Chapter 2

Noise in Electronic Devices

Introduction

In this chapter we discuss different noise sources at both low and high frequencies and introduce
noise small signal modeling. Noise modeling provides an insight into device noise optimization.

Fundamental Noise Sources

Let us consider various noise mechanisms that may exist in electronic devices.

Thermal Noise (Johnson Noise, Nyquist Noise)

arises from thermally excited random motion of electrons

in a conductive medium

Noise Spectral
Properties of thermal noise Density

1) noise is white (?)
2) noise is proportional to temperature

3) not associated with DC current

4) can find it in any real physical resistor

Representation of thermal noise

e
R — Ig R or
/ e

does not mean the current
18 in certain direction
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in fact average current (or voltage) is zero

noise
spectral
density

. V(t)

C(

but you can go to frequency domain and plot mean-square

value of the noise signal

/ l;

\v_z «—

=

i, =v, =0

noise average is zero

but average noise power is not?!

wh —
Y VI 4KTRAf

assume a simple ckt of parallel RC
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|-

= C —>» noiseless capacitor

I

An equipartition theorem of statistical thermodynamic

for each degree of freedom (or mode) in a given system,

there is a thermal energy of lkT

\Y k: Boltzmann constant

1.38x107% J/K

Total energy of the system = %kT = %C E
— kT
=T

total mean square voltage density

integrated over all frequencies
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filtering function

Assuming white noise
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Af density

constant
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Yr \v white

Af noise

2
Yr ‘ /\/ non-white

f

V2 = 4kTRAf

-34 -



* Actual power spectral density of thermal noise

constant

f

/ —= 6THZ —> for all practical purpose

1.38x107™ J/K

Plank constant = 6.625x10™* J -sec

—>» Thermal noise is a white noise

Shot noise

* associated with DC current flow across a junction

* arises from random nature of electrons and holes

surmounting a potential barrier

e ———
Ef v V>0 Ef
mm —
V., =0 V, >0 —> current flow

special case

assume that electrons are very well controlled / behaved

and cross the junction in a very uniform manner
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I mA current -> uniform current pulses

-19
- z‘:g:ﬁzlﬁxlﬁ16 sec

I 1x107° /

every so many second one electron passes

=L
t

i(t)
Fourier —> t
transform 1.6x107"° sec
6x10° GHz
1(6) T 12x10° GHz
! 1
-~ f

no energy

dc current \\*
no noise !

in reality carriers surmount the barrier in a random fashion

i(t [ %
Tttt titt — EM/

dc current
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7@ current transit time in the depletion region

% — hundreds of GHz

—> So for all practical purposes shot noise is a white noise

again it is better to talk about noise spectral density

i2=2q1,Af

/ constant
5

o~

shot noise : 1) related to DC current over a potential barrier
2) independent of T
3) white

4) noise power o Af, I,

Experiment

rms
LPF current
meter
1 i, =2 =2l A
Af
I,=1mA ] P2 =32x107° A2
Af =1MHz 291, Af
i, =y =17nA
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Experiment 2

if you look at a noisy signal on the oscilloscope

0L AR AANAA D
ARG UL

a J

—

V. =100V —>  what would be the rms noise value

|

v z%zlﬁuvms

noise

why?

both thermal noise and shot noise have Gaussian distribution

plot probability density function of the diode current

P(I
0 P(I)dI — probability that diode current
I < <I+dl
|
I, I
o: standard deviation
of the Gaussian distribution
1 I,
P e e e

turnsout — O° =i’

t o =2q1 , Af
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30 —> limits of the noise amplitude within 99.7% of the time
—> what you see on the scope is usually *30

—> dividleby 6 —>» givesyou o

which is the rms value of noise

Resistor noise (thermal noise) —  any voltage / current around 0

\_} A

\ 4

Other types of noise

Flicker Noise ( 1/f noise )

* associated with random trapping and
release of carriers from slow states

such as interface state between ~ Si/SiO, in MOS

Flicker noise has a non-white spectral density

noise /— close to 1/f
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general form of flicker noise

noise depends on current —>» [ no current —» no noise]
k —>» constant for a particular device

\> unlike shot noise and thermal noise,
this constant varies from device to
device and from technology to
technology

a: 05~2

\> current dependence of noise

flicker noise = —> very high in MOS transistors

—>» exists in bipolar transistors HEMTs and MESFET's
(especially the base current)

—>» also exists in carbon resistors

/

thin film wire wound resistors have much less flicker noise
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flicker noise is often characterized with noise corner frequency

/- flicker

(— thermal /shot noise

> f
fc
noise corner frequency ~ 10 Hz ~ kHz for bipolar

~ 10kHz ~ MHz for MOS

Burst noise

also a low-frequency noise

\\‘ due to a single trap

1/f noise > due to an ensemble of traps at
different frequency/ energy

burst noise > has a certain energy

/

certain time constant
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c®
‘0‘& e 6‘\0\]
/ 5"(60)
noise . burst noise —» not a white noise
spectral
density

noise amplitude does not follow Gaussian distribution

In fact it is a binomial distribution

\ charging / discharging a trap

burst WW M ﬂ
ULl

sometimes you have more than 2 levels
as there is more than 1 trap

7/
WWL

when there is more than one trap you often see

two characteristic frequencies (two humps)

burst and 1/f noise are always combined

so what you may see
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Sy

1

/f 2nd hump
Af
x white noise

\\
corner

frequency

Ist hump

Another type of noise

\‘ Avalanche Noise

avalanche breakdown is a very noisy process

0.5 mA zener current is equivalent to the thermal noise of 600 K resistor

Noise models for devices

Resistor —> thermal noise  (carbon resistors

.

+ flicker noise)

Capacitors / Inductors —» noiseless

> but they shape the overall noise
through the transfer function
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Noise in Diodes

@ =4kTR,Af ] thermal

RS
—_— . I a
r,=1/g, i =2ql ) Af +k-2Af
o )
shot flicker
fictitious \ /
resistor Th hr ]
(noiseless) ese three noise sources

are independent of each other —» uncorrelated

Correlation study case

Noise in series resistors

R, R,
= 4kTR Af
R
2 R,
4kTR,Af
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VT(I):V1(I)+V2(I)

- vr () = )+, (OF

=, ()" +v, (1) +2v, (e, (1)
— 4KTR,Af +4kTR,Af +2v, (v, (7)

T2 2
=y, +v,” +0 -

since the two resistors are separate from
uncorrelated <«——  each other, their noise is orthogonal
(independent from each other)

4kT(R, + R,))Af
R +R,

Noise in MESFETs and MOSFETs

V2
r g

Go—'wi—@

C — g ngs o

gs

S

Thermal noise (correlated + uncorrelated)

_45 -

2
Ly

\b Thermal +flicker



V2= 4kT§g + —5; JAf

\—v correlated noise = coming from voltage fluctuation
uncorrected in the channel coupled to gate

correction factor ~ thermal noise
\‘ due to drain

long channel & =4/3 thermal noise

short channel 0=4~6

correlation factor ~ 0.4
but varies from technology
to technology

thermal 1/f
R /ﬁ
g
—4kT Af + K m__
V8. A WLC?

/ NG
technology / device size dependent

correction factor
long channel ¥ =2/3
short channel y=2~3

experimentally, they have found that 1/f noise

in MOS is not a function of drain current

- Now that we have correlated / uncorrelated noise sources

how do we calculate total noise?

should generate same output noise

R Noisy 4_‘ — R ’_QGD Noiseless
s network - s i network
o— —O measure o © —o measure
noise noise
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we can represent any noisy two-part network

(with correlated /uncorrelated noise sources)

with a noise-less network and two input current and voltage noise sources

(there might be some correlation between the two)

* why do we need both v/ and i’

R, — 0 — i’ shorts out but v? still represents our noise

")

R, — o = v cannot generate any noise at output but i; does

Consider MOS transistor

to find E short-ckt input and measure output noise
to find E open ckt input and measure output noise
RS rg V:, ng
||
—«Nv——Wv—@ I
v.Q e v DI
s T “es <¢ gm gs § rO () ld .

Vg\* Y lOl
short-ckt
output current
noise

nggS § r,

v /

-47 -



to find v’ and il

first short-ckt input (Rs = v = 0) — i’ — short-ckted
T, ng
w———

E @ +:: Cs (D Vs G g

\ 2

assumption: ignore that noise sources are correlated

_ 1 K g,Af
i? = (4kToR Af Ng 7, + @"C, HAKTIR, A + 2
o = URTBR A N+ 07 L b TR 4y

i) ¢, L @ &V

Y 1o,

o _ 1
2 _(,2 2C? ) y?
loz (gm+w gd)VI xl+a)2(cgs+cgd)2rg2

_ 1+a?lC, +C,, ) r?
—| v} =4kTR Af + (Co+Culr, [4kT7Af —C }

;d 8m WL CCZ)X f
2

gl‘ﬂ

1+ @*
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input
voltage
noise
power

2
V.

1

to calculate equivalent input current noise source i

If

AKTSR  Af
| KT
&

O

I f°

v

2

open- ckt input —» v’ in series with oo resistor

l

has no effect on output noise

assumption
(independent
thermal noises!)

a @
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.N|

&

Co
[l
I
gmvgx .
Y loz
2
Co |
g‘v+ng‘
2
2 2
— o’\C,, KgA
2 = (2g : *’j) [4kT7gmAf+ g'"zf}
8&nt od WLCoxf

2
c, +C
8 "ed -4kTyg, Af
C.

—> no assumption
made!

input
current U,/
noise )
< f
power
<f
| »
T »
1/f corner f

if vou ignore Cgd
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ol
S}

‘ I f f? "

—» (g actually reduces the equivalent input noise at
very high frequency

Noise Figure and Noise Temperature

Noise Figure > shows how noisy a device / amplifier is

casel case I
——o —-o0
R Noisy R Noiseless
V2 network ) network
5 5
—o —o

available noise power at the output in case I

noise figure = - - -
available noise power at the output in case I

you can also show noise figure in terms of S/N ratio
input S/N ratio

noise figure = F= -
output S/N ratio

we can calculate the noise figure for a noisy network

with equivalent input noise current and voltage

2

V.

1

Q) + v

X

SR MHE =2 sz o,

s l
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Z, ; RZ, . RZ, assuming uncorrelated
"Z +R, 'R,+Z °'Ry+Z  current/ voltage noise source

x =

noise power in RL :

6 ol (=l F47) R,z
out noisy R X |RS + Zi|2

i s

V; 2
L R\ " |Z +R]

:|G|2i_2 Rz, 5 _ 4kTAf
R, “|Ry+z) = " R

out noiseless network

. . Nout noisy
noise figure = F= —>

Nout noiseless network

V2 i
=1+ i + i
TR ir 1
R

N

—> noise figure depends on Rs and input current / voltage

noise sources

There is an optimum Rs that results in a minimum F

S opt

oF v -1 i
—=0 - > + =0
R, AKTAf | R AKTAf

R: ==L optimum source impedance for minimum noise
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for MOS transistor (at very high frequency)

2
C.,
4kTOR , Af +(1 + C*“ J rl X4kT1g A

2 gd

S opt 2
C s
(1+ Cg‘ J x4kTyg, Af

gd

R = |2y J R, optimum
i L 2 source res
4 C., —> S
g, 1+ 8! for min.
gd noise figure

in reality there is a source impedance (and not just a resistance)

that results in a minimum noise
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F = noise figure

Fmin = minimum noise figure

R, ) ) )
r =—% normalized noise resistance

\—y characteristic impedance of the system
(usually 50Q)

yopt : optimum source admittance for minimum noise

ys : actual source admittance

gs . real part of ys

use Vs

— equation of a circle
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I'i=I,, where you

constant opt

noise circles

get F=F
(let’s say 2dB)

n : shows the rate of
v degradation of noise
figure as your source

matching deviates from
optimum point

—jl

ifyouareat T’

you don’ t care what m is

but if you cannot mater to I, ,
you want small r match

you can find noise figure of cascaded amplifiers

F-1 F-1
Gl GlGZ

J

available gain (we will define this later)

F

total

=F +

‘Gl ‘Gz ‘G3
‘F1 ‘Fz ‘F3

Noise temperature
is an alternative way of noise representation
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Noise Temp Tn :

noise
-less

—
R noisy

at T,

same output noise

Turns out that noise temp. is related to noise figure

T
?" =F-1 —>  3dB noise figure = F=2
l Th =290k
ratio not dB 0.4dB noise figure - F=1.1

7 Tn =29k

noise factor=F - 1

Minimum Detectable Signal (MDS)

also known as noise floor of the system

Important observation

\—7 An input signal is detectable only if its output is above noise level

To calculate MDS you assume your amplifier / device

has an ideal box shape transfer function
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output signal

Af =bandwidth _
gain
G, «—> (' _
> 1nput
available ‘/ > S..=G,-S., signal
gain of
amplifier fi 5 N G, N,

=F.
\ noise figure
since amplifier

adds noise

We know that for thermal noise

(v, noise rms value)
/) n

2
vn

E = 4kTRgAf - =kTAf = N,, :thermal noise power at input

N

2
vn

: total noise

S

2
n

s available noise
S

N,, = FG ,kTAf
D
N

in

Now to be able to detect your output power has to be above

your output noise by X_ dB typical value for X is 3dB
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P
=2 (3dB
N (3dB)

out

—> P =2FG kTAf

out

p =Lu _opprar
G

m N
10log P, = F(dB)+10log kT +10log Af +3
ﬁ=290k

10log P, = F —174dBm+10log Af(Hz)+3

MDS =v, =.4R; X P, R tpically 500

Example

Determine MDS of an amplifier with 8 dB noise figure

and bandwidth of 2.1 KHz
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10log P, =8—174dBm+101log(2.1x10°)+3
=—130 dBm

P,=10" mW=10""W

MDS = J4x R, x P, =~/200x107"

=2x10™  =141x107 V =0.14 uv

MDS is the minimum limit of detected signal

What is the maximum limit of the signal

distortion determines the maximum level
permitted in your signal

Signal distortion depends on the
nonlinearity of your amplifier
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