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Thermal Noise

d(EEr) _ypufNf . hF ]
daf 2 exp(hf /kT)-1 %R d@ In
d(1,1,) 4{hf hf } En ‘

R |2 " exp(hf /KT)-1

df R

For hf <<kT these become

d(E E,

< > =4kTR A Available Power
d(1,1,)  4kT .

df R
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Avaiiable Thermal Noise Power

Maximum power transfer : load R matched to generator R.
With matched load, voltage across load is E, /2

R
With matched load, current through load is I, /2 R
En
Given that
d(E E’ d(1 1’
(E: ”>=4kTR or (s ”>=4kT = O|<F)'f"'ﬂ‘d>=kT
df R df
I
R R

P..q IS the maximum (the available) noise power, hence

d(P,.. .
< avallablen0|se> — kT
df
All resistors have equal available noise power.

Any compononent under thermal equilibriu m (no bias) follows this law.
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Each degree of freedom in a systemat thermal equilibrium
witha reservoir must have expected energy kT /2.

Thermal equilibrium is obtained via the resistor L v R L C
dissipation : circuit power — heat C@ E, g’ T
thermal noise : heat — circuit power v v v

A filter of 1 Hz bandwidth, observed for 1second, has two
degrees of freedom (sin(2xzf,) & cos(2xf,)), hence the total
available powerin this bandwidth must be KTAf .
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For any component or comp lex network under thermal equilibrium
( noenergy supply)

d <Pavailablenoise> _ kT
df
:>d<E”E”>:4kTRe(Z) or OI<InIn>:4kTRe(Y) g
df df

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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*

d<P >=|<T:> d<i;E”>:4kT Re(Z)

availablenoise

df

The antenna has both Ohmic and radiation resistances.

The Ohmic resistance has a noise voltage of spectral density
AKT, vientRonmic » Where T, ... IS the physicalantenna temperature

By the2"law, the radiation resistance has a noise voltage of spectral
density 4kT. ,R,.q , Where T, Is the average temperature

of theregion from which theantenna receives signal power

Inter - galactic spaceis at 3.8 Kelvin....




From

d<E”E:> = 4kTR or d<;:c|:> = 4‘;: i

We find that En

\|

— VC

d vy, _( 1 j( 1 j*d<EnE§>

df 1+ j22RC \ 1+ j22fRC df

) ( 1 j d(E,E,)
1+4r°f°R*C? df

So the mean stored Capacitor energy s

w( L jd<i”E:>df —KT /2

1+4rx°f°R*°C? f

(1/2CVV,)=|

0

This also follows directly from the Boltzmann law.
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The proof (not given) extends uponour earlier discrete - time shot - noise calculation.

*1f *,given a DCcurrent |, thearrival of each electron is statistically
Independent of every other electron,

*then* thecurrent has a noise powerspectral density at lower frequencie s of

d(11;
<d:‘ Loz

M ost DCcurrents in circuits are * not * a statistically independent flow of electrons.

Theelectron motion in a resistor generates local fields which influence the flow of
all other electrons. Classical resistors do not exhibit shot noise
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clas
- - -
|

An optical fiber is illuminate d by a noiseless source of optical power P, and
produces a flux of photons per unit time of B, /huv, ..,

Thefiber has attenuation «, hence thereceived optical poweris F, =P, = oP,

out in
and the received flux of photonsis F,, = P, ./ hv, ... Becuase each photonpasses

through the fiber with probablity «, the processagain has shot noise with

A(PuPL)
df

out

This produces on a photodetedor withquantum efficiency 7 a photocurrent

|, = (79/hv)P,, witha shot noise of
(1) e
df out
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class ni
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In the metal, electrons have a Fermi - Dirac energy distribution.
Some will have sufficient energy to cross over the barrier.

This produces reverse leakage current.

These events are (almost) independent, hence the resulting
current has a noise spectral density of

dil, I,
< Ieda_l;: Ieak> :quleak A
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Shot noise’ in PN junctions

Thediode current is

_ qV/kT )_ avIkKT gy _
Idiode_ Is(e 1 _ Ise Is _ Iforward+ Ireverse

11

Both the forward and reverse currents have shot noise, hence

d <Idiode|diode>

i =201 1y rarg + 20 ceverse = 20(1gigge+ 21,

Under strong forward bias,d<|diodel;ode>/df = 291 4040
under strong reverse bias, d<|di0del;ode>/df =20l

Under zero bias, d <Idiodel;ode>/df =4kT /1, ., as required by the2"® law.

*Van der Zeil derives noise in PN junctions from the thermal noise of carrier diffusion.
The noise current spectral density tlus calculated is equal to that of shot noise.
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Fora strongly forward biased junction

dil, .ty
< d“;;; d'0d9> = 201 gioge = 2KT / Tyjoq Where oo = KT/l o
or
d <Vdiodevdiode> — 2kTr, . |
df R R
hence l Y "
En

d<Pdiode> _ KT /2 |
df

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.

*Van der Zeil derives noise in PN junctions from the thermal noise of carrier diffusion. The noise current spectral density thus calculated is equal to that of shot noise.
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Bipolar Transistor Model---without Noise

C
1 chx
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Bipolar Transistor Model---with Noise
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Collector shot™ noise

d(1cle)
=2ql, =2kT /r,=2kTg,
df
Base shot* noise
d(l, I:
<d; b>=2q|b=2kT/rbe

There is a slight correlation of I.,and I . (a cross - spectral density)
when 27f (7, + z.) approaches1. We will ignore thissmall effect.

The physicalresistors (R, , R, , R.) have thermal noise of spectral
density d(V?) /df =4kTR

R.andr, =1/g, are not physicalresistors.
Thenoise of R, and r, are the base and the collector shot* noise generators.

*Van der Zeil derives noise in PN junctions from the thermal noise of carrier diffusion. The noise current spectral density thus calculated is equal to that of shot noise.
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FET Small-Signal Model
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FET Noise Model
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FET Noise model

G Rg Exri ng I Ey Ry 5
—EDW [; ED—W-
EN Rg INg @
Ri
R, R, Ry are physicalresistances = d<V2>/df =4kTR ,l-:_Vgs \ Ras
\ T
Cgs gmvgse :

|4 IS the thermal noise of the channel current R,
d (1,410 )/df =4kTIg,, Epre
I' =2/3: gradual - channel FET under constant mobility S

I' ~1-1.5:highly scaled FET under high - field conditions

R, arises from the channel : E ;and I, have small correlation
Effect is negligible — approximate as uncorrelated.

d(Ey 5 Ex g )/df =4KTR
l,,, 1s theshot noise of the gate leakage current :d<|ngI:g>/df =201

R, IS not a physicalresistor - no associated noise generator.



Alternate FET Noise model

4KTRg Cgd
Rg
¥
—(—wW [ °
Input
noise Ri <¢ gmVgs
term + 4kT*Gamma/gm
Cgs=~ Vgs

Rs
4KTRs

You will also see this in the literature. T here is no new physicshere at all.
We have just applied the formula that for a general impedance

d(l_1
<dr1]: n> :qugate

...toget the inputin terms of a current.

+4kT *(24C . FR

+4kT Re(Y) = 2q|

gate



