Noise in Resistors

Thermal noise (+ maybe flicker noise)

AKTRAS

Noise in Diode

TRy (DT

Shot noise (+ thermal noise from contact resistance + maybe flicker noise)

Vv P
"o :_Té CD i2 = 2ql,Af

AKTR Af

Noise in MOS transistor

Thermal noise (in channel) + flicker noise in gate region

Model for saturation region:

I o

+ kL. Af
f
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, O=

N
|

_— —_ A
gs— T VQS CD g ngs rds C

This thermal noise is not due to r,, .

F_k

] =——— Af <« flicker noise
WLC,, f

(Experimentally they have found that flicker noise in MOS is not a function of drain

current)

i,2 = 4KTg,, Af
2 :
y= 3 — long —channel devices

y=2~3 — short-channel devices

Noise in Bipolar ternsistors

Thermal noise in base (contact r,, and intrinsic base)

+ shot noise in base

+ shot noise in collector + flicker noise in base
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N

v, = [4kTrbb +4KT i]Af
29,,

In the book you have
zq(lBJrk:‘BJ“'j so k and k' are

i,3_2:£2qlB+k]!BjAf <

related.

ic_2=2qICAf

How to calculate total Noise?

Consider the following circuits

R Noisy

Network 4—‘

Measure
noise
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® =

Noiseless
R (4 SO
s i CD Circuit ‘—‘

Measure
noise

Any noise 2-port network can be represented by a noiseless network and two input

voltage and current noise sources. = (there might be some correlation between them)

Why do we need both \/_,2 and F7
Ry >0 > F shorts out but v_f still represents the noise.

Ry > o > \/_,2 cannot generate any noise at the output but F does.

One more thing

To measure noise at the output, it may be easier to consider output current noise when

output is short-circuited.
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Example

Calculate v_f and F for a bipolar transistor.

Noisy Network

)
YA i o "l ¢
\Z/ [
o A JR AN S
AKTRAf @z 7o Qo @i 3 |
E
To measure output noise we will short circuit collector.
Noiseless Network
V2 .
Ry /V'\ Tob ?Iﬂ 'oﬂo;se
=/ MV | |
/A JR
4kTRS Af ii2 CD r, - C;z CD O Ve fo
E

- To find F short-circuit input (Rg = 0) and measure output noise in both circuits.

- To find F open-circuit input ( Ry =c0) and measure output noise in both circuits.



Noisy network with Ry =0

02
v C .
rbb /b\ | r Iol - Inoise
YW | |
YL 1 [ Ay
i@z 7= Qo i

Assuming noise sources are un-correlated we can use superposition.

Effect of v_,f alone:

v, () wsr ==Cc, (Dot

Ignoring the current through C, .

|2 I‘2

1+@*(C, +C,)%r,”

Z, =r,|(C,+C )= = Sz,
7 1+ je(C,+C,)r,

2
Z_ | — |z, =
Ve :‘Z = ‘Vb‘ > Vpe = - 2 'b
7+ Top |rbb +Z7z|
. 2 2 2 2,2, 2
|r 7 |2 |ty + jo(C, +Cﬂ).r,,.rbb| (o +rn) +0°(C, +C,)"r. ry,
bb - H - 2
] 1+jec,+C)r, | 1+@*(C, +C,)"r,
2
o2 r o2
Ve - 2 Yy

- (r, + rbb)2 +? (C, +Cﬂ)2-rﬁ2-rbb

2.2 PR
gmriz 2

v
2 _2"b
(rﬂ+rbb)2+a)2(Cﬂ+C#)2.rﬂ Lo

2 2 2
Vbe = gmvbe =

2
I1 _gm

84
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Effect of E alone:

= /K 4 i
|§ CD rbb rﬂ Vbe -1 Cﬂ CD g mee 4 2

Ignore the current through C, .

)’
Z, =1, [, II(C, +C,) %IZX|2=1+w2(c(+cb32)(r 1)’
V.4 u) ‘\zm bb

_ . 2 2 . 2 2. 2 o
i 2_92\/ 2 gm (r;r ” I’bb) i 2 _ gm r/r rbb i 2
2 = be dg = '

"1y a)z(C,[ +C#)2.(r,[ Ir,? " (r,+1,)2 +a?(C, +C,)%r i’ °

Effect of E alone:

/& i -
HO) i
C\Y 3 = lc

= g zrz -
il =it i 40 = m_x V.
0y 1 2 3 2 2C C 2 2 2 b
(r, +r,) +o°(C_+ ﬂ) I
2 2 2
r-r = T2
gm 7 'bb IB +|C

(r. +r,)? +®*(C, +Cﬂ)2.r,[2.rbb2 '

2.2
Ty r T So2| T2
Ioz — gm i (Vb2+rbb2|82)+ |C2
1 2 2 C C )2 r 2 r 2

(rﬁ+rbb) +w ( 7z+ wl 'z *'bb

Now we need to calculate i, .



Noiseless network withRg =0

Moo C/J
AN |
+ |
Vi <~> Ve2l, —“—C, Qngvbe b,
2
2 __2 |Zﬂ'|
Vbe _Vi . 7
Ity +Z,.|
_ 2 _
2 r 2
Ve = 2 2 . 2.2 2 Vi
(r. +r,) +o (C”+C#) xror,
_ 2.2 _
2 d, I, 2
Ioz - 2 2 C C 2 2 2 'Vi
(r,+1,) " +@°(C, +C )"r. .,
- - o 2 2 2.2 2
2 7 2 2 2 2oz (L +r) +0™(C, +C, )" " —
o =l Vi =Vy tlhyplg + 2 2 e
gn I,

- I+, =r.

Va

Assuming r_ >>r1,,

PR R - 2

2 2 2: 2 | 2

Vo=V, 1, i +C—2(1+a)2(C,,+C”)2.rbb)
g

m

2
fr, >0 =v"=v, +—.
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To find F assumeRg =o0:

Noisy network with Ry =0

OLARNE

N4

S|

22 2,2 -2
b =0n Ve Tl =

0

2.2 R —
In I

.2 .2
i” Fig
1+&’(C, +C,)r,’

Noiseless network with Ry =

D gmvbe

Y

- 2,22
i 2 gn . I

— On

| =
“  1+&’(C,+C,)r,°

- . 2 2.2
T2 2 2 -2+1+a)(C7r+C,u) I .2

ﬂZ C

0;
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Therefore the noise equivalent circuit of a bipolar transistor, ignoring the effect of r,, is:



v C,
B [ C
\/ [
E CD r;r :: sz CD g mvbe ro
E
T2
v,2=vb2+lc—2:4kT ! Af+2q|°2Af
m 29, Ui
= T3 1+a)2(C”+C#)2.I’”2j
A - ic
B
— ' 1+ @*(C_ +C )2r°
ii2=(2qIB+k;B]Af+ o (C > s x 201 Af

Noise equivalent circuit of MOS transistor with noise sources at the input:

Noisy Network

88

2
R, Vg Cad
) ||
WA | ]

AKTRAT () Ve T=C, (D 9nvss

s2
Fas CD g

Noiseless network with noise sources at the input:

RS
AN

O =

AKTR, Af G) r CD Ves Z—Cy CD ImVgs Fas




To find v_,2 assumeRy =0.

Noisy network with Ry =0

o Do

| |
" | ]
V2 Vg —— i2 - =
O wEe Qe [T g
2 2.2
- |02 = gmvl
2_2 | e, 2
=y =1y = | Vi =Vg +
Im
To find i’ assume R, = .
Noisy network with Ry = oo: c
gd
[ |
+ I
4 = =
Vgs —_ Cgs CngVgS CD Iy |

Ignoring current through C; — EzE
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Noiseless network with Ry = oo

T QD Vos ——Cy CD OV

i2 = 1 i2.g2
0, 2 2 i m
0*(Cy +Cyy)
— — o), +C,f =
I2_i2 I2_ gs gd i2
o ~ "0, - i gz d
m

Therefore the noise equivalent circuit for a MOS transistor is:

v Cy
C_ D ||
N\ [
E CD — Cgs CD g mvgs rds
S
VEoyZ. "k .Af+4kT7/Af
I ’ gm2 WLCOXf gm
- w’lc . +C,f 5 @*C, . +C,)f
if:‘"( » ) ijza’( o ) x 4KT g, Af

9 O
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Noise Figure and Noise Temperature

Noise Figure  -> shows how noisy a device/amplifier is.

Case | Case Il
R, Noisy R, Noiseless
— Network — Network
VS VS
o Available noise power at the output in case |
Noise figure =

Available noise power at the output in case Il

You can also show noise figure in terms of S/N ratio.

input S/N ratio

Noise figure = F = -
output S/N ratio
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We can calculate the noise figure for a noisy network with equivalent input noise current

and voltage.

V?

(<)
/

isignal C‘ R C‘ 2 i2 ‘D Z ' ' R i

N
N

. . R.Z . i
— 1 S~ assuming uncorrelated current/voltage noise source.



Noise power in R, :

2 2 2 L 2
e =_Id [\7 1Zi| 2+(i-2+i2) IRsZ, ZJ

Nout noisy Vx i i S
L L .
R R |Z; + R, |Z; + R,

ol = Rz o akTaf

N Sl W .
out noiseless network RL |Z + RS|
i

N out noisy

noise figure = F =

out noiseless network

— noise figure depends on R and input current/voltage noise sources.

There is an optimum R that results in a minimum F:

oF vi o[ -1) i
=0 - > |+ =
oR, AKTAT | RZ | AKTAf

2
iz optimum source impedance for minimum noise

2 _

Sopt

92
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Noise Figure is at its minimum when Rg = Rs, ! therefore:

— "y A
v’ i’

I:min + + 1
TR AT 1 L A

S opt

s
Scpt _.:
i°
J
S22 )
. _ R
F., =1+ Sy h =1+ii2 S Som
AKTR Af 0 1 AKTAF ~ AKTAf
Sopt
i AKTAf AKTR;, Af

For MOS transistor: at frequencies higher than noise corner frequency (a few MHz), one
can ignore the flicker noise. Therefore:

\
—2  AKT yAf 1
v, :g— — Nno T component
m —
> Rszopt:\./i=
— ®’(C, +C,)? |
i,2 = ( _ ) x 4KT g, Af
On
J
AKT yAf
2 gm

R =
St AKT yAf

><a)2(CgS +ng)2
On
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+1 1
St min >1 — RS“:—
o CO(CQS +ng) P a)(cgs +ng)
o 9 AKT yAf
I:min :1+—k Vi f =1+ gml
4kTRs,, A AKTAS.

co(Cgs +ng)

. 2yo(Cy +Cyy)

F.. =1 minimum noise figure for MOS transistor
O
; - 9n , cut—off frequency = F, =1+ 27
(Cgs + ng ) (o
I:min = l+ﬂ
fr
in reality because
of noise
Fmin }/f I = Q
mi fT
1
f

For bipolar transistors: again ignoring flicker noise for frequencies above noise corner

frequency:
x_—’/-




Vi 4KT Af & 291 Af

' 29, 9n

= 1+@°(C, +C,)°r}
i;” =201 A + cll = )

x 2q1  Af

assuming large £ and small parasitic:

ii_zzZqIBAf
- :kT Af4_2q|C2Af o If/(
_>R52t=VI== gm gm =—X + 2B
” iiz 2qIBAf q gm'IB gm
V/
Tt
gm m gm gm gm

|
N

2ii2RS 2x 201 gAf x ——
Fon =1+ = > F,, =1+

4KTAf AKTAf
_ ]
I, =2ql Af

due to }/f noise in reality

Fn |\
Fon =1 53 T \\\\\\, ‘///’:B///i;/

1l due to parasitics
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Noise figure of cascaded stages:

F - noise figure

G -> power gain = (voltage gain x current gain)

F,-1 F,-1
=F+-2 -+

F
overall Gl Gl G ,

Minimum Detectable Signal (MDS)

Also known as the noise floor of the system

Important observation: = an input signal is detectable only if its output is above noise
level.

To calculate MDS, you assume your amplifier has an ideal box shape transfer function:

G Af =bandwidth
Power gain of — | > _
the amplifier Signal power
at the output
*Sout = G'Sin\
f f Signal power
! 2 at the input

Noise power Noise figure, since amplifier adds noise
at the output ™\ yat

*N,, = F.G.Nin\

Noise power at the input
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Signal to noise Signal to noise
ratio at output ratio at input

Assume that you need [%j = 3dB to be able to detect the output signal - (3dB =x2)

out

e(ij 2 o (ij _oF
N out N in

1[?} 1 4KTRAf
=—X—

in:_ =kTAf
2|2rR, | 2~ 2R

/ I N

Because only % of the noise
goes to the amplifier. The
other half is wasted in Ry .

= 2FN,, = 2FKTAf

min

10log F = 8dB

MDS :Vi“|min - V4R5 ><Sin|min

/——> Minimum limit of detectable signal
g
Example: Determine

MDS =V, | .. = V4Rs x 2FKTAf MDS of an amplifier
with 8dB Noise figure

<
MDS = v4x50x2x6.3x2.1x10° x4.16 102 / and bandwidth of
2.1KHz (R, =50Q)

\
MSD = 0.14
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