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Sources / Citations :

Kittel and Kroemer : Thermal Physics

Van der Ziel : Noise in Solid - State Devices

Papoulis : Probability and Random Variables (hard, comprehensive)

Peyton Z. Peebles : Probability, Random Variables, Random Signal Principles (introductory)
Wozencraft & Jacobs : Principles of Communications Engineering.

Motchenbaker : Low Noise Electronic Design

Information theory lecture notes : Thomas Cover, Stanford, circa 1982

Probability lecture notes : Martin Hellman, Stanford, circa 1982

National Semiconductor Linear Applications Notes : Noise in circuits.

Suggested references for study.

Van der Ziel, Wozencraft & Jacobs, Peebles, Kittel and Kroemer

Papers by Fukui (device noise), Smith & Personik (optical receiver design)
National Semi. App. Notes (!)

Cover and Williams : Elements of Information Theory
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Reminder: Notation for Spectral Densities and Correlations
| |

Random Process Outcome
function of time V(t) V(1)
function of frequency V),V (jw) v(jf),v(jw)

autocorrelation function R, (7)=E[V(tW (t+7)] R, ()= Av(t)v(t +7)]
e (S, (jo)=9[R, ()]
Syy (Jo) = J[RVV(T)]

o . 18, (jo)=v(jo)v (jo)
Sy (Jf) =28, (jo/!2r) kgw(jf) =28 (jw/27)
crosscorrelation function R, (7) = E[X ()Y (¢ +7)] R (7)= A y(t+1)]

S, (jo)= %R, (7))
18, (jw)=x(jo)y (jo)
S, ) =28, (jo/2x)

When context makes it clear whether v = v(¢) or v = v( jw), we can simply write v.

power spectral density {

Sy (j®) = F[R,, (7)]

cross spectral density {g (i) =28, (jo/2x)
()= wlJw/lax

For stationary ergodic processes

S,y (jo) =S, (jo)=v(jo) (jo)and Sy, (jo)=S,, (jo)=x(jo)y (jo)
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VX
gen h,gen gf.’f‘l

two-port 0

, v 9 ; l v
Noise figure gives degradation of SNR with * passive * generator

having available noise power spectral density = kT

Generator signal power/generator noise power

F =
Generator signal power/(amplifier + generator noise power)

_amplifier + generator noise power  amplifier noise power + kT

generator noise power kT

Foran E — 1, noise desciption, this becomes
S, +|Z[S, +2-Re(2S,, ) «~— v
4kTR,,,
X

V?/Hz

F=1+
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spectrum of the Signal Generator (1)

R jX 1

gen gen

v /\M’\/V\/\\/I\/\/\F
gen

time

voltage

L

frequency "

power spectral density

The generator signal voltage has some power spectral density §V s (Jf),

gen” gen

having units of (V*/Hz).

For information signals V', (t) is * random*, and S, » » (Jf) andis *finite and continuous *.

gen” gen

In terms of signal power per unit frequency (available signal power spectral density),
which has units of (W/Hz),
oP oP

available,generator av,g

= =S, , (jf)/4R on 18 * finite * and * continuous *

af 0 f gen” gen

For the moment, let us assume S, ,, 1s finite and continuous

gen” gen
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spectrum of the Signal Generator (2)

R jX A Ven () =V, cos2rf )

gen gen %
< o . 2
& g | S UN=Vi(f~ 1)
gen . I
)
g >
time Q frequency

In some cases the generator is periodic and deterministic, such as a sum of sinusoidal tones.

This case ngeanen (jf) has discrete spectral lines, i.e., §ngVgen ()= Z V2o(f—1).

While the units of §ngng (jf) remain those of volts*/Hz,

the spectral density is infinite at the frequencies of the tones in question.

Given such a generator, we calculate signal/noise ratios in terms of

Signal (signal voltage)” (V?)

: : : > , which has units of Hz (!).
noise  noise spectral density (V- /Hz)

In this case SNR is usually, written as

SNR =1000:11n a 1 Hz bandwidth, or
=10:11n a 100 Hz bandwidth, or
=30dB (1 Hz)
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Two-Port Noise Description: -1, Description

Represent amplifier noise

by generators £ and /.
Specify : Sy, . (f): Sy, s Sk, ().

wo-port 0

Represent generator noise by generators V/

on (s1gnal)and 7V,

(noise).

n ,gen

The signal itself has some power spectrum S . () (V?/Hz)

generator noise : ( Jf)=4kT,R,, only if the generator is a passive nework.

Signal - noise ratio

S available signal power spectral density

N available gen. noise spectral density + available amp. noise spectral density
~ W/Hz

SVgeanen / 4Rge” “
S, , /4R, +kT(F—1)

n,gen’ n,gen gen

>\N/Hz 4
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Working with Noise Uoltages “ ENW B
Generator : two-port [0

signal voltage spectral density = § e (V*/Hz) Ve l
noise voltage spectral density = E, .. ,(V*/Hz)

S £ ., = 4kTR,,, *only * 1t the generator is passive

Amplifier

En,total = En + Zsln

S, =S, +Z'S, +2-Re(Z’5, , ) (V*/HzZ)

Signal to noise ratio

§ — V/Hz
S V en
N §, +S8
n total n,gen
S
V°/Hz

This method 1s typical of low - frequency analog IC design
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Working with Noise Currents ;.

.gen N, total
I 0-0 wo-port (o

Generator :

signal current spectral density = S 1 (A*/Hz) ! J,

~~

noise current spectral density =S, ,(A*/Hz)

n,gen

~~

S, ~=4kTG,, *only*if the generator is passive

n,gen

Amplifier
I/ =F /Z +1,

n,total
S

1, total

~~

=5, |z} +5, +2-Re(S,, /2.) (v/Hz)

Signal to noise ratio

§ /Ampz/Hz
S Lyen
N S, +5,
n,total n,gen
A’}npz/Hz

This method is typical of current preamplifiers (optical receivers, radiation detectors)



Generator :
signal available power spectral density = 0P,,, / of = Vg /4R, ,(W/Hz)
noise available power spectral density = 0F, ,,, / of = S g, | 4Ry, (W/HZ)
OP, .../ 0f = kT *only*1if the generator is passive
Ampliﬁer

P,/ of =kT(F—1)
Signal to noise ratlo W/,
S gen /af gen /af passive generator N 8Pgen /af
N 8P /@f+8P /of angen/8f+kT(F—1) kTF

n,gen

W/Hz

This method 1s typical of RF/microwave design
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Working with Noise Temperature

Generator :

signal available power spectral density = 0F,,, / of =S, /4R, =kT,,,

noise available power spectral density =0P, . /0f = S g /4R, =kT

n ,gen n.gen generator

— * * 1
T senerator = Lampiens * ONly *1f the generator 1s passive
Ampliﬁer

amp /6f k ambtent (F 1) k ampllfer

Signal to noise ratio

Kelvin

—
S gen /af Zgignal passive generator T;ignal

I
N aPn ,gen /af + a amp /af Tgenerator + Tampllfer Tambient + amplifier

Kelvm

This method 1s typical of radio astronomy and satellite receiver design
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No N

Available gain : power gain of then amplifier with the * output * matched to the load

G - P,,, power available from the amplifier output
S power available from the generator

Noise figure of a cascade of amplifiers

F :Fl+Fz_1+ F-1 Fo.
GAI GAIGA2

Here the noise figures and available gains of each amplifier are calculated given using

a source impedance equal to the output impedance of the prior stage.

The Friis expression will not be proven here due to time limits.
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One peculiarity of noise figure 1s that any active device has poorer noise figure
than a simple wire connecting input and output. We need to amplify a signal to
use 1t, and that comes at the cost of increased noise relative to the signal.

Clearly F' 1s not a the best figure-of-merit for a low-noise amplfier !

Define F), as the noise figure of an infinite cascade of identical amplifiers:
F-1 F-1 F-1
t—t—t...
GA GA GA

F =F+

The *noise measure* is then defined as so:
M=F_ -1

Haus and Adler prove that M is a network invariant, i.e. is invariant with respect to
embedding the device in a lossless reciprocal network. This implies in particular
that M is the same for a FET in common-source / common-gate and common-drain

configurations.
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Receiver Noise Figure Galculation

i A] A2 M] A3

Example: Receiver noise figure

F,-1 F, -1 F, —1
Efeceiver — FAI + = + — + 4 +
GAI GAIGAZ GAIGAZGMI

...all expressed, in linear, not dB, units.

Signal to noise ratio .,

«—
s OP,, | Of B OP,, | Of
N a})n,gen / ff +§Pamp / af k T;mtenna + k T;zmbient (Efeceiver o 1)

W/Hz
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