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Noise versus time

4

M”HMMM%

vN Is the average noise power

wlia'd ot

Ref. Van der Ziel (Prentice Hall 1954, Wiley 1986), Ott (Wiley 1988)

VN
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Noise versus frequency

Integrated noise

VRums

Noise density V?/Hz
o Vius/VHz:

dvy? white noise

1/f noise

» f

f, f,

df
viz=\ w2 = \/J dvy? df = \/(fz' f1) dvy?
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Noise of a resistor is thermal noise

— dvg? = 4kT R df is white
dvg?
R depends on T, not on I
L forR=1kQ \dvg2=4 nVg,s/\Hz
at T =300 K or 27°C
dig ——  gy.2  4kT
R VR

di 2 = = — df is white
R R2 R
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Integrated Noise of Resistor - 1

dVR82
Rs Vout A

1 +) +
Vin 9 CL

_ f
BW
dvgs? = 4kT Rg df B = —
©o 27'C RscL
v 2 _ J- dVR32
Rs =
1 + (f/ BW) 2

0
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Integrated Noise of Resistor - 2

A

CL=1pF Vgs=65 nVpys

dVR52

4kT RgBW Z

L

CL

1 + (f/ BW) 2

dx

1+ x 2

N |3

2df
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Noise density vs integrated noise

A

dvgs? = 4kT Rg df

|
|
I o0
|
|
|

—_— 2
(vt | —VRd KT

1+(ffBW)2 C
BW BW, 0 (1 BW) -

Noise density (V2/Hz) ~ Rg (or 1/g,,)

Integrated noise (Vgys) ~ 1/CL
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A resistor also has 1/f noise

__ — KFR . df
dvge dvgs” = Vg’ "
Ar

is 1/f

- KFgsi = 2 10 21 Scm?

KFRrpoly = 10 KFRs;

for R=1 kQ with 20 [I's of 50 3/ 1 and 1 pm wide and Vg=0.1V

\/ dvr? = 16 nV,s/ |Hz at 1 Hz

Ref. Vandamme, ESSDERC ‘04
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Noise of a diode is shot noise

I | dip2=2q Iy df is white
q=1.610"1°¢C

—_— = depends on lp, noton T

for Iy =50 pA \ dip2 =4 pAgys/ |Hz

Willy Sansen 10-05 0411



A diode also has 1/f noise

o | To df s 1

dip¢ = I
d'_2 Ap f
IDf

KFp =10 -2 Acm?

For a diode of Ap=5x2 pum =10 pm? and Iy= 0.1 mA

din2 = 1 nAgys/ (Hz at 1 Hz
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Noise of a MOST

dvg2= 4kT Rg df

dipg? = ;—kC: df = 4kT§

Ref. Van der Ziel, Prentice Hall 1954, Wiley 1986.
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MOST: equivalent input noise : white

2/3
dVieq® = 4KT (Resr ) df Reff = g *Rg

Hi Freq.: dieq®= (Cgs ®)? dv;e,” is correlated
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Poly Gate resistance rg in a MOST

Contact

Yy -

- s
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Substrate resistances rg in a MOST

VG

I VB IVS VD
Oy O Q
] a &

e
..................

»
.
-----------------------

5 Rol

p-substrate

Ref. Chang, Kluwer 1991
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Noise by the Bulk resistance

dv. 2 R
+"'ﬁ@_wf,_ dVieq2= 4KT (Re) of
+

'pbs
Vin Vgs Ref 2I3+ RG+ RB (n 1)2
m
9mVgs (n-1) = CDI(':ox = gmb/gm
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Noise by the Source resistance

Noise of Rg
= noise Rg

dvieq2 = 4KkT (Rese) df

Reff = 3—’3+ Re * Rs + Rg (n-1)2

m

Willy Sansen 10-05 0418



Noise by Source resistor R

\ iouT i _ Vin
out ~
di_ 2 R -
out . 5
di. 2 = T
diy© = 4KkT 2/3 g,,, df dig tm” = 5
42 (9mR)
M —
diR2 = % df dioutR2 = diR2
s 2
dig ,_ 4kT , 2/3 4kT

di

= 2 (T +1)df = =
out” = " (g R R &

9m R >>1 dv; 2= 4kT R df
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MOST: equivalent input noise : Exercise

dvie2= 4kT (Z2) df  dv,2 = 7

ieq
Im
for Ipg = 65 pA
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MOST: equivalent input noise : 1/f noise

2
dvieqf RG
+ —@-'\N\r— +
Vin Vout

— KFe df  pMOST KFg =1032 CZ/cm?
et “wLc_, 2 f  nMOST KFp 4103 CZcm?

pJFET KFr =10-33 C2%/cm?

W & L in cm; C, in Flcm?
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Noise vs current : corner frequency

dv.

ieq

2 4

1

1/f noise ~ —
WL

1 L
| white noise ~ — ~—
________ DSlo gm W

Corner frequency ~ g,
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Noise vs current : exercise f.

dviqu ) 1/f noise
1
Ibsic White noise ~ g_
) m
fcIo fchi f

Ex.: f.? Forlpg =65 pA;
K’, =60 pA/VZ2 and L =1 um (0.35 um process)
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Noise seen at the Bulk

dvieqbz

n-1 _ Jmb

Im
2/3

dv. 2= 4kT (2—/3)df dVieqn2 = 4KT ( 92"‘) df
Im 9mb

2
— KF:  df KF In” df
dv, = L —  dv, 2= . — =

|eqf WL Cox2 f ieqfb WL Cox2 gme f
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Noise of a Bipolar transistor

dvg? B C

+—(y

- E

dvg? = 4KkT rg df

— —  KFglg df
- 2 _ - 2 _ BB

dig? = 2q Ig df dig(” = A, f

dic? = 2q Ic df

KFg = 1021 Acm?
Ref. Van der Ziel (Prentice Hall 1954)
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Bipolar trans.: equivalent input noise
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Noise of an amplifier with active load

If dvg? is negligible :

Im2
dv,ec| = dv,2 + dv,?( - )2
dVieq® = dv4? (14 gmf

Small g,,,, : small (W/L), or large (Vgs-VTt),
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1/1 Noise of amplifier with active load

If dvg? is negligible :

— o o .. Y9m2
dv; = dv,? +dv2f( )2

Im2 V2f
dv;? = dv,2 [1 + (l)2 (=24

Im1  dvyg
— KF, K,
dvi2 = dv,2[1 + —2
if 1f [ KF, K’ ( 2)]

dv;? has minimum at

Lyopt = Lz\/ KF1 K4 z10L, then dv,2=2dv,?
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Noise figure of an amplifier

dVS2 S dv. 2

Ng + N N
NF= —=—A8 =1+ A
Ng Ng
. 1
dVjeq® + Rg? dijeq? Voltage drive NF ~ —
NF =1+ Rs
4KT Rg df

Current drive NF ~Rg
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Resistive noise matching

Na
NF =, | |
— NS — e e e s ' .............. ...............................
20 dB| 100 g g 0 1mA
—_ AN\ TR AT T g hee Ml
10 dB 10 dlieq
? 5 10 4
3dB| 1| N ARy ARy
; 1pA
0 4dB— O 1_ ; .; ...........................

0.04dB 4 o1

Rsopt

E . . Z’
10 100 "1k iox  T1o0x "1Mo RS

Willy Sansen 10-05 0431



Table of contents

+ Definitions of noise

+ Noise of an amplifier

+ Noise of a follower

+ Noise of a cascode
+ Noise of a current mirror
+ Noise of a differential pair

+ Capacitive noise matching

Willy Sansen 10-05 0432



Noise of an emitter follower

1 :
dVjeq® = dv;o? + dvp? + (Rg - g—)2 di; 2 + g 2
m m
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Noise of a cascode amplifier
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Input referred noise of a cascode

| Vout

| = dmrpsRs

I S

|

|

I ngS Vin

, — =Rg

I IS

|

! Vout

: . - IDs

; >
dmrpsRs R_
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Noise gains in a cascode

A ¢ Vout| _ ﬁ
Vin|. Rg
In
R
g; - Vout =g
- D
| Vi |- m'DS
| Is
: in _ 1
N =
| Is,eq ngS
/ ' ,\ >
rps R
ImfpsRe

Cascode noise i, is only negligible if Rg is large !!!
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Noise of a folded cascode

If dvg? is negligible :
l|B1

dv,?

- |_@- ;
dVieqz h dV12 M1

Small g,,,3 :

1 oo (Im3) 2 (WIL), |
(1) 2 (Vas-V1)3 1
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Noise of a cascode with linear M1

Vbs1

oq = Ol <0.5

Ves1 - V7

Ips1 =B1 Vps1(Ves1 - V1)
1
B1(Vas1 - V1)

Vbs1 Ron1 =

v 9 M1 linear
IN
A, = 04 G2 o2
4kT 2/3
dviqu = —2(Ron1 + —2 ) df
(11 m
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Small-signal model of a cascode with linear M1

Ips1 = B1 Vps1(Ves1 - V1)
1
B1(Vgs1-V7)

Ron1 =

4KkT R

CTZ — oni
1 a12
0722 _ 4kT 2/3
Im2
4kT 2/3
Vout/ dV2 = Gma Fo2 dVieq” = a_z (Ron1 * 9 ) df
1
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Noise of a current mirror

= 2 4kT g, , df
3
Small g, :
o (WIL) |
di, 2 = di,? + B2 (di; . di; 2+ di;?) (Vgs-V7) |
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Noise of a current mirror with series R
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Noise of a current mirror with series R

di, ¢

out

4kT(% )gdf

_ 8kT
digu? = —— I
4
- 4kTg
di 2= 5 df
(9mR)?

>

119m g1=g2=gm R1=R5=R

Bilotti, JSSC Dec 75, 516-524
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Current mirror with series R

Same ly,t & same Vg:

- 2— A 2
dloutR _d'out

Small g, :
(WiL) |

(Vs-V7) |
(Vgs-V7) | (VGS'VT)l Ve |
win) b wt
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Noise in bipolar current mirror

i Noise added by M3 :
l out

diguims? = 29l df

Noise added by R :

diy g2 = 4kT/R df

Both are divided by 52
to be added to the output
and are thus negligible !
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Low-noise current mirror with series R

Large R or Vg,

Same ly,t & different Vg :

8KT 2l df
1 MOST: dig,2= VGO:'tVT

2 MOSTs: Vg,>Vq,

s 2 = A 2 - 2 —
dlout _d'out1 +d'out2 -

8KT 2l df(1 .9 Ve1-VT)
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Noise of differential pair

VouT

VouT

dV;eq® = 2 dv,?
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Noise of differential pair with active load

2 _ iyt _ 2diy2+2di;?

d =
2 2

Vieq

Im1 Im1

— 9
dv,, 2= 2dv,2 (1 + —=)

|—+ 4 Im1

Vour

Small g3 :
O T™
T (WiL), |
— Vss (Ves-V1)3 T

di,2
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Differential pair with source resistors

4kT 4kT .
dioutz =2 R df diout2 =2 (? df + diB2 )
dv;,?2= 2 (4kT R df) dig?= 4kT 2/3 g,,,g df

dig? is negligible dv;,= 2 (4kT R df) (1 + 2/3 g,,gR)
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Noise of an opamp

2 — 2 (R 5
dVieq = 2 dvg,t (EZ)

R,
dVout2 = dVR12 (_) 2

2 _ 2
dvgut® = dVpo

R>
out’ = dva?(1+ =) 2

dv
R
R, — R —
dVieq” = dVRy? + dvgy? (Ez) 24dvp®(1+ E1) 2= dvgy® + dvp?
2
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Capacitive-source amplifier

Cs
C
A, = c_:
C,=35pF
i Ca C;=1pF

Wopt ? IDSopt ? SlNOpt for Vin =10 mVRMS ?
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Capacitive noise matching - 1

Vout _ Ca  No Miller

C;  Wwith Cpg!!!
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Capacitive noise matching - 2

(Cs+C, +CGS) —_—
2 —
dvieq = Ca2 dv
— SkT 1
d i2 = df
3 9n

_(Cf+C+kW)? L gkt 1
'e4 C,2 W 3 2K, (Vgs-V7)
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Capacitive noise matching - 3

dVieq2 t Operating point Noise matching
where
9 _
" Ces = Cs+ C,
dVopt2 —————————— _
: " opt R opt "
5 (CitCatkW)® L skT 1
- C,° W 3 2K, (VgsVr)
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Capacitive noise matching - 4

A
dVieq’ _ C;+C,
opt ~
Kk
CGSopt
Ipsopt » Imopt
dv ¢ opt > Imop
2 4 BKT _df
P 3 gmopt

BW, = = BW = = N =
2 2 A, 4A,Cggop ' opt \/dvoptz BW._
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