Design of Analog CMOS
Integrated Circuits

<Chapter 3>
Single Stage Amplifier
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3.1 Basic concepts

O MOSFETZ non-linear & == - small signal 2 linear & =2 Al S
VoY) =g+ oy X(E) + oo, X2(1) + ...+ XO(1)
v" where X(t) and y(t) may be current or voltage.

v" For a sufficiently narrow range of X,
VoY) = ag + oy X(1)

v" where o, can be considered the operating (bias) point and o, the small
signal gain.
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Common Source (cont.)

O Channel length modulation 1) 24 Al

! + * Vour
Vin t F_Llj]ﬂ'mﬂ %rﬂ %HD A/ :_gm Io || RD

d Ex2.5
I'rm 1
I-I A/ :_gmroz_gm ll
Vaui D
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Common Source with Diode-Connected Load

d R, LH&!I MOS diodeZ K& ALS

I'x

i v 1
% v Voo Rx=7-< |ro
p 1 OmV¥4 ro Gmb Ybs I, g, +me|
''''''''' |_|: — P
gm + gmb
Vy
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CS with Diode-Connected Load (cont.)

d NMOS

L

diode 2 M & AFE 2 body-effect > g, =t
- Yoo A = —(Om1 ! = g_ml_l
My gm2 + gmb2 Qgm2 I+ n

."Illrl'n_l

O PMOS diode= N & At

o

% ‘”ﬁ

(J Channel-

ot

o (WD 1
T Y(W/L), T+

Z - body-effect S S

My

Ay = —gmli — _%
gm2 gm2
p—0 Vi
o [EOWTD),
U (W/ L),
length modulation 1) 24

Av = —Qmi| - jro1 fro2
v Om - [rol ||ro
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CS with Current Source Load

0 Load?2| Gate 8 20| B1otA L2 VO A0 =2HE =&
- Vout swing & & 0 JH &I Ch,

T ™ =—0n ( 1|| 2)
Vi o= M, A




CS with Triode Region Load

O VbIt V0l 2& 6FH loadJt triode S X 0llAl Mt & £ CICH
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rlr HE Hﬁnﬂ
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CS with Source Degeneration

Q & > gain0l =H =L
O &% > gainl0] J&L=20 0= M HE A0 D =1+ S 40|

=C},
i Vip =V + R,V = 1+ R G,V
+ g V.
If'héﬁ ¥ ¥y Vgs =—1
I~ = 1+ R0,
Ag R g
H Vour = _RD X gmvgs - — Vin
N 14+ 9,,Rs
RD B RD

A =—Ino




CS with Source Degeneration

d Ex.3.5
v' M, is “diode-connected” > M & 1/g , 2 & £ 2ILC}.
v AERp/(1/gy+1/gm)




CS Output Resistance

Al
J_.w ] AV
I_MF 3;;?__51;
N e i Fre o
] ] i
1 14— av, __F“"'_' AV
Rg Rg } = Rg
(a) ib) (c)
1
—//Rs
AV = AV —In = Im
J/Rs+T,
gm + gmh ©
A =2Ves _ap 1
R, 1+(g, +g,, R +R,
AV
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CS with Source Denegeneration (cont.)

v, R, R
— V. + V. = ——cui _ V. +17 . —= |+ | P
Ym¥1 T Ymp bsj -ED |:gm| i oud R ‘ YmpY ot R :|

b o/ 0
T r { ™
{,Lm = Irn:lrc - EWf RE‘ = ij I _|:gm| Lffn + I'r:;:m & | + gmbl'ilzef %—lrc - I‘r;-uf &
RD RD h, RD ¥, Rﬂj 'E.D
I'Inm _ — gmrn:lEE - gmrcED
|t fD”GWS that 1L}-.rz ED + EE-‘ + T + {gm + gmbjESrc ED + R-:-u:r
Re+7,+ (0 + G JReT, Rp+ Ry +7,+ (0, + 0o JRST,

= _Gm(RD f{ra’{Rcm]
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CS Gain Example

O Ex. 3.6
A\/ :_GmRout
—_ Ol R
Rout out
__gmro
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3.3 Source Follower (Common-Drain)

 Buffering Action
v Common Source = high gainS & J| ¥/oHf R, 0| HOF StLCt.

v R, 0| &2 loadE drive otJ| 2/ oll buffer 2 R

J Buffer
v Av=1
v Rin=w
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Large Signal Behavior

Voo
Voo b
Vin l:l—l M,
Vout
Ay . )
FTH "'Illrl
{a} (ki
Q IfV, <V 2 M, 2 off.
a IfV. >V, > M, 2 Saturation 0| A =%
O Body Effect:
v Ip 12 Vg=IpRg 12 Vg 12 Vi 1
A I=(Vg-Vig)/Rg
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Source Follower Gain

E x P Vin _Vl :Vout
vm ) rll éj gm“' gﬂﬂ I'IIIIH Vbs = _Vout

VOUt - RS (gmvl + gmbvbs)

BUK NATIONAL

= v _
i ol o S Al Vinj’%vbsv%%ﬂxéag}nd
S
o A =V°“t — 9nRs
Vin 1-I_(gm + gmb)RS
A\/ — ngS ~ 1
Al 1+g,(1+n7)Ry  1+7
1.“ b Bl AEEad LSS LR ESLEEES .'_
f 147
“1 -
W Vi
Gain Dependence on V4
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Problem with Rg

O v, Ot8HotH > Vs 8ot > I, B3t > gm B3t > gain B3t >
nonlinearity.
O ol &: Rg = Current Source = Iy = Al

Voo Voo
Vino—] M, Vi o—] My
Vour Vaut
"'I I'rh'l—l "2

] (b}
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Example 3.7

Yoo Voo
Vino—] M Vin o—] My
1III-r,'uull l"rlJ'th
Iy Vo =l M,

Y] ()

O Let (W/L),=20/0.5, 1,=200UA, Vipyo=0.6V, 20:=0.7V, 4, Cox=50HA/V2, y=0.4V 2
Q V,.=1.2Ve I,V

out

V' Current: (V. -Vy-V. )2 = 21/ Cox(W/L), > V. 20.153V
VL ED Y S Vi ® Vigo + Q0,0 2-20p) ) 0.635V
v 2| Z1E current H AU CHAl THE! = V. =0.119V,

out

ad M2 is in saturation, (W/L)2 o] A JJ|=9

out

v (W/L),>283/0.5

SOery 18 Ot 2 & A3F| 2 Ch-3

Mz CHUNGBUK NATIONAL UNIVERSITY




Gain of Source Follower with Current Source

I.I_ - =|l ri Il" —_—
; f v V. -
Vi IV T Vx Vin 1 FmVs > Vot
—e— T ' Vout Vi 1
= in —
ﬁ 1 = Imib
e 3 fﬁ S
Vx Im <

O voltage gain

1
A\/ — gmb — gm
1o g, +0m
g m g mb
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Source Follower with NMOS Current Source and R; Loads

Voun
L rm rng- Hl-
"'rh'_]r:L"z Ry Imib
(aj (b
1
o || r-01 ” r-02 || RL
A\/ — gmbl

(

For [ Toz [[ RO +—
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CS Amplifier + Source Follower

 Voltage headroom (swing) limitation
v" CS amp. alone: V4>V 5q;-Vpyy; to assure that M, is in Saturation.

v' CS amp + Source Follower: V,>V o, H(Vgg3-Vrys) to assure that Mj is in
Saturation.
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Poor Driving Capability

Voo
V&ut | - RL
R SF 1
. V;:n RL 4+ —
out gml
Vino—| M,
t —
= L;u |CS‘ ~ g Ry

m

O R, Ol ZHOLAIH source follower2| gain0l Al &Lt

| X

22 Ot

nC
HU
o
i
I3
ol

|2 Ch-3




3.4 Common-Gate Amplifier

D A‘V - ngD
4 Rin =1/ m
d R, =Rp//r,

O body Effect 11ed > V, 2 VIt
=20| v, 0l YES 2
v m 2 gm+ mb ~ gm(1+n)
A= g R,
v Ry, =1/g,(14m)

4
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Low R, of CG Amplifiers 1s useful if signal comes from a
transmission line

+ My My
-_*nl.-"+ﬂ_|1n—| m _n":ﬂ_nﬂ—l {‘_m

(a) [k

L Assume: 50€2 transmission line

d IfA=y=0, > & 2| 2IJ} &2 gain Aj= -g R,

a (a) Rpy=50Q for no reflections = gainO| £ L}

d ®R,=1/g,(1+7)=50Q > Ry € A & = ULt > gain0| AL}
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CG Amplifier —r, 2 R, 1) A

Lo
’ :':E}r“ | @x_d};g,,v, %fn (%agm..r.. %Hn -
SR

(a) (b}

o0 +1
AV: (g gb) RD

r0 + (gm + gmb)roRS + RS + RD

Il R
gm+gmb (gm+gmb)ro

I%)ut :{[1 +(gm +gmb)ro]RS + ro} || RD

R =

In

PN
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CG Amplifier8| S&

Current gain =1 => current buffer.
o214 15t &L}
x a:| X—I St 3_ [:I-

DDDD

s=0ery 26

Voltage gain = CS amplifier 2t 2 Cl.



3.5 Cascode stage

Yoo a CS+CG
Rg v" Current gain2 CSO| A 224
Vo v' CG= current buffer
It Vo, JJb—o ¥y v Ay= -g Ry> CS2 &2 gain
iR
Vino—ilo M, O M1t M2 saturationHl M =&
v 28 M2 swing HRIIt EHE
= Ct.

V' V> Vg Vi — Vg
v Vou= Vio = Vi + Vas: Vi

out —
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d A?
v =0
V' Ip; = &m Vin
v Iy 2 Rp2H I, 8FJFUSE.
v' = current divider

v AV: ID2 /Vin
l5, = 90 Vi, Re = 0.V, Re (9m2 + Jmo2)
RP + 1 RP(ng +gmb2)+1
gm2+gmb2
ReRo (Gma + Gmb2)
A\/ — — P D 2 b2

" RP(gmz + gmb2)+1
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Output Resistance

__L_'“: M __F"'[I: My
_|__'||: My Tfm

v

O CSUHI A degeneration A &= It
Xl H 29 2tC}H

O CascodeZ2 HAZ= B2 1,0l
To2(&ma T o) B I U S oI

Rout = [1+ (gmz + gmbz)roz]rol + r02
~ rolroz(gmz + gmbz)

O Cascodel| =2 SIIAIF|H X
=MOZ = HE0| 3N 2
OICt.



EX 3.15

¥

= 1
I:'.d' - gmll"rir. f
Tt ——F—/ /T2
Gz T Ynea

G, =0m Ta1 — gmlr-:ll[r-:lﬂ {gmg + Q'mm}— 1]
m m :
Ta1 _;J{frnz rslr‘:'ﬂ[gmﬂ + 'g-“'l-h'ﬁ ]+ il.-:1 + I.ga

Gz T Ynez

IEL, = _'GHEM: = _gmr:][raa{gma + gma:}+ 1]

If we had assumed G,, = g,.,,

then -"I!l:.' = _gml{[ l+[grr£ + mez} F-|:|2] F',:1+F',:2}

g A?
v Ip1 = &mi Vi
V21,2
vV AEL IV,
O &N Z0,G =g O2 J}H R

< 8F I} L=, = current divider

out

0

£ N
ot = =
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NMOS cascode amplifier with PMOS cascode load

3 PMOS current source =& Mg SIt > gain St
A =28 8 swing =0 =

v VDD o (VGSI_VTHI) o (VGS2_VTH2) o |VGS3_VTH3| '|VGS4 o VTH4|

Yoo A ~G_R

e F m ' “out
¥ : M,;: scode
ﬂ‘:‘-l ‘ ?-:ﬂurmm Rout :{[1+(gm2+gmb2)r02]rol+rol}||{[1+(gm3+gmb3)ro3]ro4+ro3}

vhi‘-é_lt HEE Source Gm ~ gml

g A, ~ g, (65, 9.,) | (rar,0.)]
Vo[ M,

l"'m-u—l M,

| X
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Folded Cascode

(a)

J NMOS CS + PMOS CG or PMOS CS + NMOS CG
O Cascode EEH2F Z1t= S AL

A DC current source 2 &
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