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Single Stage Amplifier
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Vision

* An important part of a designer’s job is to use proper
approximations so as to create a simple mental picture of a
complicated circuit.

* The intuition thus gained makes it possible to formulate the
behavior of most circuits by inspection rather than by lengthy
calculations
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Basic Concepts

* The input-output characteristic of an amplifier is generally a
nonlinear function

y(t) = oy + o X(t) + a, X (t) +-- -+, X" (t) X, SX<X,
* For a sufficiently narrow range of x
y(t) = o, + o X(1), o, operationg point, ¢ :small signal gain

* As x(t) increases in magnitude, higher order terms manifest
themselves, leading to nonlinear distortion.

* Input-output characteristic of a nonlinear system

Y
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Analog Design Octagon

* Analog design octagon
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Common Source Stage (l)

e M1 off
V. <V, = V=V,

n —

* M1 in the saturation region (Let Vi, <V, <V, = V,—Vi, <V, )

— To find Vinl 1 W
Vis =Viu =Voo —Rp —44.Cox — (le —V; )
2 L
M1 in the triode region (V, >V, )
1 W
Vout :VDD _ RD E/un 0X r [Z(Vlnl V out Vozut]
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Common Source Amplifier (ll)

Vb

1""r::nut
Rp +
Vin v v R
V out ] Om VA D
1""‘rin Hun = —_— —

M, ==

* Since the transconductance drops in the triode region, (the r,also
becomes smaller), we usually ensure that

1 W
Vour > Vin —Viy As Vout :VDD - RD EILlHCOX T(Vinl _VTH )2
8Vou W
— a—t =—-Rp11,C,, f( i1 — Vi ): —0.Rp

— A\/ :_ngD

* Since g,, itself varies with the input signal, the gain of the circuit
changes substantially if the signal swing is large.
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Common Source Amplifier (llI)

Vout
N +
Vin 51 Fi]gmﬂ o Rp

* To take channel length modulation effect into account :

1 W
Vour =Vop — Rp E £4,Coy T (Vinl —Viy )2 (1"' /’i‘vout)

* We have
%VTf:t =—R,1,C,, V—I\_’ V., Vo, A+ AV, )- R, % 1.C, va V., Vo, A %\\/Z:t
* As
0% 3G | Vo Vo = A =Ro, ~RoloA, = A = Sae
/uD:% - A=—gm&—RRDD=—9m(roll Ro)
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Design Trade-off

* To maximize gain

A\/ — _\/Zluncox\ﬂ ID VRD — _\/ZluncoxW VRD
L L1,

— Increase W/L - greater device capacitance ( Gain <> BW)
— Higher V,, - smaller voltage swing ( Gain <> Voltage swing )

— Reduce I, while V,, is constant - larger RC time constant at the output
node ( Gain <> BW)
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Diode Connected Load

* In many CMOS technologies, it is difficult to fabricate resistors with
tightly controlled values or a reasonable size. Replace R, with a
MOQOS transistor.

q Iﬁ ':':1 ImV1 %"n Vix @T

* Diode connected : gate and drain shorted > V. =V > V-V, >
the transistor always in saturation region.

{ (9 + Yo Vx . ly
ImV1 <o 9mbYbs Vo
Vy B 1

-1
IX gm+gmb+r0

1 1
R = 1o =
gm +gmb gm +gmb
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CS Stage + Diode Connected Load

T_%D ~ 1 gy 1 Oz

M2 S I L
T Vou 2w Co W /L), 1 JWIL), 1

Vie— [ M A”__\/zﬂncox(w/L)lez 1+ JW/L), 1+7

 If the variation of n with the output voltage is neglected, the gain is
independent of the bias current and voltages (so long as M, stays in
saturation).

* Input-output characteristics of a CS stage with diode connected load.

e Operated at point A. Vv

out '\

Vpp-VTH2
|
N
|
-
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CS Stage + Diode-Connected PMOS

* The circuit is free from body effect.

A,z— lun(VV/L)l A/z_lvGSZ_VTH2|
Hy (W/L), Vas2 =V

W W
My, (Tj (V651 _VTH1)2 ~ ﬂp(rj (VGsz _VTH2)2
1 2

 Example :
IfA, =10, Voo,-Vy; =200V, > Vo) Vo, =2V, V7, = 0.7V - Vie,=2.7V
2>V, = Vop— Vs, > Trade-off between gain and output swing

* To take the effect of channel length modulation effect into account

1
A\/ ~ _gm1£ ” r01 ” ron
gm2
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CS Stage + Current Source Load

* For resistor or diode connected load, increasing the load resistance
limits the output voltage swing - CS stage with current source

load.
T A = _gml(rOl [ r02)
Ve—I[ M,
— Vout |Vosz.min A Vasa —Virn2 |
Vin—i 5}‘1
L Acl/L = ryclL/I,

* The output bias voltage of the circuit needs a feedback loop to
force V,, to a known value.

c IfA,T > LT > W (forconstantl) - C, 4T - Gain-
Bandwidth Trade-off

* Keep Wconstant, L T > Vpgin T 2 Voutawing V
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CS Stage + Triode Load

T VDD —_ VDD

’—H:'“z 2 Rz
" >

—Vout —V aut
Vin_l M 1 Vil‘l_l M 1

* The gate of M2 is biased at a sufficiently low level, ensuring the load is in deep
triode region for all output voltage swings.

Vop -V, —Vo, Vo =V = V.~V >V,

out

1
Ron —
i lupCox(VV L), (Voo Vo= Vi )

* Consume less voltage headroom than diode connected devices.
 Drawback

Ron2 depends on u,C,,, V,, and Vy,,,, which vary with process and Temp.
— D/ff/cult to use.
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CS Stage + Source Degeneration ()

e Common source Gain

o, ol
Vout:_IDRD — A\/: GV-t:_ﬁvé RD:_GmRD

In In

* Improve the linearity of the gain amplifier
— Higher linearity, Lower gain
G, : equivalent transconductance of circuit
g,, : transconductance of MOS

ol of oV
Let |, =f =G =—2= &8
Vin‘—\| o= TVes) =Gy oV, Vg 0V,
oV, ol
19 For Vgs =V, —I,Rs = aTC_;S:l_ Rs aVI_D L

Rg
6 =[1-R. o | T _1_RG)g = G =9
m S S™m m m
Rg +1/g ov,, )oV, 1+9,.R

GS
A=-GRy= o o

-—————— = For Ry>>1/g, G, =1/R
1+9.,R,  1/9,+R

Linear!
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CS Stage + Source Degeneration (ll)

* To take the body effect and channel length modulation effect into
account l out

- I||
. + I
Vin é_ Vi @QmW% Fo (‘bgmbvbs

Rs

v |
IOUt = gmvl_gmb X _r_X: gm(vin o IoutRS)+ gmb(_loutRS)_ OL:
© 0]

|

_ out __ gm

Y/ _1+(gm+gmb)RS+RS/rO

In

I'p 9m Ip Gm
1Rg
"1 1Rg r_
] ] - | - | -
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Formulate Gain by Inspection

* Magnitude of gain as the resistance seen at the drain node divided
by the total resistance in the source path

Vin °—l

) 2,

- A=~
Rs 179, + R
FI‘gi-glJ
Yoo Voo
fAp Rg
Vout Vout
Vin o~ M, Vipo—i M, A\/ - — RD
1/ gm1+l/ gm2
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CS Stage + Source Degeneration (ll1)

* R,,: Of CS + Source degeneration

Ix

I||—+ -t .
Vi I9mV1g fo 9 mb Vbs Vy

Ix% V1:_|st
Rg
L ro[lx +(gm +gmb)Rs|x]+ IXRS :Vx

Rowt = [1+ (90 + 9 )Rs | o + Rs =[1+ (9, + 9rp) 16 | Rs + 15
Rout ~ [1+ (gm + gmb)RS ] rO

* By Inspection
1

IR
AV = AV — 90 I Al =28 _ zy =
1 ”R +r RS [1+(gm+gmb)RS]rO+RS
gm +gmb ; 7
AV
ﬂ = [1+(gm + gmb)RS]rO + R
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CS Stage + Source Degeneration (IV)

+ 1""‘rt.'lth
+
(i) Vi, V1_ X @Qm"ﬁ Fo 9 mb Vbs Re

Rg
Vv V R R
| =—2—(g V,+g, .V, )=—-"2L— V. +V  —=|+g V.  —>
o RD (gm 1 gmb bs) RD |:gm£ in out RDJ gmb out RD:|
V Vv R R R
Vout = IrO o — F;: RS == F;:t I'o _|:gm£\/in +Vout R_ZJ—i_ gmbvout R_Z:|r0 _VOUtR_Z
* Voltage gain withr, & g,,
Vout - _ gerRD
Vin Ry +Rg +15 + (9, + 9o )Rs T
Iulo . Ry [Rs + 15 + (9 + Gun)Rs 1o ]

Rs + 15+ (90 + 9 )RsTy Ry +Rs + 15 + (9, + 90p)Rs 1o
= _Gmeff Ro = _Gmeff{RD ” [Rs +I+ (gm + gmb)RSrO]}
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CS Stage + Source Degeneration (V)

* |, = constant, I(R¢) = constant, small-signal voltage drop across Rc =0

Voo
Io
Vaut
Vino— M,
Ag
I
A = In'o {Rs +[1+(9,, + 9,)Rs I }

Rs +[1+ (9, + 9mp)Rs I
=—g, I, = Intrinsic gain, independent of R,
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CD Stage: Source Follower ()

* The source follower can operate as a voltage buffer — High input
impedance, low output impedance.

* Gain = 1, but not equal to 1 even with R = infinity.

Vbp
vnlit
Vin _l
M1 vuut
Rg -
1 1'1|F‘r-|'|.| 1“"rir'l
1 W
Elun oXT(Vin _VTH _Vout)z RS :Vout W
W On = U, OXT(Vin _VTH _VOUt)
avout _ :unCoxL(Vin _VTH _Vout)RS ngS
oV W A=
n 1+ /uncox L(Vin _VTH _Vout)RS (1+ 77) 1+ (gm + gmb)RS
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CD: Small-signal equivalent circuit

* Calculate the voltage gain by small-signal equivalent circuit of
source follower with body effect

Vbs = _Vout’ gmvl o gmbvout :Vout / RS

V _ ngS
Vi 1+(9, + 9m)Rs

1
V, Mo g, T=>A ~—In
in D gm > A/ gm + gmb 1+77

Analog IC Analysis and Design - Chih-Cheng Hsieh



R, Of Source Follower

* Body effect decrease R, . of source follower

out
T T T T T T Ii I
I|| + : “I : Il V+ v Il
vy (})Qm\ﬁ | ¢gmbvbs : 1 Om ¥4 1
|
S DA : ’ L Rou=i
| + |r ______________ + gmb gm gmb
: V}(I vx
- I pe
| == ! Iy —90Vx —OmpVx = ) -

L 1_ RS =0
o, Im 1/
Vin Vs ImVY :> Vout A\/ _ gmb
._.— - ° Yout + 1 1/ Jn +1/ Jn
‘d—l %—1— Vin ) 'g";,._b g b
1 T om = 4 __
Im = gm + gmb
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Source Follower with r,

e Source follower with finite channel-length modulation

Vop !

1
— [ ou o2 | R

Om

A = :
1 1
D ” r01 ” r02 ” RL T

mb m
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Source Follower Drawback

* \oltage headroom consumption due to level shift.
* Nonlinearity

— Nonlinear dependence of V;, upon the source potential.
— r, of the transistor also changes substantially with V..

* PMOS source follower with no body effect

Voo
—V _
_ °P -7 ll—fﬁ‘
Ve, - - \
M, e n-well
'__ Vnut n—well\\ Vout ‘/Contacts
I .
Vin _|E_J Vi, T| = ['.
M, = : il

GND
* Higher output impedance using PMOS source follower.
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CG: Common-Gate Stage

* If M, is saturated, the V_ , can be expressed as

1 W

out

Vour =Vop =7 #4,Cy, _(Vb —Vin =V, )2 Rp
2 L
N, ., W oV
avin :un 0X L ( b in TH{ avin ] D
ror Mo _ Mo _,
oV,, Vg
oV, W
——> = 1,C,, _(Vb —Vi, =V )(1+77)RD =0,1+7)Rp
oV, L
* Body effect increases the equivalent g,, of the stage.
C
* Body effect deceases the input impedance of CG. ¥
z -1 = Y é? @ :

gm+gmb - gm(1+77) B -

Analog IC Analysis and Design - Chih-Cheng Hsieh



CG Stage- Input Impedance

e By taking into account both the output impedance of the transistor
r,, find the input impedance Z,,:

I'x
Vo —, -
Rp V1_ X @g mVY1 Fo 9 mb Vbs %HD

I'x =
M +
Vb_|1 Fo %_vx Rply "'ro[lx —(9n +gmb)vx]:VX
T_Hin Z. :Vx _ Rp +1o ~ Rp n 1
e 14(9n+9m)lo  (On+0m)lo G+ G
* For R,=0, same as source follower
_Vx o _ 1 —r ||i||i
"L (0,0 Ont 0wt TG, O

* ForRpy=o0,Z =00
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CG Stage- Output Impedance

* The output impedance is similar to that of a common source gain
stage with source degeneration. R; is the impedance of signal
source.

Rout :{[1‘|‘ (gm + gmb)rO]RS + ro}” RD

Analog IC Analysis and Design - Chih-Cheng Hsieh



CG Stage- Voltage gain

* Voltage gain is similar to CS + Source degeneration, it’s slightly
higher due to body effect

|||— . Vout Y
V1- X @gmv1 Fg gmbvbs HD Vl_RLUt RS —|-Virl :O

Vnut — D
" Rs ro(_ Vou — 0V, — gmb\/lj_voUt Rs +Vin =Vou
. R, R,
vin
N rO|:_VOUt _(gm + gmb)(vout&_vin j:| _M_'_Vin :Vout
I:QD I:QD I:QD
Vou _ 1+ (9 + G )o R oo 1H(Gn+9m)lo 6 +(9n+0m)LRs+R IRy
V. 1,+(9,+09.,)R+R+Ry = Iy+(0, +0.. )R +Rs Iy +(9, +0,, )l R+R, + R,
SN LA R L V| Ol [ + (I + IR s +R IR,
fo +(Om + s )R s +R; Vi leoss To (9 + 0 )R s +Rs T + (T + Uy )ToR s +Rs + Rp
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CAS: Cascode Stage (I)

* Cascade of a CS stage and a CG stage =2 a high output impedance.

Voo
A
R
—g D Vo

V out I 1'”‘rt.'lth
gV .—_l v " | Vout(min) :VD81(sat) +VD82(sat)
m i M2 ° Vi -Vinz [T
T  Vy -
Vin _l E M1 VTH1 in
= v
Ill_ + Img

Vnut
Vz_ Imz2V2 9 mbVbs A%HD A\, — _gmlRD (ro :OO)

+
+ v
v, é v, Ym1¥1

* Without consideration of r,, The voltage gain is independent of the
transconductance and body effect of M2.
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CAS: Cascode Stage (Il)

* If both M; and M, operate in saturation.

Vpp
G, = "
m~gm1

Vnut
Rout =14 (92 + 9o Moo Jlor + 1o Vo[, M,

Rout = (Im2 + G2 ) o2l Vin—{[[ M4

A = (92 + 9up2) 102 9mlon

* The maximum voltage gain is roughly equal to the square of the
intrinsic gain of the transistors

Analog IC Analysis and Design - Chih-Cheng Hsieh



NMOS CAS Amp + PMOS CAS Load

e Cascode as a constant current source with —

— VoD
high output impedance Y
: . Via H [ My ' Cascode
* The maximum output swing is equal to | . Current
| S0
V2 - [ M, i Hee
Vout,swing =V =Vis1 —Vis2 —Vsps —Vsps I
vnut
Ver{ [ M,
Rout :{I:1+(gm2 T Omo2 ) roz:l for + ook
Vin M
”{[1+(gm3+gmb3)r03]r04+r03} B IEL 1

A = —gml[(gmzrozrm)ll (gm3r03r04)]
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Folded Cascode

e A PMOS-NMOS combination.

* The total bias current in this case must be higher to achieve
comparable performance.

F"vin
Vpp - [VT1H1 |

Vint  Vpp - Va1l Vin1
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R, Of Folded-Cascode

Rout = |:1+(gm2 + gmbz)roz:l(rm | To3) + To
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Designer’s Intuition

 Simulation is essential because the behavior of short-channel
MOSFET can’t be predicted accurately by hand calculations.

* Don’t avoids a simple and intuitive analysis of the circuit and skip

the task of gaining inside, you can’t interpret the simulate results
intelligently.

* Don’t let the computer think for you!
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