#74) EECES69 Analog I

Ch 4

Frequency Response

(1) Miller eff

(2) single T

ect

R amp (CS, CG, CD)

Consider Av(s), Zin(s), Zout(s)



474) EECES69 Analog IC Miller theorem Ch 4

Voltage amp




479 €ECE569 Analog IC Miller theorem: revisited Ch 4

The same current | flows through Z1land Z2.
_ Vx _VY
Z

V,=1-2, V,=—1-Z, |

Z p— Za —|— Zb No current through mid—ground

X Z | & Z
Z, =
1 —Vy/Vx

Y4
1 —Vx/Vy
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074 eccess9 Analog IC Dual of Miller theorem ch 4

Current amp

— — — —>
I, v| 1, I, Y, Y, I,
- — — —

Y Y
Y Y,




074 eccess9 Analog IC Dual of Miller theorem ch 4

Current amp

I=0
s — e > —P ———— —
l4 Y| |, l4 Y, Y, P I Y; Y, P
<—J — 4——4. S— - e
The same voltage drop acrossYland Y 2. Y
[ Y| = 1
Y, B Y T 12/11
L Ll Y
Y, Y Y,

2 1=Li/h



079 £eCES69 Analog IC Association of a pole with a node 4

& = Ci, = Cq - Cp

R R R
WVS Iy W\1 ’y Wz ’: ° Vout
Vin é-l-

— — -

Every node has a pole

Vour Ay As 1

§) = . .
Vin (s) 1+ RsCi;,s 14+ RiCpys 14+ R,Cps
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#74) EECES69 Analog I

— Voo
c, o
n—| Y. o Vout B

Vout (8m + &mb)RD

Association of a pole with a node

Ch 4

Every node has a pole
CG amp (ro neglected)

Rs M1E||_. v, @in=|(Ccs1+Csp1) (RS

, m
8m1 + &mb1 )_

W
. X
| é" "® T wour =[(Cpg + Cpp)Rp]™"

Vin 1 + (&m + &mb)Rs | (

1




#74) EECES69 Analog I

Per formance comparison of single TR amp (R load)

Ch 4

CS amp CG amp CD amp
| R 9
AV _gm'(ro ” RL) +(gm+gmb)'(ro ”RL) gm+gmb+W
r0 L
1 ( RLJ
14+ —
Ri * gm +gmb +i ro >
r0
1
RO o r0+Rs +(gm+gmb)'ro'Rs Om *+ 9mo
1 1 1
R Cep " Im (o lIRL) +Cos (R[Ri)- (Cgs +Csp) Cop +Cos
@08 * | +Cas +Cop R 9mb
+Cgs
Om + Imb
Linear input v <] 9+ G
voltage range Vi 1<0.2(Vgs —Vry) Vi | <0.2(Vgs ~Viy) | b
(distortion 0.2(Vgs —Viy)
< 10%0)
Suitable Voltage Input Current Input | Voltage Input

amp type

Current Output

Current Output

Voltage Output




04) EECES569 Analog IC Ch 4

Freq response summary of CS, CG, CD amp

—-3dB
Frequency Zin(s) Zout(s)
CS amp Low Capacitive Capacitive
CG amp High Capacitive Capacitive
CD amp Very Capacitive Capacitive If Rs < 1/gm
High
Inductive If Rs > 1/gm




{mz EECE569 Analog IC Frequency response of CS amp

Ch 4
Vop } }
e Cep v
0
/, K
l D S
¢ Ay " c
r 1
R S Vo 2 v § ) —— L
M
L v, x | G
o
/
777 /77 /77 /77
777

(a) o

CGS = W . CGSO + %WLCOX

Cop = W -CGDO

CGB — L . CGBO
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f\/; EECE569 Analog IC Frequency response of CS amp (Miller effect) Ch 4

Rs Vl VO
—Wy Cep: (1+9mlG)

V(' N __/ Em"1 Lo L ¢ L 1+ 1 ]
O = = e
P T 7T s I

(G =Css+Cap) .
C()pl —
V(9 s RACy +Cop L+ gmip)}
A =0 __[ sj[ sj 1
+— || 1+ w,, =
O )\ Dp2 P 1

r.|C, +C 1+
o[ L GD[ gmrojj
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04) EECE569 Analog IC Frequency response of CS amp Ch 4

20 - log|A, (jo)|
(dB) 20 -log :10 (Imlo)

-20dB/dec

10g10 (COT)

0 dB / log,y @

log g

a)pl

Fig 4.2.8 Frequency response of common source amplifier (amplitude response)
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o4) EECES569 Analog IC Frequency response of CS amp Ch 4

o (1 B S j 2-pole 1-zero
"o (gm/CGD)

154G, RECooHR (G +Cop) +1,(C+Con) HSRE, (GO +ColG +Col5)}

LI Y PP RPN (S T D SO SO PPN BN
a)pl a)pl a)pl a)pz a)pla)pz a)pl a)pla)pz

_ 1 Dominant pole

o (9mfo) - (RsCop) +Rs (G +Cap) +15(CL +Cap) iR

A(S) =

1 0
a)pl ~ a)pz . C
Rs CGD gmro CL (]_4_ 1 )
Using Miller approx.
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EECES69 Analog IC

Frequency response of CS amp Ch 4

Feed—forward capacitor between input & output nodes of inverting amp =»

Feedforward = Rp

Path

e,
T e,
‘a.f.':“(::' R e e R e

|—

S

Positive real zero : + gm / CGD

v
CGD

Vi &

b
S

L AR L E SCEREELEEE .
--------------------------------------

Bl

e

S
it F

4 Vout |

za a za 777

Zero: s value at which vo
becomes 0 at non—zero input

S CGD Vi =0,V
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479 EECES69 Analog IC Input impedance of CS amp Ch 4

Vop Using Miller effect ro neglected
1
Cep Ao Wip =
) +—o V. Rs[Cgs + (1 4+ gnRp)Coip]
Rs |x 1
r7i] [ M; = Cpg Glosr =2 Not very
Tk § ol oo Rp(Cpp + Cgp) accurate
in ) GS = ..=-
£ ¥ _Em_t(s) 3 —gmRp
" D)D)
Win Wout
1
Z(S) = R+ at Low Freq

s (Cos + 1+ 9,Rp) Cqp )

15

Razavi



{;'{é EECE569 Analog IC Input impedance: CS amp Ch 4

Input impedance Zin (Cgd neglected)

Rp Iy .
(Ix = &n V)T RiCoon: Cons. Vx
Vx 14+ Rp(Csp + Cpp)s
Ix Cgps(1+guRp+ RpCpps)
R
Cop 3 PO . 1
$—0 In
i— ot SCqp -1+ 9,,Rp)
I'x
I-P M1 = cDB Low frequency |Input impedance :
5 Miller cap

Razavi



4749 EECES69 Analog IC High freq Input impedance: CS amp Ch 4

Ve o1+ RoContCos)  pommvemmianieaenen
Ix Cgps(l+ gmRp+ RpCpps)

— Vo = Rp
%R ) | *+—o Vout
Cap D l
M, =
1— *+—o Vout | ": ; Cos
I T T
2 :
I-:M1 = Cps i . ;
y 3 2 e L e
e - == m DB
= 1

High frequency Input impedance R + 0, +SCphg

Razavi



#74) EECES69 Analog I Output impedance: CS amp Ch 4

Output impedance Zx at high frequency
o VDD for high Rs

vX is applied at drain
Cap ¥ Fo "
I '<—‘ 1 =0, v =0, 1CGS+ = CGSCE%GD "GV
+—A M, zx = Cop Cop  Cos
f Ces = = C, = Cop *Cos
= Cep +Cps
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{?Dg EECE569 Analog IC High—frequency Output impedance: CS amp Ch 4

— Voo
CeD F Fo Ly = 1 (CGD + Cos : 1 )
i— : ' Ceqs Cep Eml
I"M1 “x T Cos - Capacitive at high frequency
T Ces = <
- Lg b 1
out —
Cop+C 1
[RD ( = & ) (Ceq o CDB)
Cop gmi

1
Rp(Cpp + Cgp)

Razavi

More accurate than Bour =
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04) EECE569 Analog IC Frequency response of CG amp Ch 4

Vo EmVes

R ERL L Emb s

K

G4)
N
|
@ |
S
I |
i
2
P
||
| ?
@]

Vasa Vs aya
C, = Cgs +Cpgs C, = Cgp+Cpqp

No Capacitance across Input(S) and
Output(D) => No Miller effect => high speed o



#74) EECES69 Analog I

1
Rs C1

>

Frequency response of CG amp Ch 4
B 1
 (R.|IR)-C
( S ” |) 1 2,V
1
< w, <
P 1
Emp Vbs
Rs -G
gm + gmb
RS S r, Vo
RE—V.Y\V 0 AN 0
CZ RL

1 } Vi (D r_

R { §WLCOX +W -CGSO +CBS

1

R, -{W -CGDO-(g,,r, +1) +§-WLCOX +W -CGSO+L-CGBO
CS amp
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#74) EECES69 Analog I Frequency response of CG amp Ch 4

Y_Off_(s) . (8m + &mv)RpD 1
Vi~ 14 (gm+ gmp)R
(8m + &mb)Rs " Cs _15) (1 + RpChs)
8m+gmb+RS
-~ Vpp
=R V; 1
‘::[) D |:2 i £2§: -— = 1 J1+—
in————o Vot l; 9m+9mb+a
R <V
W— M,
V. (Y Z ‘1 :
i - C in ~
" = S (gm =T gmb)rO 8m I 8mb
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#74) EECES69 Analog I CG amp with current source load Ch 4

(—Vou:CrLs + ViCins)Rs + Vin = =V

—VourCLSRs + Vip
1+ C;,Rgs

ro(—Vou:rCrs — gmV1) — V1 = Vour

Razavi

Vi =
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CG amp with current source load Ch 4

|||—+ \ ) » o) Vout
‘/i (St) ‘gmv1 55;5’1) — C:L
¢ ks
R =
W——3
v +
in () = Cin To include body effect,
= = replace gm by gm+gmb
Vout (5) = 1+ gmro
Vin roCLCinRss? 4+ [roCrL + CinRs + (1 + gmro)CLRs]s + 1
1 1 1
Zin - ' ‘
8m +8mb  CLS (8m + &mb)ro

Zin(s): Capacitive

24
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{;ﬂé EECES569 Analog IC CG amp with current source load Ch 4
—— Vpp 'l|—+ a) * *+— Vout
c, OX V; Vo1 =r, =¢,
'Il II Q Vout * X1
ro Rs =
& - _ _f"—. Vp Wy s
+
V. + vﬁfl(;i;[. e C?h1
" i - T
1 1 1
Zin == | .
8m +8mb CLS (&m + gmb)ro

At high frequency, load
shunted by CL =»

Lower output impedance =

Wp,in =

HF Zin ~= 1/(gm+gmb)

25
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- frofMOSFET  cn4

5@ EECE569 Analog IC

77T
for o << In

On Ugs o Ja)CGDVgs ~ gmvgs
CGD

A

O
[—r)}
W)

YN

Currently several tens of GHz
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Output impedance of CG amp Ch 4

l||—+ — o —o Vot
-+
V — R
'“é_ '_"cin Zol = (gmro+1)'1+SF§C + 1

1
Zout(s) — Zol(s)”?

L
B (9., +)R, +1r, +sr,RC.
1+s{RC_ +C,(g,r, R, +R +r)}+s’rRC. C,

Zout(s): capacitive .



EECE569 Analog IC CD amp with DC current source load Ch 4

D
e T7T
Rs 1 YGD
G r
Vs o—w- 2 Ves EmpVps = ¢
Cop —— —Cgs
S
o) VO
T
RL§ —
/77 /77
Fig 4.4.5 Small-signal equivalent circuit for frequency response
1 Om + 9
W_3dB(input) ~ w—BdB(output) ~ m mb
Rs-41Cep +Cosg +Caqs [gmbj CL
Om + 9mb

Faster than CS, CG amp
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%fﬁ? EECE569 Analog IC CD amp with current source load Ch 4
Rg
W[ m,
.|.
Vin Y? +—o Vout
5 ® =c,
L L Rg
.: : & - ||
W +
Vin Cep= Cas=— V1 ImV1
= ks —9
$—o Vout
-—C_

gamb, ro neglected
29
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CD amp with current source load Ch 4

gmb, ro neglected

InVs ViCoss + gnVi = V,,,Crs

Crs
g-a -
™

Em = CGSS

Vin = Rs[ViCqgss + (Vi + Vou:)Copsl + Vi + V,,

Vout (S) Em + CGSS
Vin Rs(CgsCL + C6sCop + CopCr)s? + (gmRsCep + Cr + Cgs)s + gnm

30
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#74) EECES69 Analog I CD amp with current source load Ch 4

gamb neglected

Vout o Em T CGSS
(s) =
Vin Rs(CgsCrL + CesCop + CopCr)s? + (gnRsCep + Cr + Cgs)s + gm

1

Vi

= Cr e
.P'avout RsCcp + L GS
™

M\ & ® " In e gm
Vin é-k = Cas— ImV1 2. gmRsCsp + Cr + Cgs

Em

Dominant pole

Negative real zero: —gm/Cgs :
due to feedforward through Cgs across non—inverting amp

(negative real zero: helpful for phase margin) "
Razavi



#74) EECES69 Analog I

CD amp with current source load

Input impedance Zin

Ch 4

Razavi
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#74) EECES69 Analog I CD amp with current source load Ch 4

- Voo Input impedance Zin

Vx = A Ix
Ccss Ciss 8mb Crs

1 2m 1
Cgss CgsS/) 8mp +CLS

33
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)) EECE569 Analog IC CD amp with current source load Ch 4
L m 1
Z.in — | 1+
Cass CgsS /) &mp + CLS
— Vpp Input impedance Zin
'x 1 g 1
m
+ bc .T._“;M1 Zin ~ 1 | |
%Q). ST Cgss &mb/)  gmb
— e 1 I *Vout At LF, Zin=series Cgs*gmb/(gm+amb) and 1/gmb
1 <
oo | I o o 1 = 1 l i
in
CGSS CLS CGSCL52

At HF, Zin=series Cgs, CL and negative R
Zin(s): Capacitive

34
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09) EECES569 Analog IC

Output impedance Zout

CD amp with current source load Ch 4

Gmb neglected
SCyu Vi + 0, VvV, = -1

X

sCyx Vi Ry + vy ==V
" Vx

ImV1 gut IX

Rg
MWy ;
CasT Vi
I'x

R5CGSS -+ 1

Em + CGSS

Zout = 1/gm at LF
Zout = Rs at HF (Cgs shorts G and S at HF)

Razavi
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{3@%3 EECE569 Analog IC CD amp with current source load Ch 4

Output impedance Zout Gmb neglected
Vx
e — R
out IX
RsCgss + 1
B 8m - CGSS

Rs < 1/gm: Capacitive

36
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#74) EECES69 Analog I CD amp with current source load Ch 4

vV
Lot = —I—X— Output impedance Zout when Rs > 1/gm
X
RSC(;Ss -+ 1 1 s 1 1
~ o 4 CgsS s L Cgss 1
Em GS Zout - RS - (RS — ——)
Em 8m Em 8m
gmb neglected
L R1 =Rs - (1/gm)
____4F-'-I]5]5]5‘-—-—-1'________43 R2 =1 /QJTT1
\Aﬁk -~
R,
Z C 1
o Em Em

1/gmb & ro in parallel with Z1 37
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EECE569 Analog IC CD amp with current source load Ch 4

Output impedance Zout when Rs > 1/gm

Rs
"%fl‘z AVVN II;::‘W1F|

I \ ¢———o—0 Vout

Razavi



) EECE569 Analog IC Active |nductor Ch 4

R 1/gm

L=RC/gm
&T | 2

T
Y 1 |
—C Vin
= Vg Om: Vo5 =~Vin
—+R
sC
1
Al=v, =S¢ g Vin _ 1 -(1+sCR)=i+s|_
1 g | On O
sC
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) EECES569 Analog IC

Ch 4

Freq response of CS, CG, CD amp

—-3dB
Frequency Zin(s) Zout(s)
CS amp Low Capacitive Capacitive
CG amp High Capacitive Capacitive
CD amp Very Capacitive Capacitive If Rs < 1/gm
High

Inductive If Rs > 1/gm
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