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The physical sources of nolse are discussed, and
illustrated with an example of ncise calculation in a
trafisistor amplifier. The concepts of noise figure and
noise temperature are introduced and éhe effect of cascading is

analysed,
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1.. Introduction

Noise is an 1neg1tab1e phenomena in all areas of human
activity, harticularly in communication. Any corruption to the
desired signal is termed noise, Noise in a communication
system may arise inside the system, or externally. Examples
of the latter are atmospheric and man made noise, while internal
noise arises due to random m;;I;n of charge carriers within
the devices used in the system. In this short discussion,

we shall be concerned with the analysis of such intermnal

noise sources.

2, Thermal Noise
At any temperature above absolute zero, the chazge
carriers in a device move randomly and give rise to thermal
noise. Obviously, noise being a random phenomencn, it does
not make sense to talk about its variation with time. Instead
we characterize noise by some average values. One of them is
the mean square value. Nyquise's'. theorem for thermal noise
states that the mean square thermal voltage across a resistor

of R ohms at T°K in the freguency band B Mz is given by

2
Vems = 4kT B (1)

where k=Boltzmann constant = 1.38x10"23 J/K.

A noisy resistor can therefore be represented by either of the

equivalent circuits shown in Fig.l, where the second circuit is

obtained by taking the Norton equivalent of the first one.
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Fig.1 - Equivalent circuits of a noisy resistor

What about the mean square noise voltage acroas a one
port resistive network containing many nontrivially inter-
connected resistors? Nyquist's _ formula is useful in this context
and applies to any RLC one-port, It sta;'es that the mean

square noise voltage across such a one-port is given by

2 - * ’
vine = 2kT ¢ RU£) af 2
em
where R(f) = real part of the driving point impedance at frequency

f. For a purely resistive network, (2) gives

Vims = 4kT R‘q B (3)

where R is the equivalent resistance of the network,

.q
.

3, Shot Noise

Shot noise arises due to discrete nature of current flow
in a device. Consider a saturated thermionic diode; the
current in this is due to electrons emitted from the
cathode, which arrive randomly at. the anode. The total current
is then an average value IO plus a randomly fluctuating compo-

nent, whose mean square value is given by Schottky's theorem as

2

irms

=2el B : (4)

where e i3 the electronic charge.



4, An example

At this point, it is instructive to calculate the noise
in a common emitter transistor amplifier, whose circuit is shown
‘ in Fig.2(a). Assuming the effects oﬁ%he base biasing resiston R,

and R, to be negligible, and C,. C, and Cy to act as short

2
circuits at the frequencyof opration, the equivalent circuilt
becomes that shown in Fig. 2(b), where the effects of C., C‘l and
ut have been neglected. We wish to determine the mean square
noise voltage at the output: to this end, the equivalent noise
circuit is drawn Iln Fig. 2(c), where the following transistor
noise sources may be identified: (1) v: due to thermal noise in
the' base spreadiﬁg resistance v,, i.e. v: =4kTr B. (11} ié

due to shot noise in the base; and (iil) 12 due to shot noise

in fhe collector. The other noise sources are due to thermal

noise in Rs and R i e.

L’

2 _ _
Ve 4kTR, B and v = 4kT R; B (5)

Now,
2 Ib . 2kTB .
ib = 2e Ib B = 2kT T/ B = - (6}
L
where I, is the quiescent base current. Also
12221, B )
C c

where I, is the quiescent collector current, Assuming nolise

.
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Fig. 2 — (al CE transifer amylfﬁer '
(b} Equivaleal circwt o} ()
(¢} Egquivalenr noisc model 0} (4)



sources to be uncorrelated, and using superposition, we

obtain
* r +R
2 i 2,. 2,2 x s 2
v = (————-—l——) (V +y )+(-———-—-—i Y') (a}
r'+rx +Rs ' 8 X TR+R3+ Y, by
Similarly,
2 . .2 2.2 2 52 2
vy = G VO R+ ic Rp vy (9)

_2.2, _Tn 2
= I Ry G f4kr r, B +4xT v B+

2
(rx+R s) 2kTB

T

2 )
] + 2¢ I, BR; +4kTR B {10}

To get an idea of the magnitudes, assume R_=1K, 1;:10041.

RL=’10K, I_=lmA, P=100 Then, at room temperature,

= Ic/(kT/e) = 0.04 mho

p= kT/e _ B . 250002 (i
L} Ib I

Substituting these wvalues in (10} gives

12

2 ) |
B = 1.69x107 v /He {12}

so that for a bandwidth of B=1Q0 KHz, the rms noise voltage is

v, = 0.13 mv (13)

5., Available Power

The available power from a source is the power it can
deliver to a matched load, Hence the available power from a

noisy resistance R ia (see Fig.3)

. v /2

a = - = XTB {14)

Note that this result is independent of the value of the
resisto;. The unit of Pa/B 15 watts/Hz, The quantity lolog10
(P,/B) is expressed in dBW while 10log,,[ (p,/B) /207%] 1s
expfeﬁsed in dBm. HNotice that Pa/B is precisely the power
spectral density.

-

6. Noise figure of a System

The noise figure F of a system is defined as

Signal to noise ratio at input (15)

F = Signal to nolae ratio at output

For a noiseless system F=1; for actual phsyical systems, F>1.

the noise figure isusually expressed in dB, where F 5,710 log,.F.

The signal to noise ratio at any point of a system is
independent of the load because both signal power and noise

power appear across the same load. Hence one can work in terms



of any convenient load: matched load is, of course, the appro-
priate cholce, because then one can work in terms of the

available signal and noise powers., Consider the system of

'.Q Fig.4; in-this, the available signal power at input is
(no:se!mj
P, = e2/(4R ) 116y —
ai 8 ]
2 p
Vyms = :; R
4hTRB Also assume that only thermal noise is present at input, so that
the available noise power for a source temperature of T  is

F'.gj_‘ calculabion o‘— avaiiable bOwu Awam a
noisy R ‘ Py = KTy B _ (17

1

Thus input signal to noise ratioc is;

—-—-—-—':’ . .
system | R, e, 2 .
- f——c (s/N), = 2 (18)

. 4k T, R, B
Fig.4 -~ Nuse figure calealahon

The available signal power at the output is

S S
i 2
1 _— P =-e’/4R1=6G P {19)
in G, G1 out ao o =] ai
F, 2 e

where G is the available power gain. Thus assuming Pnao to be

G = owailable power gan
F =

Nnose frgune the available noise power"at the output, the noise figure of

the system is
F19.5- Cascade of fwa Syshms



- 8
Pai/Pnai 1 Pnao
L N Y P, (10
ao’ "nao G nai

Equation (20) shows that the noise figure is the ratioc of
the actual output nolse power to the noise power which would
have appeared at the output had the system been nolseless

Also, if P be the available noise power at output due to

int
internal noise sources of the system, then

Pnao =G Pnai * pint (21)

Thus, from (20},
\

- p _
~int
F= 1+ ———————
v G kT B (22}
-1
It is usual practice to use Ts=T°=290°K so as to standardize

the noise figure. Thus

P
F=14+—30% (23)

G %k To B
Note that if G>»>1 , then F s 1 j.e. the effect of internally

" generated nolse becomes negligible.

7. Noise Temperature
We have seen that the available noise powr of a resistoer
R is ®KTB watts, This fact is used to define the equivalent

noise temperature of & nolse source as

T = Pn.(kB) (24}

where pna is the available noise power of the source in a
bandwidth of Hz,

For examgle, if two resiators R, and R, at temperature
T, and T, are connected in series, then the mean square voltage
generated by the c¢ombination is —

v2 = 4 kT

rms p BRy ¢+ 4 sz B R, (25)

The equivalent resistance 1is Ry+Ro: thus

2 ‘
' Pla = Vema’ [4(R#RS)] (26)

The ‘equivalent noise temperature 1s, therefore,

RIT17+R2 T

P
na 2
== = 7
Tn =K R, 27

2

8, Effective Noiase Temperature

Equation (23) can be written as

.T
F = 1+ .'Fi- (28)

int
= =kT B-
of the system., Recall that pnao G Pnai+Pint and that Pnai s

.

where T =P /(GkBi is called the effective noise temperature

Thus



10

Pnao =G k Ts B + G,a k Te B

= Gk(Ts + T,)B (29)
9. Cascaded Systems

Consider a cascade -connection of two s ystems S1 and

5, {Fig.5) having available power gains G, and G,. Then noise
at the output consists of the following components: (i} Ampli-
fied source noise: 6,G, k T, B, {11) Noise generated in 5,

and amplified by S, : G, P = G,(G; k T,yB), and {111) noise

int‘

generated in 52: pintz = G2 ) 4 Tez B,

Thus the total available noise power at the output is

‘P

, 'na2 = Gy Gy k [T=+Te1 +(Te2/01)] B (30)

Since the available power gain for the cascade is G; G,, a
comparison of (29) and (30) shows that the effective noise

temperature and noise figure of the cascade are:

T, = 're1 + ('rezfcl) (31)
F = 1+(Te/'r°)=1+ Ty /To+ Tezf(clTo)
CF=l

These results can be generalized to a cascade of any number—H-.— .. .

of stages, as given below:

11
Fz-l P3~l
F-Fl Anmr— - + . sees (33)
G1 G1 62
TeZ Te3
Te o Tel +f—EI— + Gl S, + sreee (34)

Clearly, the succeeding stages in the cascade have decreasing

effects on the overall nolse performance
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