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Math: distributions, random variables, expectations, pairs of RV,
joint distributions, mean, variance, covariance and correlations.
Random processes, description, stationarity, ergodicity,
correlation functions, autocorrelation function, power spectral
density.

Noise models of devices: thermal and "shot" noise. Models of
resistors, diodes, transitors, antennas.

Circuit noise analysis: network representation. Solution. Total
output noise. Total input noise. 2 generator model. En/In model.
Noise figure, noise temperature. Signal / noise ratio.
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Noise in electrical circuits: Strategy

Again, our time here is limited.

Work thesimplest possible meaningful problem.

Use this todevelop analytical methods and definitions.

Without too much imaginatio n, one can then extend toany problem.

Theece594 noise notes provide much more detail,
but thekey stepsare here all simply shown.
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Goal: Computing Signal/Noise Ratio and Sensitivity
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Tocomputethe receiver sensitivity,
we must find the signal/noi se ratio at thedecision circuit input.
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It is often convenient tocompare the inputsignal magnitude
totheequivalent input- referred noise.
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Gircuit noise analysis: Goals
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The circuit outputhas bothsignal and noise.
Vout = A/Vin +V

([
\

noise,output

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

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

These noise terms can be represented by fictitious input terns:
Vout = A\/Vin +Vnoise,output: A\/(Vin +Vnoise,input)’ Wherevnoise,input :Vnoise,output/ A\/

How do we calculate the output- referred noise ?
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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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CGircuit Noise Analysis: 1st Example (al

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

Inln

Syy, (if) =d(V;7)/df =4kTR or S, , (jf)=d(17)/df =4kTG forall resistors
d <Inol I nd>/df =4kTI'g,, for the FET channel noise.



Circuit Noise Analysis: 1st Example (h)
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Now calculate the output votage :
. +Ey o +Eyg i+ jedic (R, + R, ) ' (- g.R.)

(1, + IN,RL)RL
Voutsignal +Vout,amp_ncbse +Vout,gen noise

=V, .(1+ j2AC (R, + Ry ) (- 9,R.)

Voutsignal T

Vout,amp_n(bse = EN Ry (1+ J27TfC (R T Rgen)) ( ngL)+ (IN,d + IN,I‘-\’L )RL
= EN Rye (1+ J27ZfC (R + Rgen)) ( ngL)

V

out

Vout,gen noise

where
Syy, (if) =d(V?)/df =4kTR or S, , (jf)=d(1?)/df =4kTG forall resistors

d < | 41 nd>/df =4kTI'g,, for the FET channel noise.



If
V,(Jt) =H {1V, ()

Then

Syv, (if) = H(f)S,,, (if)
Sy, (if) =Sy, (i )H"(if )

and

Syv, (if) =[HUO|S,, (i)



Circuit Noise Analysis: 1st Exampie (c)
R, C 00V s I\ lwee Ru Vou
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Voutsignal :Vgen (1+ JZﬂngs(Rg + Rgen ))_1(_ ngL)

Q £Y_ Q (ngL )2 3 y 2

L F e C ol { I B+ S JR)
(ngL )2

Stpmen () = i,

| 1+ (24C, F(R, + R,

g/nvn(jf)zd<vn2>/df = 4kTR or §|n,n(jf)=d<lﬁ>/df = 4kTG for all resistors
d <Indlnd>/df =4kTI'g,, for the FET channel noise.



Circuit Noise Analysis: 1st Example (d)

The outputsignal v

:Vgen (1+ J27Zngs(Rg + I:egen ))_1(_ ngL)
= A (J271 Ve,

Voutsignal

The outputnoise * due to theamplifier *

~ . (9.R.) AKT ,
S, f)=4kT m_L AkTTC R
amp,out(J ) Rg 1+ (27Z1:Cgs)2 (Rg n Rgen T gm + RL ( L)

The outputnoise *due to the generator *

_ (9,R. )
f)=4kT BT
S\/gen,out('I ) Rgen 1—|— (ZﬂngS (Rg + Rgen
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Gircuit Noise Analysis: 1st Exampie (e)
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Now Define *equivalent input noise*
— A/ ( Jf )*V +Voutamp noise +Vout,gen_noise

= A/ ( Jf ) (Vgen +Vin,amp_noise Vin ,gen_ noise)

ThIS means Slmp Iy Vln ,gen_ n0|se N ,gen and Vln ,amp_ noise Vout,amp_noise/ A/(jf )

So theamplifier input- referred noiseis :
S, () - . 1+(dC F(R +R,,

Su N
R TYT TR (0.R.)

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

Sy, (Jf)=4KTR,,,

gen,in
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Circuit Noise Analysis: 1st Example (1}
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Svamp.n( Jf ) =4kTR, Input-referred noise from R

2
+4KTTg, - [gl ] (+(2A4C, F(R, +R,, F)
Input referred channel noise

’ (4Fle<LT )( glri jz(“ 2AC, PR, + Ry F)

Input - referred load resistor noise

Inputnoise * from the generator *

SVgen _(JF)=4kTR,
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Gircuit Noise Analysis: 1st Example (g)

Rgen EN Rgen R, C g \% INd INRL RL Vout
) G g ~gs m" gs D
o
N0|se Flgure definition : @ y : *
V en in N,R - V
F genln (Jf )+S ampln (Jf) C g g _gs @ @ §
) ( Jf ) v ; S vV Vv

gen in

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

|n Jfotal _noise

Signal/Noi seratio :

S. f
SNR = — v (1)

Sy (Jf)

|n fotal _noise

Where §V (Jf ) i1s theinputsignal' s powerspectraldensity

signal
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Gircuit Noise Analysis: 1st Example: Summary

Rgen EN,Rgen G Rg Cgs nggs INd INRL L out

 do)

WA D@D W
@ _Vgen Vin EN,Rg —_ \igs <$$ @ §
;S v Vv

v

These are theexact stepsfor calculation 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 inefficient.
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Gircuit Noise Analysis: 1st Example: Summary

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

This involves cancelled steps---extra work.

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

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

|Rgen ENRgen R, C g \% | INRL RL Vout

:
]

This means, make transformations only inside red box
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Gircuit Noise Analysis: Source TI‘ﬂIISIlﬂSItIﬂII Method

L

Thevenin - Norton Moving Current Across A Branch

Output- Input

_g (V+ V) ENZIN/gm

out :

MovingVoltage Through A Node
"0, E
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& | o~

—*A (_)'@1_% & q@ l
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"Walk" 1, totheinput
Rgen Rg Cgs g \% INRL RL Vout
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Gircuit Noise Analysis: Source Transposition Method

Rgen
ey
Ve () (1) (1+ j2nfC R )
I,\IRL"‘jZchCgS/gm
v
Rgen
Veen - () lw(U/g,) 1+ j2nfC R )
v I,\IRL"‘jZchCgS/gm
+31 '\/\, -———
- L [(UG, )L+ j27fC R )+(1g,) j2xfC R )]
=1 *[1/g, + j2nfC (R +R . )/g,]

v
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~ _ AkT ) 1 24fCJ(R, + R,
SVinput;RLnoise( Jf ) = ( ] 2 T ( 9 ( 29 9
RL gm gm
This was certainly not an easy calculatio n, but because R, is far from theinput,

It was thesingle hardest calculatio n to make.

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

- 1 (24C, F(R, +R,, ]

SVinput;ChanneI_noise( Jf ) N (4kTFgm )[ gri ’ gé
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Gircuit Noise Analysis: Source TI‘ﬂIISIlﬂSItIﬂII Method

In thls particularly easy example, we can also see that

~ P~

R, (1) =4KTR; Sy generator(JT) = 4KTRy,

mput g mput

SO

) 24C, F(R, +R.,. f
S anonin (if ) = 4KTR, +£4kTFgm +4:T][ L  (2AC, F (R, +Ryo) j
ot gm gm

L
hence

F=1+

g,nput;amplifier =1+ Rg + Rl (4kTF + 42kT j(1+(2ﬂfC ) (R + Rgen) )

Vinput: g€Nerator gen gm ngL
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Input Noise Voltage / Input Noise Gurrent Model

den
/\ Vin | © Vout
|
@Wm R,
den Vgen
N
Rgen ngen EN,Rgen G Rg Cgs gmvgs INd D INRL RL out
T2~ —o\—o—@—’w . . o
v. E _
@ in N.Rg p— Vgs QD @ @ §
V -—
gen
\ iS v Vv

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

The E, — | 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.




ECE145C /218C notes, M. Rodwell, copyrighted 2007

En-In Model: Source Transposition Again

o VA,
\ \.J\
l\rt jZﬂ:ngS/g
/
Rg
c\ @ '\/\, _————
Vin \'i The outputnoise Is represented
e /G lyr *127fC J9 at V.. by a combination of a
voltage source and a current source.
R
—) @\ AR et
" 7“ |N *joznfc: /o, Asthey are bothrelated 1:1

tolg ,theyare 100% correlated.
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Vi, (e e *(1/9,)(1+j2rfC R )+E,q
™ Nd)*JZTEngs/ o

Becuase

En,total — INRL(gl j(l_i_ JZﬂngs g) I (gl j(l_i_ JZﬂ-ngs g) ENRG

In,total = INRL(j27Zngs/gm)+ Ind(jZngs/gm)

And Becuase S; (jf)=4kTR, S, (jf)=4kT/R_ S, (jf)=4kTrg,

4KT
En wiEn total( f):[ R

¥ 4kTrgmj(gij2 1+ (2A4C R, )+ 4KTR

L

4KT
S e[

St e (IF) = [4:T+4kﬁgmj(giJ(l+127ﬁCgs Ni2AcC,.)

L

+ 4kTFgmj(27szgs /9, f

Notein particular the cross spectral density.
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EN,Rgen Rgen jXgen
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gen
IN
v
EN,Rgen Rgen jXgen
DN~ T —o ¢=)
\ \_\
@ In EN INzgen
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 + INZg
So
En,total,ampliﬁer = SEn + ” Zg ||2 SIn + 2 Re{SEnInZ;}
=S, +01Z, I S, +2RefSe, (R — Xy}
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If we use the circuit relationship

—S, +11Z, P §, +2RefS,, 7}

= SEn + ” Zg ”2 S|n +2 Re{SEHIn (Rgen - JX gen)}
and the device relationships

N 4kTrgmj(gij2(1+ (27C R, F )+ 4KTR,

En,total,ampl'rﬁer

4KT
En owlEn total( f) [ R

L

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

L

4kT 1 _
ttall totaI(Jf) ( R +4k1—rgmj(g_j(1+ JZiZfCQS gXJZﬂfC )

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

L

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



