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Sources / Citations:

Kitteland Kroemer : Thermal Physics

Van der Ziel : Noise in Solid - State Devices

Papoulis: Probability and Random Variables (hard, comprehensive)

PeytonZ.Peebles : Probability,Random Variables, Random Signal Principles (introductory)
Wozencraft & Jacobs : Principles of Communications Engineeri ng.

M otchenbaker : Low Noise Electronic Design

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

Probability lecture notes: Martin Hellman, Stanford, circa 1982

National Semiconduc tor Linear Applications Notes: Noise in circuits.

Suggested references for study.
Van der Ziel, Wozencraft & Jacobs, Peebles, Kitteland 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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Radio Receiver

Y
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Optical Receiver
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Tocomputethereceiver sensitivity,

we must find thesignal/noi se ratio at thedecision circuit input.

sin

€y

o2

clock and
data
recovery

It is often convenient tocompare the inputsignal magnitude

to theequivalent input - referred noise.
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Goal: Computing Signal/Noise Ratio and Sensitivity
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Each functional block of the radio receiver is a subcircuit
Each sub- circuit contains active and passivedevices, all having noise models
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There are a large # of noise generators withineach circuit block
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Earlier we found device terminal noise arising from internal fluctuations.
Next we learn tocomputethe equivalent input noise of each sub - circuit :

(V)
N NN

From this we will find the total receiver input- referred noise :

clock and
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Receiver SNR and sensitivity can then be found.




device noise models
(collecting results
from prior lectures)
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Thermal Noise

§EnEn(jf)=4R*{hf T } ‘

2 exp(hf/kT)-1 R
4 [ni h " "
S (Jf)=*{ } En

_|_
ol R | 2  exp(hf /kT)-1

For hf <<kT these become A Avaiible:-Power

§EnEn (Jf) =4kTR KT
~ . 4kT
Slnln(Jf):? |

>
hF=kT Frequency
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Noise from any impedance under thermal Ellllllllll‘llllll

For any component or comp lex network under thermal equilibrium
(noenergy supply)

dI:)availablenoise _ kT é
df
See (if)=4KTRe(Z) orS, , (jf)=4kT Re(Y) g

This follows from the 2" law of thermody ramics.
This allows quick noise calculation of complex passive networks
This allows quick noise calculation of antennas.

Biased semiconductor devices are NOT in thermal equilibrium.
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P, -
ava&a}blenmse kT = SEnEn(jf ) =4KT Re(Z)

The antenna has both Ohmic and radiation resistances.

Rrad
The Ohmic resistance has a noise voltage of spectral density T
AKT, ieniRonmic » Where T_ ... .1S the physicalantenna temperature (i) En.rad
Rioss
By the2"law, the radiation resistance has a noise voltage of spectral
density 4kT;,4R..q » Where T, Is theaverage temperature () Enjoss

of theregion from which theantenna receives signal power

Inter - galactic spaceis at 3.8 Kelvin....
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Noise in PN and Schottky junctions

Thediode current 1s

_ qV/IKT )_ avIKT
o= 1. (e 1)=1¢ I =1

s forward+ Ireverse
i i

Both the forward and reverse currents have shot noise, hence

~

Sldiode = 2q| forward + 2q| reverse — 2q(| diode+ 21 s) B

Under strong forward bias, S~.diode = 201 i04e %f?

Under strongreverse bias, S,

= 29|,

iode

Under zero bias, §|d =4kT /r,,.,as required by the2" law.

iode
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For a strongly forward biased junction

~

S =200 4i04e = 2KT [ 1y Where 1,4, = KT /gl o4,

or |

S~vdi0de = 2KTGioqe R

hence l \ 4 & In
m En

=kT/2 |

A biased diode has noise 1/2 that of a resistor of equal small - signal impedance.
The factor of 2 arises from one - way current flow.
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Collector shot noise

S, =2ql,=2KT/r,=2kTg,

Base shot noise

§,nb =2ql, =2kT/r,,

We have found a slight correlation of I, and I . (a cross-spectral density)

when 27f (7, + z.) approachesl. We will ignore this small effect.

The physicalresistors (R,, , R, , R.) have thermal noise of spectral

density S, = 4kTR

R.andr, =1/g,. are notphysicalresistors.
Thenoise of R, and r, are the base and the collector shot™ noise generators.
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FET Noise Model

G R, E\ri C g g By R D
— @M W
s 'Ngé
Ri
;£ gs (P@ §Rd8
. \
\ -jort
Cgs ngQSeJ
R,
EN,RS



FET Noise model
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R C I EN Rd
N,Ri gd Nd ' Ry
G A D
_®_/\/\/ Ay ), AN~
Feg g @
Ri
: Vgs RdS
R, R,, R, are physicalresistances = d <V 2> /df = 4kTR T- \ [ 1
Cys O V€™
.4 IS the thermal noise of the channel current R
S E
S'nd — 4kTFgm . N,Rs

I' =2/3: gradual -channel FET under constant mobility
' ~1-1.5: highly scaled FET under high - field conditions

R, arises from the channel : E o, and I, have small correlation
We will in further work ignore thissmall correlation

S

g Is theshot noise of the gate leakage current : S, = 201 4o

~ 4KTR

En ri

R, IS not a physicalresistor - no associated noise generator.
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Shot Noise of Heavily Attenuated Light

|
If the received poweris much smaller than the transmitted power (losses are high)

then the received powerstatisticswill be dominated by thestatistics of photonloss

(Bernoulli trials). 5 5
4 %

With a mean received optical power P, ., the received power has fluctuations with

spectral density
§P » =2huP,

outTout out

This produces on a photodetedor withquantum efficiency 7 a photocurrent
= (nq/hv)P,, witha spectral density

=24l

~

S,

OUIIOUt

If attenation between source and detector is not small, it is easy toconstruct

cases where SP o #2hoP

out' out



circult noise calculations
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pels

g

Thecircuit outputhas bothsignal and noise.
Voue = AV +V

| (
I\

noise,output

Noise arises from the generator, theamplifier, and the load
V. . =V__. +V +V

noise,output noise,generator noise,amplifier noise,load

These noise terms can be represented by fictitious input terns:
V ut — A\/Vin +Vn0|se output A\/(V +Vnoise,input)’ Wherevnoise,input :Vnoise,output/ A\/

How do we calculate the output- referred noise ?
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RY VY
AKT/Rf
| L
A5 R, = 6500 Q Icbo
C,, =6.4fF VVN—=
vin @ 2glcbo
N4
Rgen 4KTRL
= Cy =371
@ 499 cbi |/ C @ Vout
@ . AY _/
Vgen 4KTRbb x = ¥) 9.V RL
mYb'
4kTRgen 2KTIRbD :rL 3500 ; :
2kT/gm
20 -
i 182ﬂ: 38 fF Re =43Q o e =
@ 4kTRex
o E

@ 4kTRee

Thecircuit has a large number of noise generators.
Noise analysis of most practical circuits is of formidable comp lexity.
Brute - force methods are too hard for hand analysis.
We will learn more efficient techniques.
We will illustrate calculatio ns with a very simple circuit.
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Circuit Noise Analysis: 1st Example (a]

V] ° Vou
|
Vgen
Rgen EN,Rgen G Rg Cgs gs Nd NRL RL Vout
\
A) Ve Vi Bnre == ® s
v Vv

Simp le amp lifier, with simplified noise model.
Notation: Single -sided, Hz - based spectral densities

S,y =4kTR or S, =4kTG forall resistors
§ =4kTI'g,, for the FET channel noise.

nd nd
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Now calculate the output votage :

Vour = Vgen + Enn +Eng f1+ jertc (R, + R, ) * (- g.R.)
w1y, + IN,RL)RL
=Vousignal T Voutamp_nise T Youtgen_noise

Vyusigna = Voer L+ J270C (R, + Ry )" (= 9,R )

Vout,amp_nci)se — EN Rg (1+ JZﬂfC (R + Rgen)) ( ngL)+(IN,d + IN,RL )RL

Vout,gen noise EN Rge (1+ JZﬂfC (R +Rgen)) ( ngL)
where

Suy (if)=4kTR or S, (jf)=4kTG forall resistors
§,nd,nd (Jf) =4kTIg,, for the FET channel noise.
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If
vV, () =HOr)v,(r)

Then

Sy, (JF) = H(if)S,, (if)
Sy, (if) = Sy, (JF )H"(if)

and

Sy, (iF) = [HUO| S, (i)
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So: ,

Voutsignal :Vgen (1+ JZﬂngs(Rg + Rgen ))_1(_ ngL)

Q £y _ Q (ngL)2 S o 2

Y ol { Y B 50 SR
(ngL )2

S if)=S
Ny ) "R 14 (248C, F (R, + R

gen

where
Suv. (if)=4kTR or S,, (jf)=4kTG forall resistors

§,nd,nd (Jf) =4kTIg,, for the FET channel noise.
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The outputsignal

Voutsignal :Vgen (1+ JZﬁngs(Rg + Rgen ))_l(_ ngL)
= A (1278 )V,

The outputnoise *due to theamp lifier *

~ _ (0.R, Y 4KT >
f)=4KkT n_~ 4kTC R
SVamp,out(J ) Rg 1+ (Zﬂfcgs (Rg i Rgen + gm + RL ( L)

The outputnoise *due to the generator *

~ . R.)
f)=4kT (9,R,
Voo L IF) Rgen1+(27z‘ngS (R, +R

gen
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Circuit Noise Analysis: 1st Example (el

Rgen EN,Rgen R, C gmvgslNd INRL

Now Define *equivalent input noise™*
= A (JF)*Ve +V +V

outamp_noise out,gen_noise

— A\/ ( Jf ) (Vgen +Vin,amp_noise Vin ,gen_ noise)
ThIS means Slmply Vm ,gen_ noise N ,gen and Vm ,amp_noise Voutamp n0|se/ 'A\/(Jf)

So theamplifier input - referred noise s :

Sy, (if) = : 1+(27sz (R +R
_ amp,out .I: . gs g
e U = RGO~ N1 (9.R )

gen

And the input noise * due to the generator *is:

Sy, (if) =4KkTR,

gen,in
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Circuit Noise Analysis: 1st Example (f)

Rgen EN,Rgen R, C S nggs INd INRL

~

S,

amp,in

(Jf ) =4kTR, Input-referred noise from R,

2
+4kTTg, (glzj (1+ (2rAC . F (R, + Rgen)z)

Input referred channel noise

+[4:LT j( ; j2(1+(2ﬂfcgs (R, +R,,,F)

Im

Input - referred load resistor noise

Input noise * from the generator *

~

Sy, (JT) = 4KTR,,
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Rgen EN,Rgen R, C Nd NRL RL out
G g —gs gs
o
Noise Figure definition : D= :
C Vgen Vin EN:RQ ey V N@ §
- gen,n(lf)JrSampm(Jf) ) _
- (if) } Is by

gen in

From which we can write
S, (jf ) =4kTR,,.F

|n gfotal _noise

SignaI/Noi seratio:

S, (if)

SNR = —
Sy (Jt)

|n tfotal _noise

(jf)is theinputsignal' s powerspectraldensity

signal

Where §V
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Gircuit Noise Analysis: 1st Example: Summary

out

These are theexact stepsfor calculatio n of input- referred noise,
output- referred noise, SNR, and noise figure.

This is how a computer might calculate these.

The method is extremely tedious, even for a small circuit.

Notethat,in computinginput- referred noise, many of our calculation
stepswere cancelled one we found the final answer.

Clearly, then, our method must be inefficien t.



4| notes, M. Rodwell, copyrighted

Circuit Noise Analysis: 1st Example: Summary

Analysiswas hard because we
..... propagated thecircuit noise generators to the circuit output,
...then propagated them back to the input.

This involves cancelled steps- - -extra work.

It is particularly inefficient because
***The most important noise sources are near the input***
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Circuit Noise Analysis: Source Transposition Method
|

Let use move all the circuit noise generators to thecircuit input.
We must restrict ourselves to transformations which do not change the
2 - portinput - outputcharacterstics of the network between inputand output.

|Rgen EN,Rgen R, C gmvgslNd D et R Vou

(D> NT—= .

o

0
+

This means, make transformations only inside red box



Gircuit Noise Analysis: Source Transposition Metho

Thevenin - Norton Moving Current Across A Branch

!
R y R o
3 @ > é E=IR
.

Output- Input

Iout:gm(vtv_) EN: | N/gm
Moving Voltage Through A Node

N e '@'\_ g £

N I—— N

o b o
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Gircuit Noise Analysis: Source Transposition Method

"Walk" 1, totheinput
I:agen Rg Cgs g \Y INRL I:QL Vout
AN

(\/ -:Vgen
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Gircuit Noise Analysis: Source Transposition Method

R

gen

Vgeni@ \\l

- janCgs/gm

*(1g,)(1+j2nfC_R)

NRL gs g

v
R

gen

A — e

Ve . (V) @ «g \J\ |y *(1/g,)(1+j2nfC_R))

Vv e ti2niC g,
@ A—een
() T+ jorfC R )+(1g,) i21C R )]
=l s *[1/9,+ jZchC (R Rgen)/g ]
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Gircuit Noise Analysis: Source Transposition Method

~ 27fC R +R
S o) = (4”] L, BACHF Ry + R
Ro A\ 9 O

This was certainly not an easy calculatio n, but because R, is far from theinput,
It was thesingle hardest calculatio n to make.

The channel noise current generator is in parallel with that of R, so,

~ _ 1 \24C_J\R, + R,
SVinput;channel_noise( Jf ) — (4kTFgm){ + ( : ( : : j

o o
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Gircuit Noise Analysis: Source Transposition Method

Rgen EN,Rgen G Rg Cgs gs Nd NRL RL Vout
o
Q@ Veer Vio Burg == 393@ ® s

v v Vv

In this particularly easy example, we can also see that

~

R (Jf ) = 4kTRg SVinput;generator( Jf ) = 4kTRgen

|nput g

24C. F(R. +R.. J
' noer(JF) = 4KTR, +[4kTFgm +4:T]( L +( ) (29 ) J
puts L gm

hence

U)I

=1+

U)I

pamplifier R 1 4kTF 4kT
A - ( 0, 9R Lj(H(MCQS Ry o)

Vinput; generator gen
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ECES594I not

den
/\ Vin | O Vout
|
@Wm R,
den Vgen
N
Rgen ngen EN,Rgen G Rg Cgs nggSINd D e R Vou
W DWW . o
Vin EN,R — V
O o T Ve S
Vgen
v ;S v

We frequently wish tospecify noise of a device or circuit
with the generator impedance unknown and unspecified

The E, — I representation allows this.
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En-In Model: Source Transposition Again

Once again, "walk™ sources to input - -but not into the generator
Illustration of load resistor noise only.

Ry Cps Vs D NRL
®

®
+
Vis
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En-In Model: Source Transposition Again

° (=)
\ \4\
V., e *(1/9,)(1+j27fC R )
I,\IRL"‘jZ'rchgS/gm
/
Rg
c\ @ AN _——
Vin K Theoutputnoise Is represented
e/ lyr*127fC g, at V.. by a combination of a
voltage source and a current source.
R
V. 7/ R 260C, o, As they are bothrelated 1:1

to | . they are 100% correlated .
NRL/gm INRL*jznngs/gm NRL y
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o (=) I

\ \4&

Vin ( NRL )*(1/9 )(1+J2ﬂ:fC R )+E
(Iyr Nd)*JZTCngs/gm

Because

En,total = INRL[gl j(l+ JZﬂngng) I (gl J(l_i_ JZﬂngng) ENRG

| L (i274C . 1 9, )+ 1,0 (i276C 1 g,,)

n,total

And Because S (jf)=4kTR, S, (jf)=4kT/R_ S, (if)=4kTIg,

2
S. o (if)= (‘L‘:T + 4kTrgmj(giJ (1+ (244C R, F )+ 4kTR,

L m

- o (4kT
S, ., (if)= (R +4kTFgmj(27szgS/g f

L

4KT 1 *
e o (Jf) = (R +4kTFgmj£g j(l+j27szgSRg)(j27Tngs)

L

Notein particular the cross spectral density.
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®

© out
f R Vi” (]NRIA +IN¢I) >k(]/gm) (1 +j 2ch Cg\Rg) +ENRG
L
l _1 (]NRL +INLI) *] 2TCf Cg,s'/gm
I RV l
5 g NRL T ou.
) \J& S (i) = [‘“‘T +4KTTg j{l]z(u(zm‘c R, f )+ 4kTR,
Viﬂ EN En owiEn 0wl Rl_ m g, gs' g
[N §In,mta\|n.mta\(jf) :(?+4kn—‘gm}(2ﬂfcgs/gm)z

= . 4kT
SEnJoIalln‘wtal (Jf ) = ( R

+4kTrgm][glJ(1+ jerAc R N j2rdC, )

L

Consider what we have done::
An amplifier, with the generator not specified or present, Is represented
by a pair of correlated noise generators at its input.

Later, when a generator impedance is specified, §En, §,n , and S~En,ncan be used

tocalculate the total input noise (voltage, current, or available power).
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ECE59:
- -

E Rgen J-Xgen

N,Rgen

—@—’\/\/—m—c\ (=) ——-
) A\

Vv (\! in EN_I-INden
gen
v
Given a circuit withspecified S, . (jf),S, (jf),andS. (jf),

and given a specified generator impedance Z ., = R ., + jX

En,total,amplifier = En + IN Zg
So
~En,t0ta|,amp|iﬁer = §En + ” Zg ”2 §|n + 2 Re{gEnan;}
=S, +11Z, IF S, +2RefS, , Ry — X )
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If we use thecircuit relationship
g =S, +11Z, IF S, +2RefS., Z;}

=8, +1Z,IF §,, +2ReSe Ry = X g
and the device relationships

S . (if)= [‘L‘:T +4kTrgmj(gij 1+ (274C R, F )+ 4KTR,

4kT
| notalln total( ) ( R +4kTFgmj(2ﬂfC95/gm)2

L

4kT 1 _
E wailn total( ) [ R +4k1—rgmj[g_j(l+ JZﬂngs g)(Jzﬂ'fC )

L

En,total,ampliﬁer

L

Then by varyingZ, (calculus), we can find the device minimun noise figure

and the optimumsource impedance which provides this, i.e. we can calculate
the Fukui FET noise figure expression.
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