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NOTISE

S.C. DUTTA ROY
Department of Electrical Engineering,
Indian Institute of Technology,Delhi,
New Delhi-110016, INDIA

SUMMARY

The physical sources of noise are discussed, and

illustrated with an example of noise calculation in a
transistor amplifier. The concepts of noise figure and

noise temperature are introduced and the effect of cascading is

analysed.

Tent of o series of luctures to or celiverec at the
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ILTP, Trieste, T Jonuvary - 1 Febraacy 1%%1 .

1. Introduction

Noise is an inevitable phenomena.in all areas of human
activity, particularly in communicatjion. Any corruption to the
desired signal is termed noise. Noise in a communication
swstem may arise inside the system, or externally. Examples
of the latter are atmospheric and man made nocise, while internal
naise arises due to random motion of charge carriers within
the devices used in the system. In this short discussion,
we shall be concerned with the analysis of such internal

ncise sources.

2. Thermal Noise
At any temperature above absolute zero, the chaxge
cerriers in a device move fandomly and give rise to thermal
ncise. Obviously, noise being a random phenomenon, it does
nct 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. Nyquissts theorem for thermal noise
states that the mean sguare thermal voltage across a resistor

of R ohms at T°K in the frequency band B Mz is given by
v = 4kT B (1}

wheere k=Boltzmann c¢onstant = 1.38)('10'23 J/K.
A noisy resistor can therefore be represented by either of the
eqaivalent circuits shown in Fig.l, where the second circuit is

obtained by taking the Norton equivalent of the first one,.



What about the mean square noise voltage across 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 :taées that the mean

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

2 _ -
Vims = 2KT s RIf) af (2)

where R({f} = real part of the driving point impedance at frequency

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

B . (3}

3 Shot Noise

Shot nolse arises due to discrete nature of current flow
in a device. Consider a saturated thermionic diode; the
current in this 1is 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 =2e ID B (4]

where e is 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 oqghe base biasing tesistonlﬂl
and R2 to be negligible, and Cl, C2 and C3 to act as short
circuits at the frequency of opration, the equivalent circuit
becomes that shown in Fig. 2(b), where the effects of C,. C“ and
*, have been neglected., We wish to determine the mean square
noise voltage at the output; to this end, the equivalent noise
circuit is drawn in Fig. 2(c), where the following transistor
noise sources may be identified:; (i} vi due to thermal noise in
the base spreading resistance Yyr i.e. vi =4xTr B, (ii) ig
due to shot noise in the base; and (iii) ig due to shot noise
in the collector, The other noise scurces are due to thermal

noise in Rs and RL‘ ie,

= 2 _
vg = 4kTRs B and vi o= 4T RL B (5}

Now,

b = {6)

where I,, is the quiescent base current. Also

i = 2e 1 B (7)

where Ic is the quiescent collector current. Assuming noise



S
sources to be uncorrelated, and using superposition, we
obtain .
h
2 L 2 2
Ve o= e———) +v )+(—-——-—————d ) (8)
TR R TRt v bl
Similarly,
ve = a2 v RZ+ 12 RZ w2 (9)
o RL(W) 3kt Ry B +4KT v B+
( 2
y&+Rs) 2XTB 2 0
T ] + 2e I, BRP +4KTR B (10)
To get an idea of the magnitudes, assume R =1K, 1;:100113
RL=10K, Ic=1mA, =100 Then, at room temperature,
9,= I./{kT/e} = 0.04 mho
= l‘.'i'& = B . 25000 (11)
L b 9
Substituting these values in (10) gives
2
Yo -1z 2
5 = 1.69x10 V*/Hz (12}

5o that for a bandwidth of B=10 KHz, the rms noise voltage is

Vo = 0.13 mv (13}

5., Available Power

The available power from a source is the power it can
deliver to a matched locad. Hence the available power from a
noisy resistance R is (see Fig,3)

2
{v.._ 72}
Ims = XTB (14)

Note that this result is independent of the value of the
resistor. The unit of P‘/B 1s watts/Hz, The quantity 1010q10
(P,/B) is expressed in dBW while 1010910[(Pa/B)/10'31 is
expressed in dBm. Notice that Pa/B is precisely the power

spectral density.

6. Noise figure of a System

The noise figure F of a system iz defined as

F = Signal to noise ratjo at input (15}
Signal to noilse ratic at output :
For a noiseless system F=1: for actual phayical systems, F>1,

the noise figure isusually expressed in dB, where FdB=10 logloF.

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

power appear across the same load. Hence one can work in terms
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of any convenient load; matched load is, of course, the appro-
priate choice, because then one can ﬁork in terms of the
available signal and noise powers. Consider the system of
Fig.4; in this, the available signal power at input is

= m? Y
P, = n./(4R‘) (16)

ai

Also assume that only thermal noise is present at input, so that

the avajlable noise power for a source temperature of Ty is
P = kT B (17)

Thus input signal to noise ratio isy .7 iov

s
(S/N}i B crm——— (18)
4k Tg Ry B

The available signal power at the output is

-~ a2 —
= eo/u Rol =G P {19}

ao ai

where G is the available power gain. Thus assuming Pnao to be
the available noise power at the output, the noise figure of

the system is

_ pai/pnai - ! Pnao
F=5"7 S g P . (10)
a0’ "nao G nai

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

Also, 1f P be the available noise power at output due to

int
internal noise sources of the system, then -

Pnao =@ pnai + Pint {21)

Thus, from (20),

F= 1+ :E}t_;;;_; (22)
-

It is usual practice to u se TB=T°=2900K so ag to standardize

the noise figure. Thus

b

F =1 + e 1Dt __ (23)
' 6 kT B

Rote that if G»>>1 , then F « 1 ji,e, the effect of internally

generated noise becomes negligible

7. Noise Temperature
We have seen that the available noise power of a resistor
R is kTB watts. This fact is used to define the equivalent

hoise temperature of a noise source as



T, = P, (kB (24)

where Pna is the available noise power of the source in a

bandwidth of *z.
For example, if two resistors Rl and R2 at temperature
T1 and 'I'2 are connected in series, then the mean square voltage

generated by the combinaticn is

2 _
Vems = 4 kT, BRy + 4 sz B R, (25)

The equivalent resistance is Ry+R,; thus

e = Vae/ [4R+R,)] (26}

The equivalent noise temperature is, therefore,

P R,T. +R., T
. "na _ 1y "2 2
™m*%kB ~ Rj¥R, (27)

8., Effective Noise Temperature

Equation (23] can be written as

T
= £
F = 1+ To {28}

where Teépint/(GkB) is called the effective noise temperature

+
P and that pna

ai’‘int =kTq B-

of the system, Recall that Pnao=G Pn i

Thus

10

‘g
13

nao G k TB B + Ga k Te B

Gk(Ts + Te)B . (29)
9 Ccascaded Systems

Consider a cascade -connection of two s ystems S1 and
5, (Fig.5) having available power gains Gy and G,. Then noise
at the cutput consists of the following components: (1) Ampli-
fied source noise: GG, k Ts B, (i1) Noise generated in 5

and amplified by 5,1: 6 = GZ(GI k TelB). and (ii1i) noise

2 pint'

generated in S = G2 kT

2° p:I.nt2 e2 B+
Thus the total available noise power at the output is

Phaz =Gy G2 ¥ [T8+Te1 +(Tez/Gl)] B (30)
Since the available power gain for the cascade is Gy G,, a
comparison of (29) and {30) shows that the effective noise

temperature and noise figure of the cascade are:

Te = Tel + (Te2/01} {31}
F = 1+(Te/Tq)=1*(T91/To’*’ T o5/ (G1T,)
Fz-l '
= F, + N (32)

These results can be generzlized to a cascade of any number

of stages, as given below:
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Fo-1 F.-1
F=F 4 2 + 3 N 133}
G G; G2
T T
o2 el
T =T + + + nnaan 134)
e el G1 Gl G2

Clearly, the succeeding stages in the cascade have decreasinc

effects on the overall noise performance
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