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Basic CMOS amplifiers
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Common-source amplifier JE.
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e DC voltage V, is chosen to bias M1 so that M1 is in active (saturation) region and its
drain voltage is near the midpoint of the output swing (V, = V,,/2).
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Common-source amplifier — small-signal

analysis
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Common-source amplifier — small-signal
analysis
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Miller approximation

i1 Ri1 if Cg
— /\’ —h—

AL REE

J,-,..,
9 vy R, C,

m

Vo = (=GmVy + ) (Hz | — °C ) Ip = (vq = V,)SCy
2

If R,-C, is a non-dominant pole, then, at the frequencies of interest
: I¢
Vo & ~GmhaVs s = (Vq + §nBAyVv4)SCy = v S(1+g,A2)Cs = SCyy
)

Cy=1+g.,H,)-Cs=(1+a,) - Cs = Miler Capacitance
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Miller approximation
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MOSFET’s Transition frequency
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MOSFET’s Transition frequency

To calculate intrinsic device speed, let @; = gm/CQS.

e For square-law device,

W 3
9m = #Caxrvav = @r = 2

e For device with carrier velocity saturation,

3 Vs
9m = Wcr:rxvsm' = @r = E%
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MOSFET’s Transition frequency

For MOSTs in the weak inversion region,

gm / 0 Cr:rx

E@}T = — g =
C " UT Cr:rx + Cdepi

gb

Cgb -

o — Ip 1 11 p
Ur WLCyep Ur Cghep L2%2 y

e /iy =1,-W/L is the maximum /, for device in weak inversion.

Since [, «xD,and D, = ulU;, we have
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Common-source amplifier with source
degeneration
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Common-source amplifier with source
degeneration

To find C

geeq and .gmgq: IEt Vﬂ. - D, thE[’]

(gm + chs)(vi - Vs) = (GS +G3mp t go)""s

At frequencies where @ « @7 = gm/Cgs,

Ve 9m+ chs Gm

Vi _gm"'gmb"'GS"'go"'SCgs wgm"'gmb"'es"'ga
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Omeg =— =4 (1——)—@ +0,)— = =
ey 7T Vi T Gt Gmp + G5+ 00 1+ (Gm + Ims)Rs + 2=
i v, 1+ gmpfs + f—f
j Vi T+(gm+ Imp)As + =

12 Mixed-signal ICs Design, A. Thanachayanont 2010



Common-source amplifier with source

degeneration
L If .Ir.ﬂ e Hs, g g
m m
Imeq = 1+ (9m + 9mp)As R (1+ X)g,FAs
1+9,.,A 1T+ ¥yg,.A
Cgsgq -C mb' 'S m' s

9 14 Gm+Tm)BRs P 1+ (1+ ¥)9.Rs

To find 1o, let v; = O, then

(gm tG3mp t chs T GS)VS = go("’o - Vs)

Vs 9o 9o

Vo Om+Gms+Gs+0o+5Cys G+ mp+Gs + 0o
Ve goGS

"'Io Ve
= = = "1 —— | - — —
gosq v, ga ( 'fﬂ,) (gm + gmb)vﬂ gm + gmb + GS + go

Foeq = Rs + ry[1+ (9m + G mp)As]

* I,eq CAN be made arbitrarily large by increasing As.
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Common-gate amplifier

VDD C

- %I

Om =G9m+ Imp CE =C; + ng =C, +Cyp + ng Cin = Cgs + C;b

The nodal equations are

lin = {g:n + SC.r'n}Vm = gﬂ{vﬂ = Vin) g:'ﬂv.f.ﬁ' = {G.f_ + SCE W, + go(va = Vip)
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Common-gate amplifier

If the g,(v, - v;,) terms are neglected, then

. Vo R,
Transimpedance = Z,(8) = — =

lin - (1-58/p4) (1-5/P2)

1= _Cm - _CQS +C, P2 = _F”LCE
. .1 r
Input Impedance = Z;,(s) = f;n(s) _ /9m
iin(S) 1 -s/p;
. 1,(8) g’ V. 1
Current Gain = 22 = 9200 = g 7, (5) = —
in(8) in T 1 - s/p,

 Note that py ~ @7 = g,,/(Cys + C0).
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Common-gate amplifier

If g, is considered,

!
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i 0 L L
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in
v As
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 Atlow frequencies where @ — 0, assuming g,, > g,,
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Common-drain amplifier
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Simplified Small-Signal Model

I I . v

_gs1 91 'gst

c T
gs1

1
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Common-drain amplifier

Summing the currents at the output node, we have
(gnﬂ + 50;51)(”; - Vg) - VQ(SC;_ + GE) =0

The voltage gain from gate to output is

A (s) = V,(S) B 9m + chm _ (0)1 -5/z,
" Vg{s) Im + G;_ + S(Cgm + C;_) v 1- 5/p1
P 9 Cysi
"ﬂ'v (D) = = Av {OD) = =
° Gm +G,  Gm +9mp1 + 9ot + Goz 7 Cgs1 +C;
9m1 Im1 + GE
Ly = e () Py = ——
1 Con r 1 Con 7 C

18 Mixed-signal ICs Design, A. Thanachayanont 2010



Common-drain amplifier

19

Jl‘ﬁ'vg
For most practical cases Ao
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Common-drain amplifier

The input admittance looking into the gate is

i sC..1(G; + sC,)
g gs1I\M~ L L

Yg(s) = v = 50;31[1 - “qvg(s)] =
g

Om +G; +5(Cygq +C))
Define the capacitance looking into the gate as

Y(s) = sCy(s)

. . CQ'
Cg(j&}) = Cgm [1- Avg(:"@)] A
CQ(D) = Cgm [1- ’qvg(DH C.(c0)
; g
C(e0) = Coull = Apy(co)] = 2t
g - Vgsi vg = Coe1 + C, C,(0) o
Ip1| III‘II
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Common-drain amplifier

1
i Im1 < } 2ol
vg g Rs
+ % 1/g
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21 Mixed-signal ICs Design, A. Thanachayanont 2010



Common-drain amplifier

The output admittance is

v 1 I, Gs(gm + 50;51) Gs(9m1 — Gs)
&)= 7 5 =V, " TGorsCco, ST G.isc U7
o 0 st SCgeq 5§ 1 SCge 5 1G
mi—4g
e Note that ’
Z,0)=—  Z,(00)=Ag
gnﬂ

e [he equivalent circuit is

1 ARsC
R, = R [ = 2795
gm1_GS
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Dominant pole approximation

The response of an amplifier has the form of

N(s 14815 +a8y8° ++--+a,s" A(0
A(s):A(D)L=A(D} L . M (©)
D(S) 1+b15+b25 +"'+bn.5'n (1_&) (1_&)(1_i)
[z P Pn
If |p4| < |psl. |pP3l. -+ . |Pal, then p, is @ dominant pole. We have
YL L SO S B
P P2 Pn P1 P
, A(0) A(0)
A w)| = ~

e @[ @[+ @7 Vi)

-3 dB Bandwidth = @ 5 ~ |p;] = bl
1
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Zero-value time constants

-

+ Vo=

——{—o

c2

I 2 161 n c3 l t’s<|> fa
- T _l- -

e 17is a linear active network without energy storage.

e The b, in the denominator of the system function can be expressed as

b1 = z :'rD = H1DC1 + HEDCE+ HSDCS +---

R,y is the driving point resistance seen by C; with all capacitors equal to zero.
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Zero-value time constants

N— —1

|
' I
T I
Vs Vq C Cf Vo "o =
_I 1 —[ - Hoo = Hs
v
1 Ry C,

v o

m

To determine Ry, replace C; with a current source /, then

vy = IeB Vo = =(ff + 9mV1)R2
Vi = Vo H
Ao = 7 =Ry + Ry + gnfFy = Ay | 1 +QmH2+H—1

We have
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Cascode amplifiers

vDD vDD
Telescopic Cascode Folded Cascode

I

L L
Rs
\ *
9 m2Ys2
Rg gd1 “)r 5
I\/ |1 - Q
in +l 1t .
"J ——
g1 T Vs2
- Ir":5.351 o1 -
8-
gm1vg1 cx

[ ! [
9.0 = 9m2 T Gmp2 Cy=Cyp + Csbg + Cgsz CL =C; +Cgypp + ng?

26 Mixed-signal ICs Design, A. Thanachayanont 2010



Cascode amplifiers

The output impedance looking into M2's drain is

! !
Rota = To1 + (9 ol01 + 1)lo2 = G oFo1l02

The input admittance looking into M2's source is

!

9o
goz/GL + 1

in2 &
The overall voltage gain is

!
Vo Qm1 sz Q’mzfmfozﬁ’a
AV - =1 x — gm1 x P H
lo2 + G 5612 + A}

- = R a1
V; Go1+ Gy G+ Gy Im % (Ro2 || AL)

o Let On=9m = g:nz= Fo =Tt = Toa2s and Gm = Gop- If HL = Myt = gmr§=then

I I In  9nm 1 (gm)z
Ging ~ —

~ ~ g A, = - N ——
gaHL + 1 gmrr:r + 1 ? ’ 2gogo+ GL 2 gr_‘.r
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Cascode amplifiers

Using the zero-value time constant method, we have

Hgsm = As R

ga10 = As + Ay + GmAsAyg

Reo =Tot | Rina = I'o1 || [(1/9;,,2)(952/6L + '])] Rio=RA || Aora = A | (Q‘;ngfmroz)
Z Ty = Hgsmcgm + Hgdmcgm +ACy + AoCy @ 355 = 1/ (Z TD)

o Lletg,, =01 = g;ﬂ, Fo=lg1=Tlp0,Gm > g, IfR;, = R = gmr§ and Ag = r,, then

2 2
r o g r [0 N o R o P
R,o=~r, HxD=Eﬂ R o~ ”éﬂ Hgdmz-;H5+Eﬂ+ ”’20 ~ ”2”'
2
r f f2
= 3 To=RAsCour + 222C,4 +2C, + 2220,

e A,;,C,; usually is the dominant term, unless A is very large.
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Cascode amplifiers

Let B, = R 40 = Griol o1/, then

The dc gain is
gr.rﬂ x ng . 1 _ gnﬂ _ gm?
Go1+Ginzg 902 + G, 2 Go1 Yoz

A,(0) = -
The dominant pole is
1 2
RC g, lo1r02C1
At frequencies where |p,| < @ < |p4),

Py =

AV(D) AV(D) 9 m1 @, 9 m1
A,(8) = ~ ~ - = - @, =A,0)-p; =—
-5 & s s Cy
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Cascode amplifiers

The second pole is approximately at

p, = _Q'm; Yin2

X

Y., is the resistance looking into the M2's source at high frequencies.

' Vﬂ
Yin2=0,5= 902 V_z -1
s

o At frequencies @ > (g, + G,)/C,,

! r
Yo _ Gmz2 + 902 . m2
V2 goz+ G +5C,  sC;

Gop
sC,

= Ve~ (1-22) + 02 0
I _ G2 _Or

C, KCys K
where K is between 1 and 2 (usually closer to 1).

P2 =
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Differential amplifier

VDD  ldd

Lt Va2

Vit— [ m1 m2 _JF— Vi2

lgs
VSS ¥

Vig =V = Vs log = 141 — 142 Voo = Vo1 = Voo = —144Ap

Assume M1 and M2 are in the saturation region,

k(V

Iy = q

1 1
5 s1 ~ L"})E lop = Er‘f(%sz - L’})z
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Differential amplifier — large-signal
analysis

Summing currents at the common source node, we have

Iy + 1g2 = Iss = =5 += =5 -%

The gate voltages can be written as

12144 121 45
ng:l"‘a{"" T L@sz=|’}+ T

The differential input voltage is

2144 21 49 2 / /
Hd=%s1_%52=\/k _\/k ' a1 = /a2
2 2 /

Squaring
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Differential amplifier — large-signal
analysis

Rearrange, then we have

K 4lss lea Iyg lss 1y
Md:iid\/ﬁf VE and Id1=?+? o = — — —

Define V), as the differential input voltage at which one of the MOST is turned off, i.e.,

K 4lss -‘rss
lss = 3 IM\/T - V;i.,- = Viy= \/_(Vam |1,f =0 = ‘/-(Vavz v,

g =0

Y ok a D25 0.5 vil¥)
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Differential- and common-mode small-
signal analysis

The small-signal performance of a differential amplifier can be separated into a differential
mode and common mode analysis. This separation allows us to take advantage of the
following simplifications.

Half-Circuit Concept: ¥op v Voo
i

L o +Vod - 0—
i1 l P+ luz
¥al 1 ¥a2
Mlg |+ o M2
¥ i r i
# Vsl = = Vg2

e I ma—

i) l "::'-l ' -.,-+1 ll:_-jl
' [rea
[___x-n _T_ L oM z:l

Vi Vsl | [ _'F,q.'r]

QF’:E . %RECID _
Veg v Fggw | vWeo wWir Fgoo3oa

Note: The half-circuit concept is valid as long as the resistance seen looking into each
source is approximately the same.

-
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Differential-mode analysis

Rr
R‘f o+ Vin Vout
M
* v
-in 2 Fi
- B Miller Approach:

~ Fig. 070 Assume that Ry < (1/wCp), then v, = -g Ry v
Therefore, the small-signal model can be approximated as,

where
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Differential-mode analysis

The small-signal analysis of the previous circuit defining C, = Ci+C,,, 1s,

Foa
Vour  (Vourl( V1| [+r :1'Cr~"I I'n ] ]
Vin = ‘ Vi .||._1"":'n.l = ('ngL) Vo = -gHERL Fo+ RI ey Sr:rCI(RI"'rb:]
]+J"ﬂ-Cr."I-|-’rt;“)f-|-‘r'{:r 1+ Fpt Rp+ 15

Therefore we see that the gain (K), pole (p), and -3dB frequency (w.3gg) 1s given as,

K P (W.34dB
BIT Ia ] rz+Rp+rp ret Rp+ 1y
SmRU\ ¥ R+ Fp, TxCAR+1p) rrCRp+1p)
MOS -gmRp ] ]
“C/R; CiR;
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Common-mode analysis

Assumptions: Tail capacitance 1s dominant and self-resistance is negligible.

For MOS: rp=0 and rp=2

Voe RL
Aem = ?= - TT where Zr= [+sR7Cr = Agp= E= - ml+.€RTCT)

This zero at w = 1/RyCy causes the CM gain to increase, resulting in a CMRR decrease.

ngRTr:r | 1
Fat Rp+ 1)l srCARpry)
Adm L+ re+ Rr+1p [ gm2R1ry ] I |
CJMRR = ‘A{‘}n — (l+.€R7’CT) = }":I-|- RI + }"b ‘ (1+.€fﬂ}}")(l+.gfp1)|
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CMRR frequency response

Arml dB o - ‘_Iligh Frequency
Common Mode
+6dB/octave Poles
— i
! *Logiof
lAdm! dB 4 :
i -6dB/octave
. T * Logof
i . ““-».\ El
CMRR dB , : : .
: a
i > Logf

Fig. 070-07
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Current-mirrors

G N Vp2 VD3 K= C
- n~ox
hnz *lnz 1., (W
VD1 ‘ fo=§k (T) (Vg = r1}2(1 + A4Vp1)
L | [ I 1
M1:|| Vi 1= M2 IEM3 1 ; W ,
Ipy = Ef‘*’ T (Vg = Vi ) (1 + A5Vp5)
2
L
1 (W
é Ips = Ek (T) (Vg = Vig (1 + A5Vp3)
3

Let V4, = Vi, = Vyand 4, = 4, = 4, then

W/L 1+ AV, Wy L Vis =V
f.t::2=fw'( /), Dz=fxw'( / )2'(1"'5) e~ AV - Vpy) = =2
W/L), 1+ AVp, (W/L), Vi
1 211y
Hﬂ? =Tlo2 = '12"'-.!]2 Vaz{mmj = Varz -~ VGH ~ k*(Wﬂ_) VDD{mmj = I”’:.“351 = I”’} + VGH
1
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Cascode current mirror

v
® o
Tour

1 9m2¥2 Imb2"2 |
o

Vi e—
— Vouriming
ma | H—+—L m2 GE) % —
Vaﬂ

— Vot v,

M3 _JF——[ m1 g

Vv o1

3 \ = Vour

M, active, M. in triode region
%, Both M, and M, in triode region

J

1
1
1
i
I
I
I
[
|

Ry = lo1ro2(@mz + Gmpz + Gor + Go2) # Fo1lop@ma1 + X2)
Voiminm = Vos1 + Vpgarz = Viz + Vous + Vo
Voo(min) = Vess + Vesa = Veg + Vig + Vi3 + Voua

e =0
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High-swing cascode current mirror

VDD Vi =V, +V,

re
V, =V, +2V,
g)llhl (g'm Yo 7
b% = v;v

.—l — o V,=V,,
] — |C m2

Voimin = Vos1 + Vpgarz =2V,

=
[ A% ]
|
< ¢
H
=

1 Vop(miny = Vo = Vs + 2V,

— - »+—
% e=0

o In practice, select (W/L)s < (1/4)(W/L) due to body effect and design margin.

e o bias M2 and M4 in the active region,want l, -V, <V, = V,, < V.
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Common-source with current source
load

VDD
T .-
[ m2 ?f“
-—rv" T T
c c’
Vi C m1 c, gs1 l L
4 ‘B Int'i Yo

G, =001 +Gpp C,=CL+Cpy

e The V, range in normal operation is between Vpg,4rq and Vpp = Voo 1 -
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Common-source amplifier with active
loads

VDD Vo '(wn Off

Vpp—Vi2

— [ m2

\ M1 Sat'd

Vi [ m1 c - M1 Linear

E '- =\
\% Vi1 !

VDD

Vidd[_mo R
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