05 R EY

R TSNP

1 " o s

1 b :3 n (Ea 7

17w F.7% o ST

=31 " 7 = W57

Zla P a 57
7

] s = ”
wl . A -t 0 L

L3 i

R 3 WY e S
. 0.00 = ~

PRy

. 0,00 ] : .
R LT3 .00 = -1 .

1258 N d ., 00 =

Lo T} g
DI BB R R | SR B T VR S RO (U

; 0,00 = .
R ac 0,00 = .
. T 0,00 e S
LT3 3. 00 = Eia
LT Q.00 = Eow

ErR

P
'

.00
0. 00
(e OO

(RN

1 0§
D
2

"1

Ll CUR OO O DU P N

S R S N I S e
D T et T B T B B s s B B B B B B B BN B e I

a7 G, O
. 7 0, 00
A.73 0. GO0 S PRCIN
4,73 0., 00 19,23
4.73 0. G0 73 24,13 24,45

. Table 9.5 Input noise versus frequency.
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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 .

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

The total noise at the output of the amplifier shown in Table

9.6 is obtained by using calculation 5. (for "SHURE V15 III")
TGTAL NOIZE AT THE OQUTRUT

VOLTAGE TOURCE MODEL
FREGLIEMCY

SENZOR EN LOaD EM AMPL EN_H AMF IN;ZS SUM NOLEE
t. TiO S0, |
D3840 44 0.00 D40, A3 ' ajau.qg LOSE0,. 1S
S0, T GG,
FERT77 .70 » O, 00 SOoE., 47 130w, 39 PR POt
SO0, TO 2100, -
C4ES9, 30 0. 00 o I12ELTO0 1405.548 47,87
2100, TO 3Qoo,
2EET.02 - 0,00 125,33 13%6&.0% 334?.14
TﬁTAL NOISE VOLTAGE= 1S733.87% MAMOVILTE

[N
-
[y

T .

Table 9.6 Total noise at the output

The total equalized.system gain is determined by using caTcu]—
ation 6 (in Table 9.7). Calculation 6 p1ots the gain versus frequency
tod. |

| In the ca]cu]atfon 8 the program calculates tHe noise figure
versus source resistor at a selected frequehcy. The plot of the noise
figure versus source resistor at 100 Hz is shown in Fig. 9.4 (for “SHURE

VI5~III" Cartridge)
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‘The plot of the total output noise of the

Figure 9.3a

cartridge "SHURE V15-1II".
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#9 I
#1 5%
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#0071

AONMHINE SMNSYIA ISION LADLOD TWLOL 3HL 40 1074

Figure 9.3b The plot of the tdtal.output nbise of the
cartridge" STANTON 881s".
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Figure 9.3c The plot of the total output noise of the

cartridge “ORTOFO.N_SME 30 H"
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9.3 EXPERIMENTAL RESULTS

The BC 109- Silicon p1ahar epitaxial ‘transistor is selected for
measuring the base-spreading resistance }beacuse of its poﬁu]afity
».and - Eow PBY resistance. Figure 9.5 shows the plot of the rel-
ative noise output voltage as a function of the source fesistor RS.

with the emitter bias current as parameter.

-Noise is measured at four different values of emitter currents.
For each emitter current value, the source resistor Rg is varied to

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

aged by eye.

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

apprdkimate vé]ues of Rg(min) are 180 q., 2901i; 640, and 1310¢q .

Figure 9.6 is a plot of the Rg(min) as a function of kTA;IE.
The best fit to the data is a straight line intercepting the Rg axis
at -220 q. This yields the base-spreading resistance rpy of the test

transistor.
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" Figure 9.5 The plot of the relative output noise voltage as a function of Rs

16 :
R, OHMSx100

for different

values of I (*The thermal noise of 100 K Resistor = 43 nV.)
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Figure 9.6 The plot of Rg(min) as a function kT/qIE for BC

109 transistor.
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~ CONCLUSTON

Various circuit ana]ysis‘programs afe évai]ab]e in the 1iterature
for computer-aidedkdesign. Programs.fok a.c. analysis, such as ECA? and
HICAP, can be used in noise problems. One has to introduce tﬁe noise mech-
anisms in the computer model in the form of noisé 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 ca]cﬁ]atés the noise as a function of frequency
only. Although it is possible to use argeneral circuit ana];sis program,
in noise prdb]ems, it seems to be much faster and convenient to use the

program given in this thesis.

Noise is essentia]]y,unaffectgd 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 dr feedback determined to meet the gain, bandwidth, and
impedance requirements.b This apbroach;a]]ows the circuit designer to op-

timize for the noise and for other circuit parameters independently.
~“The ultimate 1imit 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
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~ such as bipolar transistor or field effect transistor, and the associ-
ated operating point to minimize the generated noise. If the amb]ifier

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 it may suggest a different operating point. By chahging
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 providé a convenient
and reasonably accﬁrate means of measuring the”base—spreading resistance
rpy - This method requirés a large amount of 1/f noise and relatively
small value of‘rbg and therefore is not applicable tg high-gain transistors.
In the measuring instrﬁﬁéntation a low noise FET input preamplifier is
used. Since a wave analyzer was not available, BIQUAD typé band-pass
filters operating selected frequencies are designed. For the instrumeﬁ-
tation and test c¢ircuitry, the screenning  has been provided because

interference may be effective on the noise measurements.
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APPENDIX A

FROGRAM CNXCXNPUT, ELTRUT, TAFES= =XNPLIT, TAPEA=KUTFUT)

DIMERZION FRO10), FG200), EG(200), 61 (200), 5 MGCI00 ), G (200)
DIMENZTON Fa{lo), FAl1Hh(DOH) RLa(hnu) EUH\ UH) GIL(200)
DIMENZION SUMOG(200) '
COMHON 2, BO, B BRO,CL, C2, 02,04, CR, GO, O, Do, 01,0, E,ED0,F.FO.F1,F2
COMMON F4, F«,Fh,}/ Fa,Fv, 1,10, I P IB, IC, ICR, K, KO, K1, K2, 9, KT, L1, L2
COMHON M2, M4, N2, N2, N7, NM, P, R, Rh,R-,R4 R&,R7.R10, RiL,RiZ,0,00,01
CORMMON SI0M, T, TO, w Al AL AT, AL, AS, AL, AT, A%, AT, AQ, Rl:,";.Nl ﬂ',Lx
REAL I,10,I12,IE,IC,ICRE,E,KO,K2, K4, ET,L1,L2, N2, NE, N9, K

0OATA JF,JR,d_,JT,JU,JV,JY,J?,JH/QbO/

DATA IZ,IW, 10, IV, IW, IM, IR, IR, IS/ %0/

READ IN VALUES FOR M4 (SOURCE USED) , NM(NOISE MODEL) ,

NN (NUMBER OF CALCULATION)

READC(S, #) M4, NM, NN

Lo 100 Le=1, NN

IF(NM-1Y101, 102, 103

WRITE (A, 42)

FORMAT(1H1, //, "ROISE MODEL  IMPROPERLY SELECTED”)

GO.TE 1508

READI IN VALUES FOR BRJT--

READ(S, &) R1Q,EB,F7.F2, 01,02, 1o, ICR, 02

GOOTO 104

REALD IN VALUES FIOR THMFET

READ(S,.=) Fa,C8, ICE,E .

READ TN VaALUESZ FOR SENSOR . MODEL

REAL(S, #) R1,RZ,R3Z.R4,R&,C1,C2,C3,C4

READ(S, =) Li,L2,12,T,7T0,F%

READ IN VALUES FOR AMPLG -

READ(S, =) FO,F1,F2,F32,F4,F5,F4,00, Nu,N L2

F=2.1415%

Gr=1., A02E~ 1”

k=1

iy N'_lvu

E0OTO (‘1()’1, 505 1y T )._u, =15 v, S05 > 505) s M

G070 (710,720,730, 74H,750,7cu,770,/wn) M2

GO TO (810,72 H,DJH S840, 850, 7&0,770,730), M2

TOTAL EUHIVAlENT INFHT NTSE UVER A LBAND

WRITE (&, 21)

FORMAT(//, 22X, “TOTAL EDUIVALFNT INFUT NOISE OVER A EANRT, /)
l=1

CALL PRINTL

CAlLL PRINTZ2

CALL INTEGR

N2=SRRT(N2)

WRITE{&, 81) N2

FORMAT(//,2X, “TOTAL. NOISE VOLTAGE=",F12.3, 23X, “NANOVOLTS?, /7/7)
Gy T ey -

IMPUT NETWORE FREGUENTY RESFONCE

WRITE(S, 22 i :

FORMAT (/7. 2X, “INFUT NETWORK FREGUENCY RESFONSES, /)

cAlL READL

CALL PRINTS

Mi=32

CALL SOURCE

CaLL FRINT4

G TOO (71, 22), LXK

ZE AT ONE FREGUEMCY -

HRITE (&, 27 o . -
FORFIAT (/7. 2X, "INFUT NOISE AT ONE FREGUENCY -,
READ(S, =) (FROIK), IK=1,10)

WRITE (&, &2

FORMAT (7, 2%, “FREGIIENCY ")

CALL PRINTZ

IL=1

F=FR(IL)

IF(F)?%9, 99,1501

El=1

ALl K17
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=1 lu"l—-“l T CE+T+D4L)

: 24) EF,D,DL,E, I, SUH
=4 [HRHAT(I7,5F12,E
TL=IL+1
GO T 2
: THPUT AND CUTPUT HOISE VERSUS FREGUENCY -
740 WRITE(&,24)
24 FORMAT(//,2X, "INPUT NOIZE VERSUS FREGUENCSY S, /)
ix1=1 c o )
ZALL REALDN
Call PRINTIL
ZaLL FRINTZ

LE=1
149% CALL KIT
JF=F
SUN=SORT (E+I+D+D1 )
£ RY(E)
T RT(I)
D=S0RT(D)
D1=SERT (L)

WRITE (&, 24) JF,D,0M,E, I,3UM
EG(LE)=E

GIOLEI=T

SLIMG LR =50

Ml=%

Call SOURCE

IAlL AMFLG

EQG(LK)=V.AJ
GOI LK) =k0=]
TMAOG (LK) =K O=SUM
CFGLED)SF
IF(F-E1)1
143 F=F=l.,252
LE=LE+1
GOOTO 1495
21 WRITE(E. 7LD
71 OFURMAT(///,2X, “FLOT OF THE CONTRIBUTION OF THE NOISE -
FoLOVOLTAGE OF THE AMPLIFIER AT INFUTY, /7770
CaLl FPLOTI(LE,EG,F5,1,dR, IZ,LF)
_ WRITE(A.73) ' ‘ '
72 FORMAT(///,2%,“FLOT OF THE CONTRIBUTION OF THE NOISE -,
1 CCURRENT 0OF THE AMPLIFIER &T INFUT”,///)
caLl PLOTI(LE,GI.FG, 1. JR, IW,LF)
CHRTIVE(A, 73D _
FURMAT (///, 2%, "FLOT OF THE TOTAL INPUT NOISE VERSUS FRERS, ///)
CALL PLOTLOLE,SUMG, FG, 1, J5, 16, LE)
WRITE(&.745) :
745 FORMATC//7/7, 2%, 7FPLOT OF THE CONTRIBUTION OF THE NOISE 7,
+ CVOLTAGE OF THE AMFLIFIER AT THE OUTRUTS,///) :
Call PLOTL(LE, EOG,FG, 1,47, IV, L)
URITE (&, 744) .
4a FURMAT(// /. 2X, "FLOT OF THE CONTRIBUTION OF THE NOISE -,
+ “CURRENT 0OF THE AMPLIFIER &7 THE QUTRUT,///7)
CALL PLOTILE,GOL,FG, 1, J0, IO, LE)
WRITE (4,747
747  EORMAT(///7.2X, “FLOT OF THE TOTAL  OUTRUT NOISE VERSUS <,
+ CFREQUENCY S, £ /7))
Ciatl, PLOTE LK, SUMDGE, FG, 1,4V, IM, LF)
GooToee '
TOTAL NOISE AT THE QUTRUT
7RO WRITE(ES. 25
25 TUORMAT (/ /7, 2X, "TOTAL NOISE AT THE OUTRUT<, /)
Ki=2 ~ -
CALL PRINTIL
CALL PRINTZ
CALL INTEGR
G0 70D 703
. TOTAL SVSTEM GAIRN
740 WIRITE(A, 24) : _
4 FOERMAT /7, 2%, “TOTAL SYSTEM GAIN-, /)

L0
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o
-

9z

94

210

211

o
)

240

241

1491

Dy i)

74

75

7é&

245

245

+

+

+

4

TAlLL READL

CALL FRINTS ) 82
LE=1 .

M1=2 T

AL SDURCE

CAaLL AMPLG

FO=EO=ET

ZALL PRINTA

GE (LK) =EQ

FGLE)Y=F /1. 2589254

Li=L1+1

GIOT0 (74A1,22),LX

WRITE(A, 24} .

FORMAT (/ /7, 2X, “FPLOT OF TOTAL SYSTEM GAIN-‘, //)

Lk=LE-1

CALL PLOTZ2(LE,GE,F3)

GOOTO 2w

WRITE(A, 210

Ki=1

CALL PRINTZ

CALL INTEGR

NZ=23RT (N2)

WRITE(a,27) N2 )
FORMAT/ /7, 2X, “TOTAL NDISE CURRUNT=",F12.4, 3%, "FICOAMFERS", /)
GO TO e -
WRITE (&, 23) ' -
‘READ(S, ®) (FR(IE), IV-l 10)

WRITE (4, 22)

FORMAT(//, 2X, "FREQUENCY SENSOR IN  LOAD INY)

GEDOTO 731

WRITE (&, 24)

K1=1

CALL READI

ZALL FRINTZ2

LE=1

CALL EIT

JF=F

:UH~FWHT(E+I+D+U1)

D1 =SERT ()

WRITE(&, ©4) JF,D,D1,E, I,SUM
Efi (L) =f

GICLE)=T .

SUMG CLK) =ZUNM

Mi=2

CALL | SOURCE

“CALL. AMFLG

KO=KO=KT

KO=SORT (KO)

EOG (LK) SEO=E

0T (LK) =KOs1

SIUMOG (LK) =HO=S

FG(LE)=F

IF(F-E1)14%1, 14791,

F=F#1. 2529254

L =L+

GOOTO 241

WRITE(2,74)

FORMAT(///,2X, “FLOT OF THE CONTRIBUTION OF NOISE -,
“VOLTAGE OF THE -AMFLIFIER®,///)

CALL PLOT1(LK,EG,F3,1,JF, 1Z,LF)

WRITE (&, 75) :

FORMAT(///, 2X, “FLOT OF THE CONTRIBUTION OF NOISE -,
“CURRENT OF THE AMFLIFIER®,///)

EALL PLOTL(LK,GI,FG, 1, JR, IW, LF)

WRITE (&, 74)

FORMAT(///,2X, “PLOT OF THE TOTAL INFUT NOISE VERSUS FREG®,///)

CALL FLOTLCLK, SUMG, FG, 1, 35, 16, LF)

WRITE (4, §4%5)

FORMAT(///,2X, “FLOT OF THE CONTRIBUTION OF THE NOISE -,
“VOLTAGE OF THE AMPLIFIER AT THE DUTFLTY,///)

CALL FLOT1(LK, EQG,FG, 1,47, IV,LF)

WRITE (&, 246)

FORMAT (///, 2X. “FLOT OF THE CONTRIBUTION OF THE NOISE -,
FCURRENT OF THE AMPLIFIER AT THE CUTRUT,///)




247

fxx]
il

1%

e

1t

12

”~
pe

- 78k

100

1506

rall PLOTLOLE, GO, FG, 1, JU, T, LE)
WRITE(&, 247)
FORMAT(///, 2%, "PLOT OF THE TOTAL DUTFUT NOISE VERSUS
’FRCNHENFY VIS
CALL FLOTI (LK, SUMOG, FG, 1, JV, IT,LF)

I3

S0 TO e
WRITE (&, 25)
fl=2

alll PRINTZ

CALL INTEGR

GO TO 811

NOTZE DRANDWIDTH

TOF=0.

READ(S, =) (FR(I),I=1,10)
Kl=2 : i
M=1

Bl=2

IF(FB(NY)Y 14,177,177
S=A{FR(N)-Fa(M)) /24,

R=0, '

F=FG{(M)

F=F+3=
TALL KIT

R=R+e=2,

IF(F-FRN) 2, =55) 18,18,19
F=F&(r)

F=EF+E/2.

CALL EIT

R=R+E¥s4,
IF(F-FOUN)+S) 11,11,1%

F=F+5
GOOTO 20
F=Fa(M)

EX=FR(N)=FR(M)
CALL KIT

R=R+ET
IF(F-FRON 42, 5#3) 14, 15,15
F=F+ZX

Gy 7O 13

TOF=TOF+R=%/4,

M==p1-1

N=N+1

IF(N--10) 1,114

TOF=T0F/ (K28K2)

WRITE(A, 22) TOF .
FORMAT (/7 /77, 2%, "NOTE E EANLIWIDTH=",F12.0,///)
GoET v

MOISE FIGURE VERSWE SOURCE RESISTANCE
READ(D, #) FF

F=FF
R1=10.
k1=1
Li=1
CALL KIT

SUM=(E+I+D+D1)
FACTOR(LE)=10, b(ALuuln(.HM/D))
RES(LE)Y=R1

Rl= R131.95T7“=4

L= +1

IF(RLILLT. 1O00000,) GO TO 781
Lb=Lk-1

WRITE(&, 782) FF

FORMAT (/7 /7, 2%, “NOISE FIGURE VERSUS SOURCE RESISTAMUES, 7/, 2X,
“FREGWIENCY=",F7. Q, "HERTZ’ y £, 2%, TSAURCE RESISTANCE NOISE EIGURE".
, © DESIBEL- ) ' i
I LK

HRITE\(,7U4) RES (., FAITUR(J)

FORMAT(2X,F12.0,5)Y,F7.3

WRITE(4, 785) FF ‘

FORMAT(///,2X, “FLOT OF NOISE FIGURE VERSUS SOURCE RESISTANCES,
AT “,F7.0, “HERTZ’, /) :

CALL FPLOTL (LK, FACTOR, RES, 3, JW, IS, LF)

WEITE (4, 784)

EORMAT (1%, “OHM")

CONTINUE

CONTINUE

STOP

—



SUERDUT DN READD

corHon B, BO, R, BEO, L, CQ,C:,_4 r.,_}ﬂ o, 0o, o, 0o, E,EQ,F.FOF1,FZ
COMMON F4,FS,F&,F7,F8,F2, 1,10, 12, IR, I, ICE,. K, KO, K4, EZ, B9, KT, L1, L2
COPFON Q,Mq;NE,Na,NQ,NM.P,Rl,RE,RS,R4,R6,R7,RlD,Rll,RlE,E,@D,ml
COMNON SUR, T, TO. W, AL, AZ, AR, A4, AS, A&, A7, A%, A%, AQ, RIS, F3, ML, 22, LY
READ(S, =) RO,Bl , '

F=R0

RETLRN

R

SURROUTINE MODEL 3

COMMoN B, BO, B, BEO,CL, T2, 02,04, C8,CEO,D, 00,01, 010,E.EQ.F,FO,F1,F2
COMMON F4,F5,F6,F7,F8,F2, 1,10, 12, 1B, IC, ICE, 1K, KO, K1, 2, K9, KT, L1,L2
COMMON M2, M4, N2, N2, N2, MM, P, R, RE, RS, RE,Re,R7, R10,R1L, RLZ, 0, 20, G

COMMON SUH, T, T0, W, AL, AZ, 43, 44, AT, A, A7, AR, AT, AD, 51:,Fg,n,,nr Lx
REAL 1 .

IF(WM-~1)11. 12,12
STOF
CALL BJIT
RETURK
CALL TMFET
RETLURN
END
SURROLTINE BAT
COMMON B, BO,BY,EBMO,CL,02,02,04,02,CE0, 0,00, 01, 010,E,ED,F,FO,.FL,F2
CIOMMON F4,FS,F&,F7,Fe, F9, 1, 10,12, 18, IC, ICE, 1K, KO, KL K2 7, KT, L1, L2
CORMMON M2, M4, N2, N2, N, N, P, R1,R2,R3, R4, Ré, R7,R10O,R11,R1Z. G, 210, G
COMMON SUM, T, TO, W, AL, AZ, AS, Ad, AS, A5, A7, A8, A%, A0, R1Z, F2, M1, 02, LY
REAL I, IP,IC,ICE K '
W=2, s#F=F
IB=1IC/B+ICE
X1=4, 0=EET=R10 )
X”“(2.05“#1F4(510+B/(IL°4U Yiw=2, )/ (E=E)
: JfRIU+1./(NvP“))bﬂd.#fF%F)/(F'*Fo)
1B (R10) =2
(Si= »h.r/~(lf°4“1) R10=R10/ (Fa=R2)
E=X14+X2+X3+X44+X5

Xea=m, O=0sIB+ (2, 0=20EF72 (I RBesnl) )/(F:rc-.c:ll2;
X7=2.0=0=2IC/ (BE=R)+2. 0= ICxFsF / (FO8F2R)
I=X&+XT7

RETLIRN

F T

SURROUTINE TMFET

COMMON B RO, BL,BEG,CL,C2, 02,04, 08,00, 0,00, 01,10, E.ED0,F,FO,F1, rﬁ
COMMON F4,FS, Fe, F7,F8, F?,1,10,12, IR, 1, I0E, K, K0, K1, K2, K5, T, L1, L2
COMMON MPL M, N2 NS, NP, NML, P, RLLREL, RS, R4, RE,R7,R10, BULLRLP, 6, GO, ni
COMMON SUM, T, TO, W, AL, AZ, AT, A4, AT, AL, A7, AZ, A7, AO,R1E, F3, M1, uz,Lx
REAL I.E

W=3, slrep

X1=4.8KuT

E=({Z. /3. )=Y1/By= (1, +F&/F)

1”(16./1uu.)°H°NbCQ°CC°X1/B+ LEQRICE

RETLURN

END

SUBRIMITINE AMFLG

COMMON B, BO, B1, BKO, 01,02, 03, 04,08, CKO, D, DO, D1, 010,E,E0,F,FO.FL.F2
COMMON F4,FS,Fé,F7,F2,F?,1,10,12,1IE, I, ICR, K, KO, K1, ';,hv ET, L1, L2
COMMON M2, M4, N2, NE, NY, NM, F, R1, R2,R2, R4, Ré, R7,R10, R1L, RLE, &, G0, 61
COMMON SUM, T, TO W, A1 A2, AZ, AG, AT, AL, AT, AR, AP, AD, R1Z, F2 Ml nh,Lx
REAL N2, M7, HK2,ET

Al=((F/FO)Y/Z(SORT(1.+(F/FO)==x2, )) ) s

A= (F/F2) 562,41,/ ((F/F2+F/F1)sud.+1.)
AE=((F/F2+F/F8)su2. +1. ) /((F/F8) s, +1, )

As=F/FS

FE]URN

Ern

SLEROUTINE INTEGR .

COMMON B, EBO,EL,EBEO,C1,02,03,C4, 08, CRO, 0,00, 1, D10,E,EQ,F,FO.FL,F2
COMMON F4, FJ,rL-F7 F&,F¥, 1,10, _,ID IC, ICE, B, KO K1, K2, KP, BT, L1, L2
COMMON M2, M4, N2, N%,N?,NM,F,R1,R% yR4,R&,R7,R10,R11, R12, &, 20, 21
COMMON SUM, T, TU W, Al, AZ, AT, A4, A',AQ,A7 Au,A” AQ, RIE,F_,MI “E,LX
TIMENSIUN FR(10)

REAL I,1I0,N2

N2=0.0
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144

[
[
il

1=

1510

1500
1520

F"'FI (L )

BREADMS, ) (FROIE), Ik=1, 1)
L=1
A=z
IF{FROIILZ, 121,122 - - -
WREITE (&, 92 FROLY,FR(D)

FURMAT(/,F7.0, " T, F7.Q)
H7=(FR(D~FRL) ) /24,

[10=:0.,

u1n—n

HY* =R (.l ~FR{L?

CAaLL EIT

ECG=EO+E

TO=10+1]

HO=T30 1

O1O=010401
TFAF-I"ROD+2, 52H7) 141,142,142
F=F M

GO T 144

F=FR(L)

F=F+H7 /%,

caLl EIT

EO=EQ+E=4,

TO=]0+I=4,

DO=RO+Dg .,

D1 O=01 04+ =4,
IF(F-FROD+H7)Y 151, 151, 1
F=F4-H7

G0 TO 154
F=FR{L)
F=F+{7

CALL KIT
EQ=EO+E=Z,
IO=T0+I=2,
OC=00+0=2,
1O=D010+[11 =2
IF(F-FR(D+Z.=2H7) 141, 161, 162
NZ=N2 *(EU*IU+UU+D1U)*H"/L.
H2=H7/

SUMD= 'RT(DﬂﬁHS)

ZUMD e
SLME= T (EO=HE)

SIMI=SORT CIO=HE)

Sumaum-‘WR1((FurIn+nn+m1n)bH’)

WRITE(,24) TUHD'Zﬂnﬂl,:UHE,:UMI,&HM,UM

FORMAT (/,6X,SF12.2)

L=L+1

MEMES]

TFCI-10)132, 135,121

RETURN

ERT

SURBROUTINE KIT

COMMON B, EBO,BL, BEO,C1, 02, 02,04, C8, 00, 0, 00, L, ﬂln E,EOQ0,F,FO,.F1, FJ
ZOMMON F4 Fa, Fé, F7,Fa,F?,1,10,12,1E, IF ICE, F,LU.Ll,Lk,L” KT,L1,L2
ORI MQ,M4,N?,NB,N?,NM,P,RI,RE,RB,R4,R6,R7,RiO,Rll,RlE.@,QO,ﬂl
COMMON S0, T, TO, W, AL, A2, AZ, A4, AD, AL, A7, A, A7, A0, R13, F3, ML, 002, LX
REAL Y. HO EZ,EY :
IF(ELI-1) 1500, 1510, 1520

Call. MOneL

Ml=1

ALl SOURCE

RETIHRM

STOF

CAaLL KITE

RETURN

END

SABROUTING EIT2 ’

COMMUN B, BO,EBEL.BRO,CL, G2, 03,04, 08, CEO, DL, DO, DL L0 ELED, FL,FOFLL,F2
COMMON 4, FS Ff,ll,;=,r?,1 10,12, 15, IL,llE ELEOVEL S, L“ ET, L1 L2
COMMON M?.M4 NZ, NE, NT, NM, P, RL,R2,RE, R4, RE,R7, R10, R]l R12, 8, 00, ﬂ1
COMMON SO, T, TO, W, 41, AZ, A2, Ab, AS, A4, A7, A2, A7, AD, Rl-,Fu,Ml,“k,lX
REAL 1,EO0.E%,ET
CALL MOEL

Ml=1

CALL SOURCE
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10

110

20

120

Mi=2
CALL STLIRCE
CALL HNPLH

RE rllf¥r4

END

SUBROLTING SOURCE )

MMON B, BO, BL, BRKO, O, 02, 03, 04, 08, CEQ, D, 00, L. O,E,EQ0.F.FD.FL,Fo
COMMON F4,FS,F&, F7,F28,F%,1,10,12, 15, IC, ICE, K, KO, }1,|-,|4 KT, L] Lo
ZOMMON H:,H4 NZ. N&, N7, NM, F,RL,RZ,RE, R4, R, BR7,R10, k11, R1.
COMMON SUM, T, TO, W, AL, AZ, AZ, AL, AS, Ad, A7, AT,A,,AU R1Z, Fa, ML, 02, LY
REAL I . .

GOOTOD o (1,2,5,4,5,6),M4

CaLL SORCEN ’

30 TO =
Call SORCED
S0OTOw
ALL S
GooTo ®
LAl SORCEQ
GOTO
CALL SORCES
G0OTO 9 ’
CALL SORCEA
RETLURN

END

SUBROUTINE SORCE L

COMMON B, BO, B1, BKO, C1, C2, C3, 04,08, CKO, D, 00, 1M, D10, E, E0, F, FO, F1,Fz
COMMON F4,FS,Fé,F7,F8,F9, 1,10, 12, IE, IC, 1B, K, KO, K1, K2, K9, KT, L1, L3
COMMON. M2, 14, N2, N&, N9, NM, F, R1, R2, R2, R4, Ré, k7, R10,R11, R12, @, 00, 04
COMMON SUM, T, T0, W, AL, AZ, AZ, Ad, AS, AL, A7, AR, AT, A0, R1Z, F3, M1, 62, X
REAL 1.k, KO

W=z, wFaf

GOOTO (10,1100, 1M1

AD=1.1(R1/RZ) % (1, +01/05)

AL=WER1SC1= (1. / (W=C3sRE) )

AZ=HERLE (C14+52)

A= (1L EAZEAZ) / (WElSCESC)

E=Es (AORAO+ALRAL) 81 E18

I=I=AZ=],.E12
D=(4.=kxT=R1)=1 . E1R

11=(3.
REETURN :
7=RERRA/ (R2+HRA) )
Ad=WER7ER 15 (C4s (CLHEE) 4018030~ (1 . /W)
AD=R1= (214 ARTE(CD4C4)
FO=(R7=#R7=02500) / (A4=A4+AS=AS)
RETURN
END
SUBROUTINE SORCER
COMMON B, En El EEO,C1,02,02,04,C5,CH0,D, 00,01, D010,E,EQ0,F,FO,F1,F2
COMMON F4,F5, Fé, F7,F2,F2,1,10,12, 18, 1C, 1CE, K, KO, K1, l;,hu BT, 1,12
COMMON M?,N4 N?,NB,N?,NM,P,Rl,R SR, R4, R&,R7,R10.R11,R12, 8,00, 011
COMMON S0, T, TO, W, AL, AZ, AZ, A4, AS, AL, AT, AS, A7, AO, RL13, F3, ML,
REAL I,K,RKO '
W=z, Qe =aF -
GO T (20, 120),M4
AO=RI=CE (RIAR2) FRIER2E (D1+22)
g B :R1§R2*'”»(Rl+'¢)/w
AZ=(R1= (D1 +03)) /7
A= (RIFRE) / (WERIZERE)
D=4, OsieTeR1% (FF/F+1. )51, E18
Ad={AD=SAQ+AL=AL ) /RE=RZ#RI=RI=03 °Ed
I=I=(AZ=AR+ATRAT) =] E1R
E=Ex=A4=] ,EL12
=04, sK=T/R2) s (AZSEAZHAT *A“)+4.°h°T@R1¢R]/R”)°1 E1&
RETURN
R7=R2=R4/ (R2+R1)
AS:(R]+R2)§H7¥(ﬁ3+C4)+R1§RE§(C1+C3) :
Ac=leR1 sl 80RER7 - (R14+R2) /WHWSRL =R2804 517 e (D1 H03
2 R2ER7#R7CASCE/ (AT=ASHALBAL)

aTaAS/RI)=L  ELE

KQ=
RETLIRN
END

SUBRDUTINE SORCED
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130

COMMON E. BO, B1, BKO,C1, CR2, C3, C4, CR, CKO, I, 0o, DL 010, E,E0,F,FO.F1.

COMMON F4,F5,F&,F7,FE,F7, 1,10, 12 ,IE IC, ICE, B, EO, EL, E2, 9, 1T, liJ

COMMORN M2, M4, N2, NS, N2, MM, F, R1, k& L RE, R4, Ré, R7VR10,RILLRLIZ, 0. 00, 01

COMMOM S0, T, TO, W, AL, &2, 43, A4, AT, AL, A7, 65, AT AU F1-,F»,H1 ._,Lx

REAL 1 EO,LE .

ll~-—"r l’) r.‘- =
(30, 120) M1

AR=1. 1 5.4*(I14L_) —WelER L sREs0
AL=ls (CZe (R]HRE) +01 R~ wowc~
HI=1, ~WEWELIE (D10
AZ=WER1# (C1+H05)

E=E= ( (AOBAO+AL=AL) / (REsR:
I=Is{ (AZHAZHATEAD) /(WsW=CEs0m) )8l L E1S
Di=(d.#EaT/RI) & (ARSAZFAREAT) / (Ws w»c’«__))e1 Bl
I=Is(Rl1=R14Wal=L 0=l 2) 81 . E1R

AQ=1.-Wal=L2=0)

Al=l=R1=C

E=E=x(AOSAD+ALBAL) =1 E18

[1=0.0

RETURR :

IF(RAE-1.)128, 127, 122

R7= R4/ (RE+HRA)

AOSWERT =R
Al=1. ~Ualal 22 (D14+402) ~WalsR1#R75 (C1 804 +01 5034 CosC
A2=WE (R78 (ID34404) +R1= (C1+03) —WeWeR 7wl 28 (0] &0 #CA+C1204))
rnwﬂﬂrAﬂ/(A1¥A1+A2¢A?) '

RETURN

AQ=RY+124- H{H°R4<L2*(F14F4)

Al=bE (RISRAS (C1404) +1.7)

EO=R4SRA/ (AOCAD+TALSAL)

RETURN

ENI!

SUBRDUITINE SORCEA

COMHMON - B, BO, B, BKO, C1,C2, 03, C4,C8, CKO, D, D0, D1. DO, E,E0.F,FO,F1, Fa
COMMON F4,FS,F6,F7,F2,F?, 1,10,12, 1R, IC, ICE, K, K0, K1, K2, K9, KT, L1, L3
COMMON M2, M4, M2, 8,N9,NM,P,R1,R2,R3,R4 Fe,R7,R10,RLL,R12, G, 00, B
COMMON SUM,T,TO.N,Al,AE,AE,A4,AS,AG,A7,A8,A9,AO,R13,F3,M1,QZ,LX
FEAL 1.12,KO0,EY,L1,E .

W=2, sP=F

GOOTO (40,1400, M1

CS=C1+07

RE=R2=R3/ (RI+HRE)

Al=1, ARESERS (L, =beWES=01) /7 (Wsl1) Y e,

E=Exal=) . End .

I=I=1,E24

U= {4, #sKsT) /R H(2 02125 (F2/F+1.)) )=1.E24

D1=(4,sK=T/R3)=1.E24

RETURN

e fJ¢N<W))°1 EIC

C ] I U I 1 el

R7=(R&= R4y / {RI=ZRAHRESRZIRE2RY)
AO=(1, -W=l=l 1=0a) /Wel ]

Wo={1./7¢(1, /(Fz{R"))+(A09Aﬂ)))
RETURN

END

SLEROUTINE SORCES

COMMON B3, BO, T, BEO, Cl,CZ,CB,C4,E8,CKD,D,DD,U]»UIO,E,EO,F.FD,FI,F“
COMMON F4, Ff,FL,F7 FT, 2, 1,10, 12, 1B, IC, ICE, K, kO, K1, V’,F?.FT L1,

COMMON M2, M4, N2, NE HH F,R1,R2,RE, R4, R, R7,R10,R1L,R12, 6, 50,011
COMMON S0, T, TO, W, Al A_,A-,A4 A-,Ac,A? A, AT, AO, Rl-,F_,Hl W2, WX
REAL I,K,EO,L1 -

N~¢.ﬁP°F

GDOTO (50, 150), M1

CRE=RZ/(TO=RTO)

AH“‘fR¢*P“)°(P]+Rh))’(H<L1°R“)
Al=(R1+RE&FREHRE) /RS
AZ=(Re=(RIARE)Y P/ (W=LL)
AZ=R1I4RATRA
E=(E={A0=A04AL=AL) /(TO=TO) )=l ELS
I=I={AZ=AT+AT=AR) 2TO=TO=1 E12

GA= (4, 2EsT /RO = (AZEAZ+ATEAR)
AS=1.H(RIFREIE(RIFRA) /7 (W=l 1xL.1)
=4, <« =TRI=1.EL1C

S D= (4, sESTERG) + (4, 5E8TERA) #AS+AG) 1, E1&

RETURN- .
R7=(RE+R4)/ ((RI+RA)=TOSTO)
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&0

71

b ~w (r\ur-'u-cR(-HR, ihr,.,.x7<~t T (F\l“lﬁl'
|n—(AnoﬁﬂoTanU)/(hl+A14A¢bA”
RETIHRN
END

CSUBROUTINE SORCES

COMMON 2, BO, BLOBKO, 01, G203, G4, 05, CKO, D, DO, T .1 0, E.EQ.F,FO.F1, F.
cormo F4,F5,F6,F7, F'-..,r:,l IO, T2, IR, 1C, ICE, 1, K0, 1’}“_'}” ET L1
COMMON. M3, MA, N2, NS, NP, NN, P RE, R, RE, R, RE.RT, RL0, /11, R12, 0, 00, n1
COMMON SUM, T, T3, W, AL, AZ, AZ, AL, AT, AL, AT AT, A7, A0, RLE, F3, ML, =M
REAL I,kE,K0,L1,L2

”——’l E =

H“ WeL 2~ (1, /7 {s01))

Z TIR1=#R11TADEAD)

II'=.=HThN (AO/R1)

Al=k=l 1 =R
vBE (L, —WEWEL L)
‘ATFN(H .1/

= sW=C4sCadsR4sRE )
C,— .Tle'U r«4 *f‘4)
=R1/2%

”u7 E7=(-1)

GOOTD (A0, 1407, M1

ZE={RI+Z1=C05(RA) ) uul, + (AQ+Z 1S IN(ES) Y exD,
E=(E=2I{2/(71=Z1))=1.E12

I=I=Z1=71=1.E18

=4, = OT :Ri=1.E1®

Oi=(4, TeZ1=#71/RZ¥=1.E18

ZA=70=7 1 2003 (BS+RE) +Z7 1 87 2= 005 (s +L’7)+"('H-L"+LU-(I~ SHET7)
ZS=Z0=7 1= IN(ES +E'I~)+Zle.."=“C-IN(Bl--I~I:'7)+Zl)=:Z”-o- S IN(RS+R7 )
HO=72elaxil=wll /(145748758725

FETURN

END

SUBROUTINE FRINT1

WRITEL(A, 71}

FORMAT(/, 8X, "VOLTAGE SOURCE MODEL‘, /7, 2X, “FREGLUENDY *)
RETURN

END

SUEROUTINE PRINTZ

WRITE (S, 72)

2 FORMAT (11X, "SENZOR EN LOAD EN AMPL EN AMF TN,

A= SUM NOIDSE NANOVOLTES )
RETURN -

END

SUHBROUTINE FRINTS

WRITE (&, 7&)

FORMAT C1HL . 7/, "FREBUENCY ")
WRITE(#,77)

CFORMAT (LY, "SENTOR TN LOoAD IN AMF IN AMF EN; 2327,
SUM NOIZSE  PICOAMPERS) .
RETLURN .
ERD

SUEBROUTINE FRINT4

S COMMON B, BO, BL,BED,C1, C2, 02,04, C8, CHO, D, 00,01, D10,E,EQ,F,FO.FL,F2

COMMON F4.FS, Fe&,F7,Fa,F9, 1,110,132, IE, 10, ICE, K, KO, K1, K2, K9, KT, 1.1 -8
COMMON M2, M4, N2, NS, NS, WM, F, RL, R2, RE, R4, Ré, R7,R10,R11, R12,. 0, 00, 0
COMMON S0M, T, TO, W, AL, AZ, AZ, AL, AJ,AL,A7 AR, AT, AG, RS, F2, M1, nﬂ X
REAL KO

FlE0=S0RT (KO)

CED=a, R42Y=ALOG(EO)

MF=F
WRITE(4,74) MF.EE
FORMAT (TS, 2F 10, :
IF(F-R14+0, 1=F) 99,99, 98
F=F=1, y559254

LX=1

RETLIRN

LY=2

RETLIRN

CEND

SUBROUTINE PRINTS
WRITEC(A, 72)

FORMAT(/, 2X, "FREGLIENDY GAIN GAIN DE)
RETLIRN '

ENID
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CBUBROUTINE PLOTL(NSPC, SFLOT, FPLOT, JB, KR, IT, J§

DIMENSION FRLOT(200) , SPLOT (200)

DIMEMZLON IZARET(4), IBUF (300), IS(Z200), IV(300), YI(200)

DATA ISARET/IH | 1MWz, 1H+, 1H. /
DATA AUNIT/10OHNANOVOLTS /
DATA BUNIT/10HPICOAMPERS /
DATA CUNIT/1IOHDESIREL /
GOOTO (39,20, 14), R

NI T=AUNIT

G T o2

LINIT=CUNIT

GOoTO 21

LINIT=RBUNIT

FLOTA=SRLOT (1)

=1

K=kK+1

IF(KE.GT.NSFC)Y GO T 12
IFCSPLOT D) JETOFLOTYY SO TO 11
FPLOTX=SFLOT (E)

GOTD 11

oo 13 B, NSRC
SELOTE D =3PL0T (1) —PLUOT R
TA=SPLOT (1)

Do 14 L=2, NSFC
IF(SPLOT(L)Y.GT.TA) TA=SFLOT(L)
IFCIT-1) 25.25,.24

ET=KF

G0OT0 2

ET=IFIX(TA/L1OQ.+1.)
TRA=TA-FILOTX

IF(TAGT.1.) GO TO 17

TZ=10.

Th=10Q0.

IFCAT-1) 22,28, 27

IY(L)=1IT

GooTo 12

IV(L)=IFIX(FLOTX)

G0TO 18

TC=1.

TD=10,

IFCIT—1) 20,320, 2%

I¥Y(1)=17

GOTD 21

IY(1)=PLOTX-1.
JF(FLOTX.LT. 1) IY(1)=0.
IT=1IY (17

YIC1I=FLOATC(IY(L1))

ooy 2 1=1,113

IY(I4+1)=IY (L) +HET - i
YICIHL)=YI (D) +(FLOATC(ET) Y /TC
WRITE(A, 100) (YT (), JK=1,12),UNIT
oo 2 KI=1,12%

ITRUF (T I=1SARET (2)

L4 I1=1,121,10

IBUF(I ) =ISARET(Z)

WRITE(E, 111D (I[HF'}L),lL 1,125)
FORMAT (10X, 125A1)

Ny o I=1, 3P0

IS(II=IFIX((SPLOT (D) +(FLOTX—(FLOAT(IY(1)))))=2TD/ (FLOAT(KT) ) )42

ER=ET

I.”:‘ '_" -...l""y ]:_4

IBUF () =TSARET (1) .
IF(JLERLIS(I)) IBUF (D =ISARET(Z)
CIONT IRVE

1BUF (1) =ISARET(2)
IBUF(122)=1SARET(2)
IBUF(125)=15ARET (2

WRITE (&, 110) FFLUT(I),(IEHF(li),dl=1,1h-3
FORMAT (AX,FE.1,11F10. 1, 1X, A10)
FORMAT(F?. 1, 125A1)

RETURN

EMD

SUBROUTINE FLOTZ(NSPL, SFLOT, FPLOT)

DIMENSION ISARET(4), LIBEUF (200), IS(300), 1Y (300)
DIMENSION FRLOT(200), SPLOT (200) .
DATA ISARET/1H , 1H=, 1H+, 1H./

WRITE(&, 20)

FLIATX=200,

)
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k=1
11 E=k+1
IF(K.GT.NSPD) GO TO 12
IFCERLOT O CGTORLOTX)Y G0 TO 11
FLOTX=ZFLOT (KD
GO0To 1l ’
DOo12 E=1,NERPC
SFLOT D) =2FL0T (E -FLOTX
Do 10 I=1,NEPC
10 ISCIy=IFIX(10,.=(ALOSI0CSPLOT(INH+0.01)) )
IBIG=I5(1)
S 20 1=2,MIPC '
20 IFCIS(I).GT.IEIG) IBIG=IS(I)
NORIM= IFIV(ILUAT(ILIh—lnn)/lu Y10
20 ) 40 I=1.1%2
40 . ]|(I)—NHRN+(I 1)*10
WRITE(A, 100) (IYQAK),JK=1,12)
o 7 KI=1, 125
7 OIBUF(EI)=ISARET(2)
Lo 50 I1=1, 121,10
=00 TEUF(ILY=ISARET(2)
WRITE(A,111) (IBUF(EL) KL= 1 125)
111 FORMAT(EX, 125A1)
DD 1 I=1,NsFPC
TS(I)=T%5(I)~—-NORM
D2 Jd=2, 124
IRUFC =T -ARET(])

=
Dot D)

IFCLER IS(I)ANDLJALLT. 111) IBUF (D =ISARET(2)

CONT INUE
TBUF (1)=ISARET (2)
TRUF (111)=ISARET (2)
IEUF (125)=TSARET (2) :
1 WRITE(£,110) FPLOT(I), (IEUF (JK),dK=1, 125)
20 FORMAT (5X, “GAINT)
100 FORMAT(SX,IS,11110, “DESIBEL")
110 FORMAT(1X,F&.0, 12541)
RETURN
END

[Ri O]

RE&DY.



R10

c8

ICB
7
F8
Q1

Q2

c8

ICB

F8

APPENDIX B

Symbol equivalents used in “BJT" and "TMFET" Subroutines :

-
n

Base-spreading resistance

Base-emitter capacitance

Collector current

Co]]ector-to-base leakage

1/f noise corner

frequency at which B =1

Short-circuit current gain

Gate-channel capacitykof FET's -

Mutual conduétance of FET's

Gate Leakage Current

1/f noise corner
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R1

R2 -

R3
‘R4
R6
Cl
c2
c3
c4
Cl
L1
L1
L2
F9
12
T0

L1

Symbol equivalent used in "SOURCE" subroutines :

Sensor resistance

Bias resistance

Load resistaﬁce‘

Amplifier input resistance
Resisfénce of the_transformervprimary
Shunt capacitance of sensor or wiring
Wiring éépacitance'

Coupling capacitance

Amplifier input capécitance
Mechanical capacitance

Sensor series {nductance
Transformer.secondary inductance
Mechanical inductance

1/f noise corner

Sensor Leakage current

Transformer secdndary'to primary turn ratio

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
R1 1300. i 1.E4 FO 0.1
R2 1.E8 L2 500.E-3 F1 50.
12 1 I1.E-12 F2 500.
R3 1.E0 T 3.E2 F3 1.E9
R4 47.E3 T0 1. Fa 1.E9
. R6 1.E0 F9 . 1.E-3 F5 1.E10
cl 1.E-10 1 | F6 - 2.1E3
c2 2.E-12 | Q 1.E-3
ca 400. £-12 . N8 1.
N9 1.

K2 300.



APPENDIX D-

| CONTENTS OF DATA CARDS 6;7,8,9,10,11,12; AND 13

Calculation . Card Number frequencies (Hz)

. Equivalent input 6 1.50 500'2]00
noise over a band . '

. Input network 7 30.2000
frequency response ‘

- Equivalent input 8 40.500.15000.20000.
noise at one fre- .
quency

. Equivalent input
noise versus. fre- 9 10.25000.
quency :

. Total noise at
the output 10 1.50.500.2100.3000.

. Total system 11 5 40000 |
gain ’

. Noise bandwidth 12 1.50.1000.2100.3000.5000

1.E4 15.E3 2.E4

. Noise figure 13 - 100.

9
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