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why analog / RF CMOS?

many applications involve analog / rf signals:

1) many natural signals are analog (sensors)
2) disk drive electronics

3) wireless receivers

4) optical receivers

5) microprocessors / memories

CMOS:

1) many systems are both analog and digital
2) CMOS is the dominate technology for digital electronics
3) CMOS performance has recently become suitable for analog

Reference: B. Razavi, Design of Analog CMOS Integrated
Circuits, McGraw-Hill, 2001.
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1)

2)

3)

4)

o)

CMOS device metrics (digital)

on-current: I, (ON)

off-current: |5 (OFF)
subthreshold swing: S =d(logy, 1, )/8Ves),
device delay: 7=C.Vy,/15(ON)

DIBL, etc.
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CMOS device metrics (analoq)

1) transconductance:

2) output resistance:
3) frandf .

4) noise, mismatch,
linearity, etc.

On :alD/aVGS
r, =0V /0l
f. =127

A
o]

VDS

VGS

[
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outline

1) Introduction

2) Small signal model

3) Transconductance

4) Self-gain

5) Gain bandwidth product
6) Unity power gain

7) Noise, mismaitch, linearity...
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small signal model

I, =15 +1, i _
g Id
\ g — R—y
1 o
I_ Ugs Cgs -1 gm Ugs
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_ . I ol
ly = UnUgs On = ~
d | Uy Vs "

(quasi-static assumption)
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small signal model (ii)

r, = OVpg /8| Vi O, = Ol D/aVBS Vs
r Cod
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_I_
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Lundstrom EE-612 FO6 7



outline

1) Introduction

2) Small signal model

3) Transconductance

4) Self-gain

5) Gain bandwidth product
6) Unity power gain

7) Noise, mismatch, linearity
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transconductance

MOS (above V-, saturated)

On = aID/éves ‘Vos
|, =WCqy Uy (VGS - V; )

gm — WCOX Usat

gm/ID :1/(\/65 _VT)

0n/1p=1/(1.1-0.17)=1 V*
(65 nm HP)

bipolar

On = aIC/aVBE ‘VCE

gm/IC :1/(kBT /CI)

0./l =1/(0.026)~ 40 V*
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MOSFET transconductance

I 65 Nnm

90 Nm
130 nm

g, =WC.v

sat

| >
VGS

T,, scaling, high-k, mobility improvements (e.g. strain)

Increase g,
Lundstrom EE-612 FO6

10



transconductance (subthreshold)

MOS (below V;, saturated) bipolar

Gy, = 0o/ V), O = Ol /NVeel,

|, = 0V /meT . =1 ekt

O, = lo/(MmkeT /) O, =1c/(ksT /)

0, /15 =1/(mk,T /) 0n/1c =1/ (keT /)

9,/15 =1/1.3(0.026)~ 30 V* 9.,/1c =1/(0.026)~ 40 V*
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0./ I figure of merit

gm/ID::]/O%B-_V%)
MOSFET

»

»

Vos (Vee )

B. Murmann, P. Nikaeen, D.J. Connelly, and R. W. Duttong, “Impact of Scaling in
Analog Performance and Associated Modeling Needs, IEEE Trans. Electron Dev.,

2006.
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Outline

Introduction

Small signal model
Transconductance
Self-gain

Gain bandwidth product
Maximum power gain

Noise, mismatch, linearity
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small signal gain

VDD
v
out
> Uout - AU
| Uin
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effect of output resistance

N _
15 r, = 0l [V, .
Ar DS Id
g D—
UQS Cgs — gngs ro
S
VDS
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self-gain

In

VDD
O / high impedance current source

*Vox (" A (Max)=—g,r,
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IIpsl (mA/pLm)

self-gain for 65 nm digital CMOS

0.9 0.9
0.8 PHOS NMOS 0.8 0.2 mA/ym
WGSI— 0, ~ =1mS/um
0.7 /.? 0.2V
0.6 0.6
1.2V
r = ~ 7 KZ -um
0.5 pd 0.5 0 0.18 mA/ym H
0.4 0.4
0.3 \ 0.3
\ / v — r.o ~ [
0.2 d 0.2
0.1 \. 0.1
0.0 # 0.0
-1.2 -0.8 -0.4 0 0.4 0.8 1.2
Vps (V)
C.-H. Jan. et al., 2005 I[EDM
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self-gain vs. scaling

50
[= 40 Analog designers are frequently
S 30 forced to use non-minimum length
HF—') (NML) devices.
P 20

10

180 130 90 65 45

Technology node (nm)
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Introduction

Small signal model
Transconductance
Self-gain

Gain bandwidth product
Unity power gain

Noise, mismatch, linearity
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short-current current gain

iin
NV | i
B L]
NS Gy -
iy (@) <> | Co = Ll ] lou
| |
S i | s
- |
Loy = gngs )
U = | 1 > iout ~ g(;n iin
s ja)((:gS + ng J JOCror
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gain-bandwidth product

log, 0

Im

o) -1-

01 Cror

65 nm CMOS

g, ~1 mS/um
C.or ~0.7 fF/um (ITRS)

f. ~ 230 GHz
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gain-bandwidth product (i)

device delay metric

65 nm NMOS:
T=1ps

L ~ 160 GHz

27T

Lundstrom EE-612 FO6 22



i (GH2)

f- vs. scaling

A e O 1
300 " 272C.y 27t
250
200
150
100

v

180 130 90 65 45

Technology node (nm)
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gm/ IDXfT

O, good for low power ‘ good for high freq

a

»
»

I “sweet spot”
(Ves —V; =100 mV)

v

VT VGS (VBE )

B. Murmann, P. Nikaeen, D.J. Connelly, and R. W. Dutton, “Impact of Scaling in
Analog Performance and Associated Modeling Needs, IEEE Trans. Electron Dev.,
2006.
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Gain bandwidth product
Unity power gain
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f = On
=
27Cor

Insensitive to ry and r,

iIndependent of W

channel length scaling
Increases g,, and lowers C;q

max

(—
MAX "~

\/4rg [: + a)Tng)
sensitive to
parasitics
T ~W
I, ~ 1/W
-Cgq~W

need small W

channel length scaling
wcreases r, and lower

~

1,/
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thermal noise

thermal noise

Johnson noise

—MN—( —

R v R,

— —/\\—
V? =S, (f)Af = 4k, TRAf
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polysilicon

1/f “flicker” noise

S (1)

dangling bonds
“traps”
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1/ f
thermal
fC
f. =100 kHz
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differential pair

mismatch

analog circuits make use of
matched transistors

sources of mismatch:

-variations in geometry
'AVT’ ATox,
-thermal effects, etc.

K
AA = ——

VWL
dealing with mismatch.

-circuit design
-careful layout
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linearity

VDD
UOUt
I:QD
Uout | max |
> Uyt
v, :_
eja)t I_
= (below threshold)
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harmonic distortion

VDD

RD

»

out

eja)t I_

Ae” + A + At 4.

. _ 0l 152|DU2 16%, |
Toov,

Uy +— +— Uy +
4 15\ VAR | 5\ VA
gs gs
- 2 3
Id - gmlugs + ngUgs + ngUgs .

VIP, VIP,

extrapolated gate voltage amplitude at which
the amplitude of the harmonic = amplitude of

fundamental



Audio Missing

harmonic distortion

VDD

RD

Ae” + Ae + APt 4.

»

eja)t I_

out

. _ 0l 1aZ|DU2 16%, |
Toov,

Uy +— +— Uy +
4 15\ VAR | 5\ VA
gs gs
- 2 3
Id - gmlugs + ngUgs + gmzugs .

VIP, VIP,

extrapolated gate voltage amplitude at which
the amplitude of the harmonic = amplitude of

fundamental



eja)t

Audio Missing

distortion and the devices

VDD

RD

Ael” + At + A 4

i ol 1 6°l 1 O°
i, = DUgS+— EU§S+— §U§S+
P TRV TIEVE

> Ui

4 . )

Iy ~ (Vc;s _VT) (above threshold)

DIBL

~ gflesleT (below threshold)

& Y
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