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Introduction

Introduction
= Noise sets the lower limit for signal amplification and detection, whereas upper
limit is set by device non linearity

= Reduction of supply voltage in deep submicron CMOS technologies reduces upper
limit and forces noise to become smaller at the cost of a higher power consumption

= Flicker noise largely dominates at low frequency (below the corner frequency),
particularly for deep submicron CMOS

= Thermal noise dominates at HF and is hence important for RF IC design
= [tis dominated by the intrinsic channel thermal noise (~80-90%)

= |tis therefore crucial to properly model thermal noise for RF IC design (for example
LNA design)
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The Long-channel Charge-based Noise Model

The Long-channel Charge-based Noise Model

1. General noise calculation in MOSFETs
2. Channel thermal noise model

3. Flicker noise
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The Long-channel Charge-based Noise Model

General MOST Noise Calculation
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= Noiseless channel except for a slice of channel comprised between x and x+Ax
and having a resistance AR

= Local noise (including both thermal and flicker noise) modeled by current source
dl, which induces a fluctuation of the drain current 8l 5 through the
(trans)conductance

CSP[ 1) oc. Enz|2008 EKV Workshop - The EKV Charge-based Noise Model Slide 4 .ﬂ!ﬂ-

The Long-channel Charge-based Noise Model

Two-Transistors Approach
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= Drain current fluctuation due to local noise source

App =Gen ARy =Ggp -V,

where G, is the channel conductance seen from point x

1 1 1 .
—=—+— with: Gg=Gpg; and Gy =Gpso
Gen Gs Gy
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The Long-channel Charge-based Noise Model

Total Noise Drain Current PSD
= PSD of drain current due to local fluctuation
Sarz, (%) =G (X): AR? ()5 52 (0,X) = GGh () S 32 (@,X)
with: S,2(@,%) = AR?(x)- Sz (@.%)

= Total PSD of drain current assuming local contributions are uncorrelated along the
channel

612(60,)()
N .dx
AX

JHOE IG (x)- AR?(x)-

= Can also use local noise voltage source instead of current source

— ARZ.
Spvz =ART-Sg2 Wz (@,X)
s _g2 s S 12 (@) = chh(x) M
Ao~ Povy
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The Long-channel Charge-based Noise Model

Long-Channel Approximation

= If mobility assumed constant, the conductance G is given by

dip

Gen(X) = qv

W |
= (-G (X))T = Gepec - 0 (X) Gspec = GL:C =2npUs

whereas the noise resistance is given by
AR(X) = AV — . S
Ip W-u-(-Qi(x))
AX

hence G AR =/.(_9A)).¥W _&x
AQf0) " L

AX 2S5 z(a) X) 1 L
Iz (o) = J.( ) T :L2~-(|).Ax-8ag(a),x)~dx
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The Long-channel Charge-based Noise Model

Long-Channel Thermal Noise

= The PSD of the local noise source is given by

Ty W (-Q0)

Saz (0= AR(X) AX

= The PSD of the total noise at the drain is then given by
SAI"ZD =4KT -Gpp

where G, is the thermal noise conductance given by
L L
1 W
Grp =5 [W s+ (-Qi () ok =15 [~ Q- dx =45 Q
L” 5 L” 5 L

= The thermal noise PSD and conductance at the drain is proportional to the total
charge stored in the channel

L
Q=W 'I—Qi(X)UX (long-channel)
0
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The Long-channel Charge-based Noise Model

Thermal Noise Conductance Calculation

= Normalized thermal noise conductance defined by

GnD
G

1
, N
9np = ZIQi (6)-dg=a; with Ggpec Z%: 2npUy
5 T

spec

= Using the charge-based drain current expression

Zqi +1.

. do;
'd=-(2<1i+1)'d%g' = dé=- dg;

= Allows to perform the integration in the charge domain

_ 1 4qZ +30, +4q50q +30q + 405
6 0s+0qq +1

1 g

9np = = Jai-(2ai +1)-qq,
Js

where the following expression is used for the drain current

ig = (02 + a5 )~(a% + a4
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The Long-channel Charge-based Noise Model

Long-Channel Thermal Noise

= The thermal noise at low-frequency can be modeled as a current source between
source and drain having a PSD given by

Noisy D Noiseless D
_\ Ip+Alp Yo SAl r%D = 4kT . GnD
B

Go—| Go—|Eo B o

Gnp :é"QI ‘ :Gspec -q

S S

where g, is the total normalized inversion charge given by

Js linearregionwith g5 =qq,is =i,
2 2
q =1.4qs +3qs+4QSqd +3qd+4qd — g.q +1
6 s +qq +1 -3 =2 saturation (qS >>q,if >>ir)
gs+1
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The Long-channel Charge-based Noise Model

Channel Thermal Noise in Weak Inversion

= The total normalized inversion charge in weak inversion is given by

Os+0g _ It *ir
2 2

the noise PSD can be rewritten as

q =

Ispec Tt +ir 1 +1
G D:G qy = pec _'F R
n spec Ug 5 2Uq

and therefore

S 4kT~GnD:4kT~IF2U;IR:2q~(I,:+IR)

2 =
Al T
which corresponds to full shot noise of both forward and reverse components

= This result is consistent with the fact that the current in weak inversion is
dominated by the diffusion current
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The Long-channel Charge-based Noise Model

Thermal Noise Parameter

The thermal noise parameter 6, related to the drain is defined as
GnD
Gaso

where Gy, is the channel conductance at V,5=0 which is equal to the source
transconductance G

Onp = Ggso = Gms = Gspec Os

= §,p tells how much the thermal noise deviates from the value it takes when it
operates like a resistor having a conductance G,

= J,p compares noise at a given operating point to the noise at V=0
= Mainly useful for device modeling but useless for circuit designers
= The noise conductance can then be expressed as a function of the source

transconductance as

Gnb =D *Gms
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The Long-channel Charge-based Noise Model

Thermal Noise Parameter

= For long-channel devices, we have

Ge -
nD :M:q—':l linear regionwith gs = qq.,i¢ =iy
Gspec'qs Qs
s :GSPeC'QIZQJZE.Qs’LW"’:% Wiand sat. (1>>qs>>qd,1>>if>>ir)
nb Ggpec'ls Os 3 Os+1 |2 Slandsat (qs>>1>>qd,if >> 15>y )

= The thermal noise conductance is then given by

Gns linear regionwithVpg =0
Gnp =13 Gms Wlandsat.
2.Gpg  Slandsat.
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The Long-channel Charge-based Noise Model

Thermal Noise Parameter

1. — 1.
if = ir (Vb = Vs) i /= strong (f = 100)
1. 1 0.8 7
- ] 0.6 L\ \ moderate (j= 1) J
0.8_/—— 0.3 0d 1 i -
Q 2/3 a U
o O.G;X‘ O & 7 \
' ) 0.4- 7
0.4 saturation | weak (i = 0.01) |
- 0.2 T
0.2 weak moderate strong L
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0.001 0.01 0.1 1 10 100 1000 0 5 10 15 20
if = IF / lspec Vas = Vps / Ut
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The Long-channel Charge-based Noise Model

Thermal Noise Excess Factor

= The thermal noise excess factor v, is defined as
G .
7nD = GLD where G, is the gate transconductance
m
= v,p Shows how much noise is generated at the drain for a given G,

= Contrary to 3,5, the noise conductance G, and the transconductance G,, are
evaluated at the same operating point

= Since G,,—0 for Vps—0, v, is becoming large for small Vg

GnDanD.%=5 -G — 5. N0s

= ypisrelatedto 8,5 by ypp = D" D
’ ® ! Gm Gms Gm " Gms—Gmg ~ ds—0g

= For long-channel devices in saturation G,,,=0 and hence ~ ¥np =N-pp
= The thermal noise conductance (in saturation) is the given by
0.Gp W/ and sat.

Gup =7 Gm =13
nD =7nD "®m {ZSH.Gm;Gm Sland sat.
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The Long-channel Charge-based Noise Model

Input Gate Referred Thermal Noise

Noisy Noiseless )
_\ ID+AInD AVn_G\i ID"'AInD
co—G—

B

S S

= For G,#0 and in particular in saturation, the thermal noise can also be referred to
the gate as a voltage source having a PSD given by

where the input (or gate) referred thermal noise resistance R, is given by
n

3 — WIand sat.
RG_GnD_7nD_ Gm
6752 "G, |2 n .1
Gn  Gm 2.~ =" Slandsat
Gm  Gm
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The Long-channel Charge-based Noise Model

Flicker Noise

= Basically two main causes to this 1/f noise:

» Carrier number fluctuation AN (Mc Worther model): trapping of mobile charge in traps
located in the oxide close to the Si-SiO2 interface resulting in fluctuations of the
inversion charge

» Carrier mobility fluctuation Ap (Hooge model)

The PSD of the input referred gate voltage fluctuations is given by
S, (D=8 () 82 (1)

Ky

A W-L-Cgy-f

K
where S,z (f) = 7AN2 and S,
nG AN W-L-C§ - f nG

= |nversely proportional to frequency and to gate area

Note that K,y and K,,, are slightly bias dependent
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The Long-channel Charge-based Noise Model

Flicker Noise — Total Flicker Noise

S,2 =S

AVZ +3

AN AVnZG

2
AVnG AIU

F as/aq =20 (saturation)

ir=Ip/ Ispec
= Usually number fluctuation dominates over mobility fluctuation

= For design purpose, the gate referred noise PSD can be considered at first order
as bias independent
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The Long-channel Charge-based Noise Model

Flicker Noise — Total Flicker Noise

= Simple model for design

Noisy D Noiseless D
_\ ID+AInD AVn_G\< ID"'AInD
Go—|

B co———s

S S

= |f number fluctuation dominates mobility fluctuation

KF
= N AKT R (f)
AV 2 nG
e C2 W-L-f
with Ryg(f)=—2— and p:L2
W-L-f 4KT -C§,
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The Long-channel Charge-based Noise Model

Total MOST Noise (in saturation)

I
Noisy P Noiseless o Noiseless
AV AViG-tot
- 2w
Thermal noise: SA“% =4kT -Gpp Gnp =D *Gms =7nD "Gm ~ Iyp = 2 g
3
7nD =N-%np
Flicker noise: S\ » EZL:MT.RnG(f) Rog(f)=—"2
e CiW-L-f W-L-f
o= KF
4kT -C2,
Total input referred noise: g =4kT -R __ P 7nD
AV 1ot nG-tot  Rng-tot CW.L-f " Gn
qpm © C. Enz | 2008 EKV Workshop - The EKV Charge-based Noise Model Slide 20 .ﬂzﬂ.
The Long-channel Charge-based Noise Model
Corner Frequency
= The corner frequency is defined as the frequency for which the 1/f noise PSD is equal to
the thermal noise PSD
Pt q - Gmp _ GwKFE i KE Vp-vg
W-L-fe Gp 7o W-L  4kT-CZ -yypW-L 4KT-Co-7np L2
= [|fn=1, the corner frequency scales approximately as 1/(C, L?)
PSD
A
i H’ > f
increase W-L at constant G, <—= f, ——=> increase G, at constant W-L
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The Extended Charge-based Model

Short-channel Effects on Thermal Noise

= Thermal noise is affected by following effects:
1. Velocity saturation (VS)
2. Carrier heating (CH)
3. Mobility reduction due to the vertical field (MRV)
4. Channel length modulation (CLM)

= Evaluate the impact of each of these effects on 5,5 and v,

= Each effect will be analyzed separately
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The Extended Charge-based Model

Effect of Velocity Saturation

C—

high lateral
electrical field

Carrier enter
velocity
saturation

Charge
builds-up
at drain

= For short-channel devices in Sl and saturation - lateral electrical field larger than
critical field = carrier velocity saturation

= Carrier velocity limited > additional charge builds up close to the drain >
additional thermal noise without increase of G,, = increase of J,,; compared to
the long-channel value 2/3
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The Extended Charge-based Model

Hot Carriers and Effective Temperature

= High lateral electric field = carrier not in thermal equilibrium with lattice = higher

carrier temperature = higher thermal noise

4

10°
<
= 3
o 1070 F
-
To
102 y | - P ,
10 10 10" K 10
E, [V/m]
[ P Klein, EDL, Aug. 1999.
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The Extended Charge-based Model
Short-channel Effects on §,;
4
Vg =Vg /U1 =70
L=0.18 um
Ec =2 Vipm (A ; = 0.15)
3" 6=03 7
% =30nm
(@]
c
[%e] 2r -
with short-c?lannel effects
1\//
1 .oy, 4, 'gngchaprelvalje
0O 10 20 30 40 50 60 70
vg=Vp/UT
LJ A.S.Royand C. C. Enz, TED, April 2005.
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The EKV Charge-based Noise Model

The Extended Charge-based Model

Short-channel Effects on §,p, (in saturation)

Vg =Vp/Ur=70 O gcholten (IEDM99) L=0.17 pm
L=0.18 ym O  Chen (TED02) L=0.18 pym
E; =2 V/ium
3~ (A =0.15) .
0=0.3, x =30nm
——
[4]
[%2)
% 2r with short-channel effects —
w  PEE O0o0goo 0o
O
ik ©oo o -
IonP-channeI value
0 1 1 1 1 1
5 10 15 20 25 30 35 40 45
Vp =V P /U T
LJ A.S.Royand C. C. Enz, TED, April 2005.
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The Extended Charge-based Model
Short-channel Effects on y, (in saturation)
4
Vg =Vg/Ur=70,L=0.18 ym
Ec =2 Vipm (A = 0.15)
0=10.3, x =30 nm
3
©
i <
(] 2_ .
£ with short-channel effects
| LR LR R PP C PR PP EEEPEEEERPEEERREPE
approximate long-channel value
(in strong inversion and saturation)
0 ] 1 1 1 ] 1 1
5 10 15 20 25 30 35 40 45
Vp = Vp / UT
LJ A.S.Royand C. C. Enz, TED, April 2005.
qp m © C. Enz | 2008 EKV Workshop - The EKV Charge-based Noise Model Slide 27 .ﬂzﬂ.

EKV Workshop, June 30 2008

14

2008



©C.Enz

The EKV Charge-based Noise Model

Conclusions

Want to learn more about MOS transistor
operation in weak and moderate inversion?

Charge-Based MOS Transistor Modeling —
The EKV model for low-power and RF IC design

C.C.Enzand E. A. Vittoz
Available now from Wiley

F S www.wiley.com

.
Christian C.Enz
Eric A. Vittoz

FWILEY Thank you for your attention!
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