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Basic Concepts I

o Amplification is an essential function in most analog circuits !
* Why do we amplify a signal ?

* The signal is too small to drive a load
* To overcome the noise of a subsequent stage
« Amplification plays a critical role in feedback systems

In this lecture:
* Low frequency behavior of single stage CMOS amplifiers:
e Common Source, Common Gate, Source Follower, ...
¢ Large and small signal analysis.
¢ We begin with a simple model and gradually add 2nd order effects

=) Understand basic building blocks for more complex systems.
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Approximation of a nonlinear system

Input-Output Characteristic of a nonlinear system

y(t) = o, + o x(t)+ o, x (t) +..+ a,x" (1) x, <x<x,

In a sufficiently narrow range:
W) = oy +ax(2)

¥
where ¢, can be considered
the operating (bias) point and ' :
o, the small signal gain : :
E -
iy Xa X
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Common Source Stage with Resistive Load

vﬁ‘ o

Ry
h"DI.I'!
¥ino—] My
[E1] iR
Vouz VDD _RDID
C w
M1 in the saturation region: V,,=V,,—R, %T(Vm Vi)’
cC w
M1 in limit of saturation: Vi, — Vi =Vop —Rp %T(Vvﬁzl Vi)’
M1 in the _ 4 Voit
linear region: I/out - VDD - RDﬂnCox T|:(I/m - VTH)Vout - 2
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Common Source Stage with Resistive Load
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Common Source Stage with Resistive Load

M1 in the saturation region:

lunCox w Rp
Vour =Vop —Rp _(Vm - VTH)2 Vot
2 L I
Small signal gain: :
v, w .
v = al/mt = _RDﬂncox T(I/m - VTH) i::
= _ngD Vlnb;! oo

Same relation can be derived
from the small signal equivalent
circuit

function of signal dependent parameters such as

H. Aboushady

To minimize nonlinearity, the gain equation must be a weak

Small signal model for
the saturation region

o 1
Sm =
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Example 1

Sketch 7, and g, of M1 as a function of the v :
Iy Gim

I L -
Vrn Vin Vin Vim Vin

e M1 in the saturation region: | « M1 in the linear region:
c,. W Va
ID lun = ( VTH )2 ID M, ox |:( inl ~ H) out 2t :|
8ID ol w
= V = D = C —_— V
gm aVGS n ox ( TH) gm aVGS lun ox L out
_ VDD
out W
1 + luncox IRD(Vm - VTH)
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Voltage Gain of a Common Source Stage

4,=-g,R), i
oo
A —_ ZIU C VRD Ap
\4 n ox L ID ngr:
bllI.|1'D_| "|
4= W Vi i

v 2 n ox
J—

How to increase 4, ?

Trade-offs:

e Increase /7L =) Greater device capacitances.

e Increase V,, =) LimitsV,, swing.

l)llt

¢ Reduce 1), =) Greater Time Constant.
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Taking Channel Length Modulation into account

Calculating A4, starting from the Large Signal Equations:

Vo =Von = Ro 252 2, 17, 14 7,,)
IIIII.|1'D_i "q
av,.
Av = 87 - _RDluncox (V VTH )(1 + 2’ out)
c w 14
R ﬂnz ox (V VTH )21 aI/out
A,=-Rpg, —R,1,A4,
- R,g, Al, =1/7, 4 =——g roR,
1+ R A1, ot Rp
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Taking Channel Length Modulation into account

Calculating A4, starting from the Small Signal model:

ngl(rO // RD) = _I/out

=-g,(r, /I Rp)

v

h=,

mn

3
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Example 2

Assuming M1 biased in saturation,
calculate the small signal voltage gain :

e |, : Ideal current source =) Infinite Impedance

."Illrlu'_l M
Av :_ger k

e Intrinsic gain of a transistor:
This quantity represents the maximum voltage
gain that can be achieved using a single device.

cC w
Iy, Z%T(Vm _VTH)2(1+/11/0 ):]1

ut
e Constant Current:
As V,, increases, V, . must decrease such that the

out

product remains constant
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CS Stage with Current-Source Load

* Both transistors operate in the saturation region: v
[rlal]
A,==2,0 /1)

Vo s—{[Z M,
¢ The output impedance and the minimum
required VDS of M2 are less strongly coupled than .
the value and voltage drop of a resistor. s
VI'I'D_I ”1

‘VDSZ,min = |VGS2 ~Vius

e This value can be reduced to a few hundred millivolts by
simply increasing the width of M2.

oIf ry, is not sufficiently high, the length and width of M2 can be
increased to achieve a smaller A while maintaining the same
overdrive voltage.

*The penalty is the large capacitance introduced by M2 at the
output node.

eIncreasing L2 while keeping W2 constant increases r,, and
hence the voltage gain, but at the cost of higher | VDS2|
required to maintain M2 in saturation
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CS with Source Degeneration

Large Signal model: Small Signal model:
_dl, dl, IV
" thn aI/GS an
Vas =V —IpRs
Wes _y_ o
al/m aI/m L
ol ol
G =—2|1-R,—2
" BVGS( S, J‘> 8n = o G L &)
G, =2.(1-RG,) W | 7 Ta Viraiks
= En A =-G R, gt
1+g,R; \ / 1+g,Rs
AV — ngD
1+ngS
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CS with Source Degeneration

_ & _ 1
"“Tvg R, llg +R, Jor Ry>>1/g, wm) G, =1/R
=) I, is linearized at the cost of lower gain.
Small Signal model including body effect out i
and channel length modulation: " v, 5* Jivid $g Ve
in m*l Erg m 8
V I~ —
]outzgml/l_gmeX -+ ) -
7, Ag
I R =
:gm(I/in _IoutRS)+gmb(_IoutRS)_LS
To
- szlout — ger
I/in RS+[1+(gm+gmb)RS]rO
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With and Without Source Degeneration

— ger
" 1+H[1+(g, +8,4,)R T,
Ig gml
Y Vin Vi Vin
R, =0

H. Aboushady

University of Paris VI

Estimating Gain by Inspection

8. Rp —_ Ry
I+g, R /g, +R;

Av:_

Gain = Resistance seen at the Drain
Total Resistance in the Source Path !

¥,
Example: a

H. Aboushady

Rg
Voo
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Vi o[, M,
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Output Resistance of Degenerated CS

Vi=—IRg " L.

il r - -
The current flowing in r,: Y Giag'"w‘ Zrg @:ngwh. _%3 Vx

Iy = (8 + 8wV
=1y +(g, +8uw)Rsl R

o) Vi =rolly +(g, + &) Ry 1+ IR

V
Rout :I_X = r0[1+(gm +gmb)RS]+RS

X

Rout :[1+(gm +gmb)r0]RS +r0

Rout = (gm +gmb)r0RS +l"0 - Rout :[1+(gm +gmb)RS]rO
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Voltage Gain of Degenerated CS

The current through R; must equal that through R);:

Vo + ! [ Vo
IRD = IRs = R Viy é" v (J}?) ¥ = ro Cl;) B Yo fﬂu
D g s -
= Vs

i

R =
- VS = _Vout i %HE
; V
The current through r, : I, ==~ (g, Vi+g,Vss)
D
v R R v
=__ou V. +V S)+ | V =] y. ——ouwp
o RD [gm ( in out RD ) Emv” out RD ] - out 7p" 0 RD N
V R R R
v =——2yr g V +V —)+g V,  —r, -V, —
out RD o [gm( in out RD) gmb out RD] % out RD
Vout — gerRD
H. Aboushady Vi” RD + RS + "o + (gm + Emb )RS "o University of Paris VI|

11



Voltage Gain of Degenerated CS

out __

gerRD

m

4 _RD+RS+FO+(gm+gmb)RSFO

I/out — gm 7'0

Ry[Rs+1,+(g, +8,,)Rs0]

124

4 Ry +[1+(g, + &) Rs1ro Ry +Rs+1,+(g, + &) Rs7

v,
Vi

n

-G, (%

/IR,)

out

The output resistance

Rout = [1 + (gm + gmb)RS]rO

of a degenerated CS stage:

The Transconductance
of a degenerated CS stage:

m

Iout — ger
Vi Re+[1+(g, +8,,)R: 1o

124

H. Aboushady
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General expression to calculate A, by inspection

Lemma:

Av=-G, R

m” “out

G, : the transconductance of
the circuit when the output is
shorted to grounded.

+
Vh [E (%-)! ™ EE RM.

R, : the output resistance
of the circuit when the input
voltage is set to zero.

—a
-
i JIdrl.l! IHIclul Haql_
—

« For high voltage gain the output resistance must be high!

=) A “buffer” is needed to drive a low-impedance load.
The source follower can operate as a voltage buffer.

H. Aboushady
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Source Follower (Common Drain)

Large Signal Behavior

M1 turns on in saturation: o

I-l’mr.\_| M,
Vi =1pRg Vo
ﬂnCox W Rs
I/out :Tf(l/m _I/out _VTH)ZRS |:|
To calculate g, :
v, w v, Y,
ot —yy C (V. =V V. Y (1—— " TH\p
aVin ltln ox L( in out TH)( al/m al/m) S
Since, Vi =Vro+ }/(\/ZCI)F + Vss — \/2q)F)
AV IV Vg 14 AV
AV, Vs AV, 22®r+Vss IV,
_77 81/out
v,

H. Aboushady

Y Vin
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Source Follower Voltage Gain

We also have, g, = ,unCox T(Vm Vo — Vi)

‘ AV: ngS
1+(g, + &) R

H. Aboushady

= C VT V=G =R,
S = WV V=5 o SR,
. B VTR,
W e, VYR

w
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Source Follower Voltage Gain

Small Signal Equivalent Circuit

Vo = [ngl +gmeBS]RS

- ;:
V,,,éz ‘E ef/ Fm¥y (F) T Vs

H. Aboushady

= [gm(l/m _I/out)_gmbl/out]RS : -—ﬁll’m
= Ay

- AV: Vout — ngS =

Vin 1+(gm+gmb)RS

Since: Emw =1 8&n A,
1.“ e Py ey 1
And for : gnfs >>1 Ton
Av= ! ! "
= [ e e

University of Paris VI
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Source Follower Output Resistance

R, : the output resistance when the input voltage is set to zero.

Voo I
—o-.._ :'5!_' M,y
|: L Rout = e | Ix
—o'-_ Ao Vy :
Vl = VBS = —VX {a} ’ {by
I 14 V,=0 = (R e 1
x " &nw'x 8w 'x = out — 7
Iy &ut8&mw
Body Effect decreases the output resistance of source followers.
v
ac M1 ”
" vl = v, T and Vv, 1
Y i = ID T
H. Aboushady University of Paris VI

Source Follower body effect

R, : the output resistance when the input voltage is set to zero.

Small Signal Model Simplification

Note that the value of the current source g,,,V,. is linearly
proportional to the voltage across it.

R:L//lz !

" g & &ntE&m

H. Aboushady University of Paris VI
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Source Follower Thévenin Equivalent

ubul
Vin i [
I Tty
RS
AV _ gmb — gm
1.1 g, +g,
gm gmb

H. Aboushady University of Paris VI

Channel Length Modulation in M1 and M2

L e IR,
AV: 1gmb 1
— vy I rgy I R, +—

H. Aboushady

gmb

En

University of Paris VI|
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Source Follower Characteristics

+ High input impedance and Moderate output impedance

- Nonlinearity

VT H o VSB

PMOS source follower with V ;=0

H. Aboushady

- Limited voltage swing

Example:

Without the source follower stage:
VX > VGSI - VTHl

With the source follower stage:
VX > VGSZ + (VGSS - VTHS)

University of Paris VI

Low Load Impedance: CS vs SF

Source Follower Amplifier

R
AvSF:R—L
1/ g,

Common Source Amplifier

Assuming R,=1/g,,

A =172

Aes =—1

=) Source Followers are not necessarily efficient drivers.

H. Aboushady

University of Paris VI
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Common Gate Stage

Large Signal Behavior
Vi=Vop—IpR,

out

Assuming M1 in saturation:

cC W
Vo =Vop =52V, ,

out

%:_ﬂ C K(Vb—V —VTH)(—I—aVi]RD

n

a I/m n"ox L mn a Vm
v, w
87 = /’lncox I(va - Vin - VTH )(1 +n)RD
= |4,=g,0+7R,
H. Aboushady University of Paris VI
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Common Gate Stage Input Resistance

Same as Output Resistance of Source Follower:

R, =——
gm+gmb v|ﬂ5171

Body Effect:
e increases 4,
» decreases R;,

H. Aboushady

H

(h}
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Common Gate Gain

Y gmall Signal Signal Equivalent Circuit

2 Vour

e
i ¥y @ gy = re () T Vs %H‘
a -
x -
Rg -
Vi ()

The current through Rsis equalto -V,,,/R,: V, —

¥, 4
FO( ROW _gml/l _gmel]_ lsut RS +I/m
D D

R

D D

H. Aboushady

I/out RS+Vm :0

The current through r,is equal to -V, ,/R,,-g,.V;- g,V ;"

7, 4
rO|:R—out_(gm +gmb)(VoutR_S_I/inji|_RLmRS +I/tn = I/out
D

o

D

=V

out

University of Paris VI
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Common Gate Gain

Common Gate Amplifier:

A _ (gm+gmb)r0+1
vCG D
Ry+Rg+1,+(g, + 8,0k
Degenerated Common Source Amplifier:
AV — ger
cS — D
Ry+Rg+1,+(g, + 8,0k

H. Aboushady
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Common Gate Stage Input Resistance

Since V,=-V,:

VX:RD]X+FO[IX_(gm+gmb)VX] Ao

M,

= ‘ R,, of a common gate stage is low only if R, is small.

H. Aboushady

Ve R, +1, Yooy 30 :
Iy 1+(g,+8,,)% La,
R 1
Rin = L +
(gm+gmb)r0 (gm+gmb)
e Assume R,=0 : * Replace R, by ideal current source:
— 1 = o0 e
YU+ (g, ) ! ¥ :

University of Paris VI
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Common Gate Stage Output Impedance

Similar to Output Impedance of a
Degenerated Common Source Stage

Iy
+ I | ) +
¥y Giaﬂm"‘i %rﬂ (1:39'«!:-?!:- (‘EL)FI
Iy

Ry

Rout = ([1+(gm +gmb)rO]RS +rO)//RD

H. Aboushady University of Paris VI
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Biasing of a Cascode Stage

The cascade of CS stage and a CG stage is called “cascode”.

M1 : the input device
M2 : the cascode device

Biasing conditions:
e M1 in saturation:

V=V, Vs
Vb - VGSZ 2 Vin - VTHl

Vb 2 Vm + Vcsz - VTHl

¢ M2 in saturation:
4 _VX ZVb _VX _VTHZ

out

Vo 2 Vin - VTHl + VGSZ - VTHZ

out —

H. Aboushady

Vino—{[L M,

Voo
Rg

Vau
Gt Vin ¥y
X
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Cascode Stage Characteristics

Large signal behavior:
As V,, goes from zero to V,,
For V,, < V,, M1 and M2 are OFF

=) Vour =Vip

Output Resistance:

* Same common source stage with
a degeneration resistor equal to 7,,

R, =[1+(g,s+ &uw2)or 101 + 702

Rout = (gm2 + gmb2)r02r01

¢ M2 boosts the output impedance of M1
by a factor of g,r,,

T

¢ Triple cascode R

out

H. Aboushady

=) difficult biasing at low supply voltage.

Vizo—] My
VoI 1,
i o—] M,y

V,

University of Paris VI
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Cascode Stage Voltage Gain

Av=-G, R

m* “out

Gm = gml

Ideal Current Source:
R, = (&t &2 )orlor

A, = (g2t &2)T02 &m0

Cascode Current Source:

R, = &uilorlor ! &uslosoa

A, = gml(gm2r02r01 1l gm3r03r04)

H. Aboushady

University of Paris VI

Shielding Property

Assume V, is higher than V, by AV.
Calculate the resulting difference between I, and I, (with 1 =0).

H. Aboushady

ﬂnCox W #nal:rz
Ip =1y, = T(Vb _VTH)z(/lVDSI _ﬂVDSZ) - b -
u
C W ; T "nz
Loy =1y =5, =V ) (A AV ) |
AV, =AV o1 . Ar
¢ [+ (&3 + s )03 o 705 (s + &ups)03
uC,. W ANV
Iy =1y, = - _VTH)2
L (&3 + &y )03

University of Paris VI
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Folded Cascode

Vine—{[* Vin o—|[*
T H’iﬂ
Simple Folded Folded Cascode Folded Cascode
Cascode with biasing with NMOS input

Large Signal Characteristics:

Vir Voo=|Vrm| v,

H. Aboushady University of Paris VI

Output Resistance of Folded Cascode

Degenerated Common Source Stage:

v
R, =[1+(g, + &)1 1R + 7y it o

Folded Cascode Stage:

Rs =) ro1// Fos

R, =1+ (g + 8202101 11 7p3) + T,

H. Aboushady University of Paris VI
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