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History of FETs
the basic concept is known in the 1930s
the device became practical in the 1960s
MOSFET has been popular since the late 1970s

Types of FETs
MOSFET - enhancement mode
— depletion mode
JFET
MESFET

Features of MOSFETSs (compared to BJTs)
small area
simple process
low power
digital logic and memory functions using MOSFETs only
most VLSI circuits are made using MOS technology




Rource (%) Glabe (G Diraim {12

o
; Ohide 150,55 Mletn|
| 7z
e e (S )

Sourcs
regiHe

Channe]

region

| : |

Fill _ piype sulsirate
p-type suhsmie o (Blyi

{Eody ) i T

Chamnel
region
ﬁl.'li]_\
{1

Drain region

[ 1]
LR

4 terminals : Drain(D), Gate(G), Source(S), Body(B)
symmetrical (S & D can be interchanged)

silicon gate (polysilicon)

another name : IGFET(insulated-gate FET)
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1. MOS FEIT 1=V

Creating a channd

+ (rate elecirode
oL B e clecrode ——_
= -:l' Induced
SO [+l n-lype ¢ D
Oxide (5104) channel

!
Depletion region

positive Ves

repel the free holes — a carrier depletion region

attract electrons from the S & D in the channel region
induced n region — n-channel - inversion layer
threshold voltage V,

Ves at which a sufficient electrons accumulate in the channel
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Induced n-channel

p-type substrate

magnitude of i
depends on the density of electrons in the channel & Vgg
=V, - the channel is just induced - I is negligibly small
v T — channel electrons T — channel deptht — channel resistance |
channel conductance & I o€ Vgg —V, : excess gate voltage




Operation asVv,g isincreased

:_IJ__ v
JE"’ ;- %T—hx
2 T R 1

Gate-to-channel voltage

Ves at the source end — deep channel

Vgs —Vps atthe drainend - shallow channel
Vbs 1t - channel becomes more tapered — resistance 1
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Curve bends because —
the chonnel resistanee
mereases with wy

Alimost a straight line =——_ |
b,

with slope proportional 1o

{ T4 .4

; I .
==— Tripde _F'l“-_ Sambon ————=
Uos = Uy = v Ups = s — V)

|

| \— Current saturates because the

| channel 15 piched off at the

| drain end, and vy, no longe

| miTects the channel

|

|

| L] ' I'

|

! -
Untsai = Uy — Vi Uiy

Vep = Vi OF Vpg = Vgs =V . _
the channel depth at the drain end becomes zero — pinched off

Vps > Vgs — V4

has little effect on the channel shape

Ip

|, remains constant at the value reached for Vg = Vg —V,
saturates at this value — saturation region
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fp (mA) |

V characteristics

L
s S g — V - _
s THE ! | Ung = tgy — ¥,
— < , e Rafumalion region ————=
region |
U = V¥, + 4
gs = ¥, + 3
tus =V + 2

I:'f":"a- =¥ +1

-
) g (V)

s =V, (cut off)




Operation mode (NMOS)

<cutoff region>
condition : Vgs < Vi,
no current flows ideally

<triode region>

n

OoX

: 1 W
Ips = an|:(VGS —Vin)Vos _Evés} B, =k, T k. =uC

act as a linear resistor :  r . ~ 1/ B (Vgs —V,,)

<saturation region>
condition : Vg >th & Vgp <th ~ Vpg > Vgs — Vi,

= % (VGS —~Vin )2

act as an i1deal current source
its value is controlled by Vgs

Ibs




Operation mode (PMOYS)

<cutoff region>
condition : Vg <[V, |
no current flows ideally

<triode region>

condition : Vg; >V, | & Vpg >V, | - Vg <Vg— |V, |

. 1 W '
' :pr|:(VSG_|th Ve _EVéD} o =ka K, = 1,Co
act as a linear resistor : o =1/ :Bp(Vse_ |th )

<saturation region>
condition : Veg > Vi | & Vpg <|Vip | - Vep > Vgs = |V, |

Po

o =2 Ve Vg If

act as a i1deal current source
its value is controlled by Vgs




Channel-length modulation effect

SO

{ hanmnel Drriian =
-

-

_L'I-1 =

Vps T - L+ - IpsT

: b,
Ips = T(VGS -V,

tn

e 11

channel-length modulation factor:

output resistance

. -1
- { Olps } N
Nps

Ves

1

J {1+ 2vs)

A=—oc—

w =V, =3V

Al s




Body effect

Vg #0 - depletion regiont — channel depth |
— bulk charget - Vi1

Vi :Vt0+7(\/2¢f +Vg _\/2¢f )

V,, :threshold voltage for V_SB =0
¢, : Fermi potential

7 :body-effect parameter (process parameter)
~ 20N ,&,
e,
for PMOS

IV, =1V | +7 (20, +Ves - 261 )




Temperature effects

V, :2mveC & moeT
Tt - Vil &K 11 5 ipg!

Breakdown

junction breakdown

50 100V

occurs in the pn-junction bet. D & B
punch-through : 20V

occurs in short-channel devices

the depletion region(D) extends to the S

does not result in permanent damage
gate-oxide breakdown : 50V

occurs in gate oxide

results in permanent damage

small static charge can cause  very high input impedance

gate protection devices are required




Depletion-type MOSFET

has a physically implanted channel
V,, <0 - ipg>0 for vgg=0

|'.||;| 1

p-channel p-channel n-channel n-channel
enhancement  depletion depletion  enhancement




L arge-signal equivalent circuit

simple model in saturation

Oo—=o ’ o D
+ +
W
Tx % ks ‘I'.‘ili','s — V.5 F g
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complete model

CaD
A}

D

I'o

1

Ces
A}

iDS GD

1
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pAl
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Small-signal approximation

f-.'J-l-
~An almost Slope = g,
linear segment
g —————=—== {
I
| V) .
i
i | A Ve
| —f' P

i

S

e e S T .

:/{_v ?

]

\
~
_V

total current

dc component

Ipb = g +1y4

I

= &(VGS -V, )2

2

ac signal component

lq =

diy,

Ng

S Vos=Vas

°Vgs — :Bn(VGS _Vt) 'Vgs




small-signal condition

Ves = Vas 1 Vgs

iD = %(VGS +Vgs _Vt)2

Py Jo
— T(VGS _\/t)2 + ﬂn(\/GS _\/t)vgs +7Vés

=g +1y + 1)

IBn (VGS _Vt)vgs >> %Vés

Vgs <<2(Vos Vi) =2Voy  (Voy =Ves—V)
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MOSFET small-signal mode

IDS

= %(Ves -V, )2 (1 + AVDS)

,3

Ves —Vio — (\/2¢f +Veg \/2¢f) (1+ AVps)

- f (VGSaVDSaVBs)

Ips Ibs Ibs

A A A

ANa A RUAYAY D

7 U\ i V: 8 Vo8 Ve
Ves bs VBs

=" = =

DS — f(\/GS’VDS’VBS)

i~ Olps Vo + Olps
ds ~ oV gs ov
GS [Vgs=Ves DS

=Om Vst 9o " Vas T G~ Vios
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MOSFET small-signal equivalent circuit

ds = Im Vs T Yo " Vas T Gmop Vs transconductance

AN ° 21
\ T n=Ales Vi) =2l os =
GD gmlgs GD goVas GD gmb Vbs GS t

B T \ Vits output conductance
2 / _ Mos )

S o
ﬂ body transconductance

ro= 1/go O = =X 9m
® o $=VE (D) goo v b ™, m (

wno

O
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T-equivalent circuit
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Summary (small-signal low-freq. equivalent circuit)

rl'l
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Transconductance

On = ,Bn (VGS _th) — k;(\N/ L)(VGS _th)

o (Vas —Vin)
VGS T - Ont
— signal swing |

O =280 o5 =y 2K,(W /L)1 o

oc o/l ps for a given MOSFET (BJT: ol )
oc /W /L for a given bias current

| s =1mA, k. =20uA/V? — g =0.2mA/V for W/L =1
— 0, =2mA/V for W/L =100
(BJT: g,, =40mA/V for |, =1mA)

pA | |
o DS _ DS (BJT: g, =

C
= = o)
VGS _Vt (VGS _th)/ 2 VT

21
On :ﬂ'VOV — 2ﬁ IDS :V—DS (VOV :VGS _\/tn)

ov




Example 2.1

Q) small-signal voltage gain & input resistance & the largest input signal?

V., =15V, B =k W/L)=0.25mA/V*, V,=1/1=50V

FIS Y
4
,.I'
Ro=10k2 &
| - :,_ T =
e | | ; '
R, = 10M0 2
# :b i O e Hn |l|l|‘.I
D_"_‘_II—_v §ﬁ', = 10 kf} ]

- -
T

R

iah

025\ 15y

Jin
o= Vas —Mn)" ==~ | |, =1.06mA
V, =15-R.l, =15-10I Vo =4.4V




<ac analysis>

0, =B Voy =0.25(4.4-1.5)=0.725mA/V ro= TS 47k

voltage gain

A = ‘\’/— =—g.(R, /R //T,)=-33V/V

input resistance

. V=V, V V, V, 4.3y, V. R
I, = = 1-—= | =—[1-(33)]=—-+ L =—=—==2.33MQ
T et L

the largest input signal

VDS 2 VGS _\/tn - VDSmin = VGSmax _\/tn
VDS_| A\/ | Vi max :VGS +V,

i max

—1.5

-V,

tn

4.4-3.3v

i max

V. =034V

i max

=4.4+V

i max
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Capacitorsin MOSFET

b
. L Oxide encroachment
< L > _ ) ] v
ff
Gate W > ' Twett
Cgsov + +Cgs J:Cgb +ng' +ngov a &
A 4
S D ;
Csb =— /"\== Cdb —» e
— LD b’
LD i
atera
sub diffusion
FOX FOX
Lg=L'=L-2LD, LD=L_ . a-a
Cy = C, + Cyy t gate to source capacitance /
— ' . 1 1 — L
Coa =Cyy T Cygor gate.to drain cape}cnanc.e | < p— {
C,p, : gate to bulk capacitance (Cgbov is negligible)  rox N
Cg, : source to substrate capacitance NS N ~—_
. . Channel
Cg, : drain to substrate capacitance b-b




Besgion Cutoff Saturation Litiear
Cas WL guCone W Cox Lowt (27301 ] W o[ Lowt (172017 ]
Cad W L gulCose W LowCox W[ Lowt (1/2)L ]
Cgh WLJ Cux (1;3}W LJ I:':u:{."ll."IICdBp) 0
iﬁiscja (T'-'rsb:""PEij ':t'-'rsb:' Ascjaivsb}+Pscjp(vsb}
':5 AEC'EU'-'TE :H-PEC' 'ﬁ'-'rs :'
i USRI S QRWL CalVe) | +(U2WL CalVe)
AdCial Vap+PaCip (W )
Cb PGV e+ PaCiel Ve | ATtV e+ PaCipl Var) . (i WL Ci ';i'-'rdb:'
Cg W L o W L s
D
: Cgd Cdb
Total gate capacitance ’ \/II:\/\
_ B
Cp=Cy T Cya T Cy G L=
Csb

0O

Q

U’/\
Q w

gd




MOSFET high-frequency equivalent circuit

Cu
- — o
s
BV s Vg
Vi Cﬂ .
o
%

l

B
et Cpd
oo ¥ II oD (= L - D
T +
Ty —— C*._., Bim Vs s —_ Ty mm—— f.'m By Ta
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Summary (small-signal high-freq. equivalent circuit)

{-Q-J
0o | - H =
Vo=, #
- P gV
uj ——1s
s B
2lp C_=2WLC, +WL.C
ﬂVOV 2ﬂn|D V— gs 3 + ov ~~ox
ov
r = 1 . VA ng :VVLOVCOX
ll D I D C CSbO C . CdbO
7/ sh T V do — V
O = X9n g 14+ -8 1+ DB
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Example 3.1

Design the circuit Ry, Rg?
|, =0.4mA, V, =1V
V, =2V, u.C,, =20uA/V>
L=104m, W =400um, A =0

Solution
Vgp = -1V <V, .. saturation
1o =22 T v -v,)°
0.4 = 20X210_3 41%0 Vas=2)2 — Veg=lor3 — Vg =3V
R Ve I—DvSS _-3 —.(—5) s R, - vDDI ;VD _ 500—41 0k
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Example 3.2

Design the circuit R, V? Vop = +10V
|, =0.4mA
V, =2V, u.C,, =20uA/V> Ip l R

L=10gm, W=100um, A =0 Vo

Solution
Vgp =0V <V, .. saturation
HnCo W
lp = TOT(VGS _Vt)2

~20x107° 100

2 10
Voo -V,  10-4

0.4

lo

Ves—=2)° — Vgg=4dor 0 — V=V, =4V
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Example 3.3
Design the circuit Ry ? Vo = +5 V
V, =0.1V 4
\/t = 1V) ﬂn - /unCox(\N/ L) = 1mA/V2 "r'r" l R.’}
Effective resistance between D & S, I ? Vp=+01%¥
I

Solution

Voo =49V >V, .. triode

2
= ﬂ{(\/GS ~V, Vos —V%S} = lx[(S—l)XO.l—%} =0.359mA

=12.4kQ2

R~ Voo =Vo _5-0.
5 0.395

Vps 0.1

= = 2530
I, 0.395

I'ps =
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Example 3.4
Determine the node voltages and the branch currents (V, =1V, g =1mA/V*, 1 =0)

+10 ¥

W
i
¥ ||'_:'. I||'.l||.
Re:y = 10 M) § Rp=06kll 10M0

jlli'l:. = () M1} Ri= 6k 10 MR §

III—‘VM.-—4 -

=
—
_—

Solution

Assume saturation : 5 |
Ves =Vg =6l =56l IDZTn(\/GS_Vt)ZZE(S_6ID_1)2

1812 =251, +8=0 — I, =0.89mA or 0.5mA
|, =0.89mA — V,=0.89x6=534V — cutoff .. 1,=05mA
V=3V, V=2V, V; =10-6x0.5=7V

Vgp =2V <V, .. saturation
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Example 3.5
'I-"_r]lr] = +5V
Design the circuit (saturation) ‘
|, =0.5mA, V, =3V Ry
V, =-1V, B, =1mA/V>, 1=0 ;
Largest R, for saturation ? ' r__ s e

Solution ok B ey

p
ISIDZTp(VSIE_'\/tDz
0.5=%(\/SG—1)2 — Vg =2o0r 0 = Vg =2V
L Vg=3V > R, =2MQ & R, =3MQ, R,=V,/l,=6kQ

For saturation:

Vo SIVi | = Vp SV +|V [F4V oV =4V, Ry L =4/0.5=8kQ)
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Biasing in descrete cir cuits

Viags Yoo Voo
A
J R,
.II;.: E H --'I'I I!'ilr.'
1 Ry n i ; AMA—4
| b -r ] 7 .II.'_| [ |I|'| Li Ay
l ! L [ ¥ '|l.l
—i — -
} »
R Ry jnﬁ R R 3 ; s
1
Y

— Vs ~ Vs

i(a) {h) o) [d)

Biasing or Bias design
establishment of a dc operating point for the transistors
stable and predictable I, and Vj¢
somewhat easier I;=0 - R, & Ry, canbe very high - high R,
self-bias resistor R — provides negative feedback — stabilize I,
R, should be large for high gain but small enough for desired signal swing




( )

Biasing in integrated circuits

the use of resistors are discouraged in MOS IC design
requires relatively large area
exhibits large tolerances

the use of large coupling and bypass capacitors is impossible
MOSFETs are utilized
can be fabricated in a small area

its parameters are relatively well controlled

biasing of [C MOS amplifiers utilizes constant current sources
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Basic MOSFET current source

a simple MOS current source or current mirror
resistor R would be outside the IC chip

assume 4 — ()

k. (W
Vior |, = _n(_) (Vo =V )2
DI GS
| 2\ L), ‘
| I = — VDD _VGS
Fosi 'I'r R : D1 REF R
—> () v k. (W
-— : N
Ipy 0 0 "% lp, =10 = _[—j (Ves _Vt)2
ci o . ‘ 2L ),
G
b o _W/L),

L leer  (W/L),




( )

Basic MOSFET current mirror

Q2 should operate in saturation

Vo ZVc;s _\/t

frr channel-length modulation effect

lo _ W/L),(+AVps,)
leee (W/L),(1+AVyg)

finite output resistance

AV,
=Ty
Al o

R =

_ Ve
lo

Vol LT > RT
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Basic configurations of single-stage |C MOS amplifiers

(a) Common-source (CS)
(b) Common-gate (CG)
(c) Common-drain (CD)

r
b D

V."JJ'J'




J J

CMOS common-sour ce amplifier

llnr rl-l' *Hm : :.'__:r ) D - .
: 1 I 1
B e O [P~ EEEEEER  i- | 3
i ke = o wlip =
| = —3 2 T e —

1 5

- @ e | = h L

Y coupling capacitor : C,, C, bypass capacitor : Cgq

input resistance : R =R,

output resistance : R =1, // R,

voltage gain : A =-09.0r /7R /R)
Re

overall voltage gain: g ___ "6 g.(r,//R, //R)

T ReH+Ry

applications : part of a larger amplifier circuit
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v R, __ R
Vsig Rsig+Rn I:\)s'g-l_l:\:‘G
io
G,==> =—9n Rt =T/ Ro /TR,
Vv ,
1R =0
\Y/
A\/:f:GmRout,totaJ __gm(ro //RD//RL)
Y V. V R;
G —_0 _—_ 1 0 — _ r // //
v Vsig Vsig y RG+ . gm(o RD RL)




CMOS common-sour ce amplifier with a sourceresistance

neglecting r,

input resistance : R =R,

output resistance : R , =R,




voltage gain :

/g, Y

Vs = v, =

T (1/g)+Rs T 1+9,R
Mg

© 0 (U/g)+Rs 1+0,R

—_ 1 =_gm(RD//RL)

Vo = Iy (Ry /R ) = =223 oy
_ 9.(R//R)

A= 1+0,.Rs

R 0.(R//R)

overall voltage gain : G, =

Re tRig 1+ 0nRs

source degeneration resistor Rg : reduction of the gainby 1+ 0. R;)




Directly on the Circuit

Vi =V + Ry =14/ 9, + Rily =1/ 9, + Ry

G =l __la___ 1
Vi Vi 1/gn+R
Rout,tota] =R, /IR,
/ (R, /]
A\/szRout,total_ RD RL __g (RD RL)

© 1g,+R 1+g.R

useful interpretation :

total resistance in the drain =~ R, /R

total resistance in the source 1/ g, +Rs




ihi

input resistance : R _=1/g,,

output resistance : R , =R,




J J

\ V,

voltage gain : |, =—i =—, = F\’In = l/ém =g,V
=iy Ry /IR) = Gy(Ry /IR
A =0n(R//R)

overall voltage gain: G, = 1/ _ (R /7R

Y1/ gn+ Ry, 1+9,R,

applications : unity-gain current amplifier, cascode circuit

Directly on the Circuit
i

o
ik,

Vi:_vgs:_id/gm G, .=

m

A = % = GmRout,total =0n(Ry /R)

i
=-L= Im Rout,tota] =R, /R,




J J

CMOS common-drain amplifier (Sour ce follower)

b}
Voo ; =
i . .
i . Cey : 3 L ;
- II [ ] j| -..-..;..
1 ] [ i
- > I:_I | | *
Il = = g i i
i ?H} L II - | = g‘L
Ff
® voow |4
|I = — i - L
= - R
L) K= 05
‘ll-ll.'h . .|_'| I
Lal
'HI'
(b

input resistance : R =R,




voltage gain: , _ R_//T,

= V,
> (R //r)+1/g,

A = R //r, N R
(R /It)+1/g., R +1/g,

, forr,>R

overall voltage gain :

G - Rs R //T, ~1
' I%3+Rsig (RL//ro)+1/gm_ ,

for R; >> Ry, 1, >>1/g,, r,>> R,

output resistance : =

1
3,

1
R, =1/ —=—
t On  On

applications : T
unity-gain voltage amplifier =
or voltage buffer ‘_I
output stage in a multistage amplifier — i

(d)




Directly on the Circuit

i i
G =_0 — _d — Rog |_|’_
m V. ~ V gm —— AN — * In i,
i R =0 gs .
I
/) — IR S
1 (R/7To) g I
Rout,total - RL // I // - 1 = L = j_ﬁr

el

A /',
A\/ - = Gm Rout,total - RL
v R IT)+1/9,




D Comparison ]

Neglecting Body Effect & T

CS |CS_Rg| CG CD

Re Re o Re

1
Ro Ro Ro o
_ngD ngD ngD 1

1+g,Rs




Example 4.1

V, =15V, B =k (W/L)=1mA/V*, 1=0, y=0

Iy \ ] | R
% l i
v, iy S W4 W 4.7 Mil T_'J
R,
’ I V. I_.fa|:l"] ?H‘lm'ﬁ.

— 10V
o II'J.'-.'r

= BV,, =1mA/V’x1V =1mA/V
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Example 4.2 <CS>

\/tn — I,SV, ﬂ, — O, 7/ — 0 le Ci

: Il | ‘
B,=k (W/L)=1ImA/V’ | ol ‘%H_
R, =100kQ, R =15kO 9

R, = Rs = 4.7MQ

R = Rp =15kQ
A, =-0.R, =—1mx15k =15 V/V

RB
B == (R, /IR)=-734V/V
CTRR, Y (Ro //R)
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Why?
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AC analysis
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1. degeneration
PSPICE

2. 1=0.02, Ry=0Q

Common-Source

V, =15V, 1=0, =0
B. =k (W/L)=1mA/V?, | =0.5mA
R, =47MQ, R, =15kQ, R, =2kQ
R, =100kQ, R =15kQ

CC19 CC29 CS —> 00




1. Common-Gate

2. Ry, =10kQ, 100k

PSPICE
V
’ GV =2
R =0 Vsig

V. =1.5V, 1=0, y=0
B, =k,(W/L)=1mA/V*
| =0.5mA, R, =15kQ
Ry, =1kQ, R =15kO

CC]) CCz —> 0




1. Common-Drain

L

2. 1=0.02, Ry, =1MQ

PSPICE
Y/
9 GV =20
R = Vsig

V, =15V, 1=0, =0
B, =k, (W/L)=1mA/V*
| =0.5mA, R, =4.7MQ
R, =100kQ, R =15kQ

CC]) Ccz —> 0O




Open-circuit time constants

for determining the upper 3-dB frequency

I + a5 + aps? + -+
b+ bys + bas? + -

Fru(s) =

1 ] 1
Wpy Wp2 Wpy,,

1
bl = E CERE()

i=1
If a dominant pole exists (say, ), then

1
by = — and wy = wp
wp]

Thus,

Hny

1/ > CGRs,
=1

Il

WH

the method for determining b,
1s exact

R, can be determined by
C, =0 (open) for k#1i
V=0 & I, =0

determine the resistance
seenby C




Miller’stheorem

\\l,/_’z—)_ Y £ \\2,/
™
AL AN Y, = Y1-K)
I:, v'rwl = Y, - Y(I—L]
. K
1 =V
i V1

Fig. 7.18 Miller’s theorem.

An important caution
the Miller equivalent circuit is valid only as long as the conditions that existed
in the network when K was determined are not changed

Miller's theorem is very useful in determining the input impedance and the
gain of an amplifier

it cannot be used to determine its output resistance
the change of K
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Association of poleswith nodes

each node contributes one pole

interaction between nodes

difficult to calculate poles




High-frequency response of the CS amplifier

(a)

three methods to determine the upper 3-dB freq.
method of open-circuit time constants
approximate method using Miller's theorem
method using the exact high-freq. transfer function




Method of open-circuit time constants

Cod
R, G f D
WA ! | ©
+ +
V, Coy ==V, gV Ry FL(s)

H- = —Hm H;-:c R:‘.

Rgs:Rs

Ry = RR+R*+0,RR
1

Cgs Rgs + ng Rgd
1

CgsRs +ng(Rs + RL'+ngsRL')




Approximate method using Miller’s theorem

neglecting the current through ng in determining V,
Vo ~ _gmvgsRL' s K :Vo /Vgs = _gmvgs

3-dB freq. & gain

ﬂl{il"\r » G CT = Cgs+ng(1+ngL')
+ 1 1
. . . - -~ w = = :
“Q G malrer T CRTCRHC,(RT0,RR)
- _ AVI _ '
= = = A 1+s/w, M =00,
Oy

the small feedback capacitance Cy
plays an important role in determining the high-freq. resp.
gives rise to a large input cap. C(1+9,R ") — Miller Effect

To increase the upper 3-dB frequency
g.R '+ - reduce the midband gain
R, | — might not always be possible
use cascode configuration




Method using the exact high-freq. Transfer function

T(—g!( VX. V )
G e | ~ D R .
Il
+ Coa +
Vi , :
}‘)(?) R, Cus "-IVgS & Vi R; V. (s)
transfer function | S
Vo(S) Om/Cy

VS(S) - _AM 1+ S[CgsRs + ng (Rs + RL'+ngsRL')]+ Sngngd RsRL'

if the two poles are widely separated

2 2
D(s):[1+iJ[l+ > ):1+{ P, j+ S o143, S
@p, @p, @p,  Wp, ) WpWp, @p;  WpDp;

1
P T C R +Cyu(R + R+, RR.)
Cgs+ng(1+ngL'+RL'/Rs) gm

Op, = ~ for '>>1 and R '<
P2 C Sng RL, Cgs ngL RL Rs
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General high-frequency analysis of CS amplifiers

Rs

Vsé’\/\h _T\ixc1 @ V % _T_ OVo
= _—I?__ ?g

o el

A(s) =2
VS(S) 1+ C2 + C12 + gm 12 4+ 82 C:1(:2 + C1C12 + C2C12
G, G, | GG, GG,

If wp << wp,

2 2
D(s):£l+ij£l+ > ]:1+{ : + : j+ > ~1+ > + >
@p, @p, @p,  Wp, ) WpWp, @p;  WpDp;




-1
o, ~ [cz +Cy C+Cpy gmclzj

G, G, GG,
GG, 1
Wp, ~
CC,+CC,+C,C, oy
_ GG, C,+C, 4 C, +C, n 9.Cis
CC,+CC, +C,C, G, G, GG,
Onm
w, =—"
‘ Ch,
Wy 9w _
G, IR

|




Wp, << Wp, & g,R, >>1

~ ( gmclz )1 _ Gs G

Wp =

- (9.R)C, |A,IC,
Wp, << Wp, & 9, R, >1& C, =0

GSG2

GS GS gm
Wp; ~ = Wpy X
(9nRIC, AW IC, G
Wp, <<Wp, & C;2C, & R, <<R, —» g,R =1
-1
0 = C+Cy, + Co| _ G,
G, G, C, +2C,
R ~0
ele) | )
A(9) 2 Im Wy

9.,Ci

“rTcc
12 +C1C12 +C2C12

GG, 1 G,

Wp, ~
C,(C +2C,) v, G,
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Zeroin the CSamplifier

zero arises from direct coupling of the input to the output through C,,
C,, provides a feedforward path at high frequencies
Rs VX C12

Ve _T_Cl @ V%Z _T_—C<2>vO
1 g 1

VO(S) = ZL[S(:IZ (Vx _Vo) _ gmvx]

_ Zl_ (SC12 T gm)vx 7 = Rz //L
1+2,sC, : sC,

V,(s,)=0 — ZL(SZ):Lzo —> S, =0
1+s,C,R,

Szclz_gm:() — Sz:&

12
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High-frequency response of the CG amplifier

the high-freq. Response of the CS amplifier is limited by the Miller effect
caused by the feedback capacitor C,

CG amplifier
no feedback capacitor between the input and output
no Miller effect — improved bandwidth

VDD

R
L Analysis methods

using the T equivalent circuit
||| | — STC(Single Time Constant) networks

M
Rs - K—(LVSS directly from the circuit
Vx
£%
= VSS

Vo




Using the T equivalent circuit

Vo Rs
:T:ng RL s —T_ Vo
I gmvx) 1 Vs : ) %Ugm Cos Cgd SRy
| 1/gm T C9s - — — I _gm( in ——
é’V\A ( A effect & body effect are ignored)
15t STC network
1/9g 1
_ : . . A\/I = X = m =
low-frequency or midband gain : '"V. R+l/g. 1+g.R
time constant : 7, = g{ R/ g_]
V. (s) 1 1

transfer function : A () = A, ———, @y =—

V,(s) 1+S/wp, 7,




2nd STC network

low-frequency or midband gain: A, = x—" =0,,R.

X

time constant : 7, =C,R

transfer function : A(S) = % = Ay, = Si 60p2 Wp, = %
overall transfer function
- $:§2§ -AorO=A( 7 e
1 1

WDp| = Wpy =5~
CuRL
gs(Rs//_) ’

m

which one is dominant? — dependson R & R & C,




Directly from the circuit

midband gain

VDD VX — 1/gm — 1 VO _ g RL
V, R+1/9, 1+9,R V, m
R AVI = VO = ngL
: Vo V, 1+9,R
.|”C_ng__{ Y time constants |
Cgs - @VX -T ZCQSLRS//—]
|—_. l VSS Om
F—vx @Vo: 7,=CyR.
Rs 00
Vs ?' transfer function
= Vo(s) 1 1
e Vy(s) AM(1+S/COP1 IHS/@)PJ
1 1




The cascode configuration

combines the advantages of the CS and CG circuits

VDD

Vo

VB o——l
|_
VY| OVSS

VX —
Vs ( )VSS

VSS

Analysis methods
using the equivalent circuits
directly from the circuit




Using the equivalent circuits

( A effect & body effect are ignored)

1 _l_ ' _T_ Vo
Vs Cogsl 1/gm2 Cgs2 Cgd2 RL
gmivx gm(-Vy)




left circuit : CS amplifier

Rs vx ngl Vy

Cgsl 1/gm2 Cgs2
glex

CIZCgSD C12:ng19 C,=C
gm:ng’ Rzzl/gm2

]

Wp, <<Wp, & C;2C, & R, <<R, — g,R =1
G; &, O

Op ¥ ————— Op, , =

Vy
Ki=F==0nR = ~gm — -1
s m2
1
Wp; ~
Rs(Cgsl +2ng1)
gm2 gml
Wp, ¥ Wz =
Cgs2 ngl

T




right circuit : STC network

@ -T-ngz
gm(-Vy)T

overall gain

Vo(9)

- -

K2

\V/ 1
=0 — gm RL I0) =
Vy 2 P3 ngzRL

V(s)

AM S S
(1 + —j(l +
@p) @p,

1+i

Dp;

j, AM :Klez_gmzRL

which pole is dominant? — dependson R, & R & C,

in integrated amplifiers
R, is small

load capacitor C, exists

active loads are used — R, 1s large

1

Wp3 =
(ngz + CL)RL

— dominant




Directly from the circuit

VDD

Cgdl
Rs yy Y M1
|_
Cgsl | VSS
Vs
p— 00
= | —

midband gain

—X—l, _y: gm —_17 _O:ng
Vs Vx 1 gmz Vy o
. AM :Vo :Vx Vy Vo _
V., V,V,V, m
poles

Miller effect can be ignored  small gain
Cyqp 18 usually small

@V, : wp = RSCI:951
@v,: w”zC@JLgm):gz
1
@V,: wp, = ngzRL
Zero v, 9.,




High-frequency response of the CD amplifier

Rs

VX

Vs

( A effect & body effect are ignored)

(G)
Rs  vx CIQIS (S) Vo
11 1
Vs é/\/wzllfgd @ gm1(Vx-Vo) < RL CL
= = = (D) = =

(same architecture as that of CS amplifiers)




equivalent circuit

Rs wvx Clgls Vo
1 _l_
Vs Cgd CL
_l_ “gm1Vx (L/gml1)/IIR,
transfer function S
1— >
7z

midband gain

— — _{(_ — gmlRL
A\/I - ngl_ ( gml)Rz 1+gm1R|_

ZC1ro

gm _ B gml
C, C

w,; =

Cl = nga C12 = Cgsa Cz = CL
gm:_ng RZ :(l/gml)//RL




poles

R, :large & C| :small

-1
WDe: ~ C2 + C12 + Cl + C12 + ngIZ
a G, G G.G,

S

-1 _1
~ (Cl +C12 + nglzj — (ng + Cgs _ gmlcgs}

Gs GSGZ Gs GSGZ
_ 1 1
- C " RC
RS(ng + gs) RS gd
1 + gml RL

RL>L — gmlRL>1

gml

5 R =R /=

— gmlRZ zl

gml

. ~£ G.G, ] 1 ~[(33sz 1 G,
. CC,+CC,+CC, v, \CC, jap, C,

C

gs

gml

1
gml




R;:small & C, :large

Q

¢

Wp, ~

-1
Cz + C12 4 Cl + C12 4 ng12
Gz Gs GSGZ
-1
Cz + C12 — Gz ~ Y
G, Cs+C. C

C,+C,

[ GG, J 1
CC,+CC,+C.C, jw, (C +C,)C,

) Rs(Cgs + ng )
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