EECES6E9 Analog IC Ch 6

6.2 noise analysis

Why do you need noise analysis ?

Equivalent input noise voltage of amp:

determines

the minimum input voltage of amp that can be amplified

(the min detectable signal)
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Noise: random process

(instantaneous value in time domain cannot be predicted)

Noise: Average power (P,,) can be predicted

1 +7/2
P,, = lim — f x2(t)dt
—-T/2

T —00

Razavi
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Power spectral density (PSD) S, (f):

Average power in one—Hertz bandwidth around frequency 7

Band—Pass
Filter

2
x () o 1Hz ) |xe(1)] |
i Y [ ) 2 A‘x“hlki
; f f t

Xg4(1)
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s, (f)

ﬂ é . .
(b)
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LTI (linear time invariant) system with transfer function H(f)

Sy(f) = Sx()IH(f)I?

Telephone

v id‘ kv ¢ H()[A ki (7‘?" AY
4#\ 1 Seuth |
2

AkHz ¢

5
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What is noise ?

Power spectral density (PSD) S, (f):
V> (Power) =jsn(f) df

s,(0 )

N =S

!

Two—sided PSD

o
f

>

Even function of 7

5,(N))
||| —

One-sided PSD

Can use either of these two
(keep power the same)
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Correlated vs Uncorrelated signals

“"W\J\

2(HW oA M s

2(!')AMM\‘ S tot(t)
/ X4(t)
"3“’/’VWW\ | i WMV Uncorrelated Signal
Correlated Signal by
g Amplitude: X sart(3)

t Amplitude: X 3 .

+7T/2
Pav = lim _j [xl(t) +x2(t)]2dt

—> 00 —T/2

1“)/\MJW\X

1 +T/2 +T/2
= lim — xi(t)dt + lim — f x5(t)dt
T—o0 -—T/2 T—o0 T T/2

+T/2
+ lim —f 2x1()x2(t)dt
T—>00 —T/2

+T/2
= P + Pz + lim [ 231 (1)),
—o00 T T/2 v
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6.2.1 thermal noise of resistor

Star ,

Noise of resistor Ch 6

Thermal energy of an electron : A 7
=» Random motion

5 End

net moving 1engtﬁ

Fig 6.2.1 Motion of an electron inside a resistor
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R
Vo (F)]% - df A . AAA B
Ay
R -
-
1 () - df
(a) Thevenin form (b) Norton form
2 _ () akT
Nnt(f)‘ = 4kTR ||m(f)|2 _ Vi 2| -
R R
Vo (F)]2
4kTR
2KTR
0 f

(¢) Frequency spectrum of thermal noise voltage variance

(Solid: one-sided PSD, > O only, Dotted: two-sided PSD) 10
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Voa( " Moo R Ry Va1’

| _ 2 _ _
o e W—()——
2 2
Vnt = T“_r)noo - I (Vatr () + Vpr2 (1) = 0)° - at

lim —J' (Vo (1) - Vo (1)) -dt = 0 © €uncorrelated

Too |

2 2 2
Vit = Vo T Vit

Vot = Naa(F) + N (F)° = 4KT- (R, +Ry)

11
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6.2.2 kT /C noise

R

W

o

/77

(a)

—o Vy

kT/C noise Ch 6

R
AN
.|_
Vi(F)-df = & Von(f)-df
s
(b)

Fig 6.2.4 Output noise spectrum of RC low pass filter

12



EECES69 Analog IC

H(f) = —

l+j-i
fC

Vot (T) = Ve (1) - H(T)

kT/C noise

Ch 6

R

vm(f)-df@

A

+

~C Von(f) - df

V= [ Non O df = [ HOE Mo (P - of

= &R [ [H(F)? df = TR |

o0

L df

0 14 (f/f,)>

Ne (Number of electrons) = \/kTqu
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Ch 6
Vbb
| 5 KT
L Vont S
on l ° _ 5 VO
Vi —— &

rrr rrr

Fig 6.2.5 Sampling circuit using MOS switch
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Noise bandwidth : NBW

Vaw = Mo (0)° - NBW =

jo‘” \H(f)\2 df
NBW — > —
HO)

noise BW

Ch 6
4KTR-NBW = KT
C
Z. f Single—pole
C
2
1
H(f) = f
1+j-f—
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6.2.3 Noise model of MOS transistor

MOSFET thermal noise

2 4kT
“dnt(f)‘ = R € Drain noise current spectral density
avg
L
Ravg = W ooy, € Average channel resistance
1 L q 1 L
Cag = T fo oY = T [ ey (Y)dy

dn (Y) =Cox - Vas —Vrr ) -y1-(y/L)
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1 L 1 L
Cag = T fo oy = = [ Ty (Y)dy
2 R 3 L 1
Oavg = g'ﬂncox'(\/GS —V1H) My E.W.ﬂncox(\/Gs Vi)
2 AKT
“dnt(f)‘ — R
avg

W
j'ﬂncox 'T'(VGS — V1)
8

ul On = 4kngm

3 3
Equiv noise R=1.5/gm  Short channel: 2/3 = 2.5 at 0.25um
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MOSFET flicker noise

Polysilicon
B T R H
LB o R S e T N I R BT R R R R I l 2

----------------------------------

Dangling

Bonds""""" W E: %3 ar
Silicon
Crystal

o (P = lane (1 + [t (1)

2 8kT KF - 147
“dn(f)‘ — T’gm+ f D
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MOSFET flicker noise models

MOSFET noise

Ch 6

2 SkT KF - | AF
“dn(f)‘ — T’gm‘l' fD
8kT K
I f ° — . -+ . 2
g () 3 9 Twic 1 o
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'!I.{."fi'f' ) (f)

'FJHJE [f}

MOSFET noise

Ch 6
- “I
KF-Tg, | _
= Flicker noise
Wi e i
3
- Kl [-Em' + Emib T 8 ds ) Thermal noise
3
Example of noise model parameter values
NMOS PMOS
G 3 .76 i 2 7.58 x 10 ¥
AF 9 70 x 10 L 1 RT
L .31 1.12 .
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Equivalent noise voltage of MOSFET

Ian

D D
J D 777
G B
G @! — +%H + Cop I 1s
B Vgn Vgs | Vbs | o | =1,
B Ty b lg
gn
S § CGS — FS§
B
(@) (b) s ] 1
idn = _(gm + |27 'CGD) *Vgn
2 i
s g _ n
lan & —Om " Vgn Vgn = >



EECE569 Analog IC MOSFET noise

Ch 6

2 _

Vgn = .2

gy \/IOIT \/j gn(F)|° df

Voo (1) = \'dn(f)\ 8 KT KF.1§

m 3gm fgm

2 8 KT K
|Vgn(f)‘ — 3.gm+WLCOX.f
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2 8 kT K
2 f — . +
’Vgn(f)‘ |\/gn( )‘ 3 gm WLCoX ) f
1000+
1001 | K 3
1/f noise fC — Cm WL Sm Sk—T

101 . fc : 500KHz ~ 1MHz for submicron
ermal

--------- AOESE e

f (Hz)

1 I f 1I03 f f 1I06

Fig. 6.2.7 MOSFET 1/f noise spectrum
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Noisy Circuit — Noiseless Circuit
Vn,in

"\
_.U+ '

2
Vn,out

24
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Equivalent input noise voltage

Ch 6

6.2.4 |nput referred noise voltage of single stage amp

o)

R V2o = (4hT 2gm + = = . g2 +
D n,out — 38"1 COIWL f gm R
Vout
VII'IO—_I M1
T V2 Yo
Voo wn A
— 2 K 1 4kT
R — (4kT = - ol ki
D= @12 ( 38T CowL 7 T RD)
2
+— Vn, out _ T2 k1, 4T
. 3gm CoxWL f g;%;RD

Razavi
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EECE569 Analog IC Equivalent input noise voltage Ch 6

If only the noise voltage is attached at input,
for an infinite source impedance =» output noise = 0 : problem!

Voo

Source Impedance Zs = infinity (current source signal input)
->

Noise output = 0 even with a non-zero input noise voltage V,,;,

26
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EECE569 Analog IC Equivalent input noise voltage

Ch 6

For a general case of source impedance,
both a noise voltage and a noise current must be used.

2
Vn in

Noiseless
Circuit

|.. and V_ . correlated

Razavi
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EECE569 Analog IC Equivalent input noise voltage Ch 6

Noisy | — -
Circuit

Noiseless | —
Circuit

V..~ canbe calculated with Z. =0

n.mn

Noiseless | —

Circuit Circuit

| .. can be calculated with Z, = o0

Razavi
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Holds for CS amp

Equivalent input noise voltage Ch 6

correlated

Razavi
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=Rp
v 2
‘s x-'l:'“ X Vnz,out
-L—: O 1— _T_ I m,
= (4)1,%" Icin
2 -
Viin = V’;‘;‘” V,in canbe calculated with Z, =0
- 2 K 1 5 4T\ , 1
= (4kT38m+ o7k il RD) b
_gr2 K 1, 4T
3gm CoxWL f g;%;RD

30
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Icin L

— Vop
o =Rp
Zs |I,nz,in X +—o° Vnz,out
-L—I:I O 1— T I M,
- C*)’ n2,in

|,.» canbe calculated with Z¢ =

lin == =5C, Vi V_, =V_. as desired

gives the same Vn.out y



EECE569 Analog IC Equivalent input noise voltage Ch 6

— V
For general Zs L Vn.in In.in
=Rp Not double counted
w2
Zg ﬁl‘\:i“ X t—° Vnz,out
-L—I:I Ot T I M,
;2 C;
- C*)’n,in I in a8
1 VA
VnX o Vn,in lcms + In,in CinS I . — Vn'in — SC 'V -
n ZS n ZS n.imn Z N n.iN
CinS Ct'nS N
_ Vain + LninZs V., =V, . asdesired
253(2%,,8 + | .

gives the same Vn.out .
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VDD

Z

2 2
Vi +— Vh.out

|
O

2
n
2
m At low frequency
33
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Voo Voo
2 2
n,outl . Y/ n,out2
v 2
n
- 2 —OL
M, M,

EZS

Proof of Vn2 = At low frequency

DN‘

N
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Simple proof for a source grounded MOSFET

Ian

D D
J D 777
G B |
G @! — +%H + Cop I 1s
B Vgn Vgs | Vbs | o | =
] : i
gn
S § CGS — FS§
B
(a) (b) S L 1
idn = _(gm + |27 'CGD) *Vgn
2 i
e g _ n
lan = & —Om * Vgn Vgn =

2
gm 35
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Equivalent input noise voltage

Voo
TI 2
n,out1

o—| ’—2
n

M,

Zg

Iﬁ,aurl —

Iﬁ,our2

V2

Voo
Tl 2
n,out2

Proof of V. °

Ch 6

SN

9

At low frequency,

gmb:O
Vg=20
2

> V =
1

Vn ZS
1,1 L1
g, 1.1 Z
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