CHAPTER ©

Frequency Response of Amplifiers
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Why Frequency Response

* In most analog circuits, the speed trades with many other
parameters such as gain, power dissipation, and noise.

* Transient signal varied with time need to consider the capacitive
and inductive effect inherent in circuit.

Analog IC Analysis and Design - Chih-Cheng Hsieh



Miller Effect

* For the current flowing through Z from Xto Y is i
|
;7 >,—Z >
 Thatis Main Signal Path

VA

Z,= v
Zy Z 1—f 1--*%
Vy

* If the |mpedance Zforms the only signal path between Xand Y,

then the conversion is often invalid.
R,y

X My Y X Y
H2 R1-I-R2 Hz - Hz
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Miller Effect of Feedback Capacitor

Ce
i
x ’ y
C!n
7, -4 -2 1 c_ca+n
1-A 1+A sC_(1+A)
Z Z 1

Z, = = _ —, C,=C.(1+A™)
1-(1/A) 1+@/A) sC.(1+A™)
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Association of Poles with Nodes

e Assume A, and A, are ideal amplifiers, R; and R, model the output resistance of
each stage, C;, and Cy represent the input capacitance of each stage, and C,
denotes the load capacitance.

R

é LB
in _|;_Cin

R

v out

T i
- I

\@(5) = Al . A2 . 1
V, 1+R;Cis 1+RCys 1+R,.C,s

n

* Each pole with one node of the circuit, i.e., W, = rj'l, where T;is the product of
the capacitance and resistance seen at node j to ground.

a
* The above statement is not valid in general. 53» ||
B . : R4 R
The location of the pole is — D B Y
difficult to calculate. L 1
Vin T ¢, T ¢,
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Common Source Stage

Vout/Vx = -gm(RD//r0) = -A

* Provides voltage gain and high input impedance. ™"~ 577"
VDD ro
R 1
Cap D W, =
|| Vout Rs[Cos +(1+9,,R5)Cop ]
R f 1 Cin o

X
| CDB
J__ a)OUt - R (C —|—C )
DAZDB ___~GD/ Cout = CGD(1+1/A)+CDB

s
Ay
o é:) I° -
G5 —
= = Cout Razavi A
. Cap
—I
Ry x

 To obtain the exact transfer function
Vin Cec Vx gmvx
-1 ‘“; 21 1 %

out )CGDS = O’

Vs Vi Ly Cs+(V, -

S

(Vout _Vx )CGDS + ngx + out( 5 CGSCGD +CGSCDB +CGD

+CDBS) =0,

Vout (S) _ (CGDS B gm)RD
R RD§SZ +[Rs 1+ 9,R5)Cqp + RCpqs + Ry (Cp +Cpg)Is +1
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淳濂
打字機
電流源的內阻

淳濂
打字機
Vout/Vx = -gm(RD//ro) = -A
→ A = gm(RD//ro)
                考慮ro

淳濂
打字機
沒有考慮ro

淳濂
線條

淳濂
打字機
Cin

淳濂
打字機
Cout = CGD(1+1/A)+CDB

Razavi認為A很大

淳濂
線條

淳濂
打字機
Cout


Dominant Pole Approximation

Dominant pole

* Two independent capacitors (initial conditions) in the circuit yield a
second order differential equation for the time response.
h(s) _ (CenS—9n)Rp
Vi Rs RD§SZ +[Rs 1+ 9,,R5)Cop + RsCos + Rp (Cop +Cpp )]s +1
(1_CGDS/gm)

= —ng
° Ry RD§SZ +[Rs 1+ 9,Rp)Cqp + RsCqs + Ry (Cep +Cpg)]s +1
1-s/z 1-s/z
- _ngD ( 1) = _ngD 5 ( 1 1)1
(S+1j{s+lj > +( + js+1
@y @, Ou®y, \ Oy O
¢ If |C()p1| << |a)p2|
O 1
Z1 = , a)pl =
Cep Rs(1+9,R5)Cqp + RsCos + Ry (Cgp +Crg)
1 1 RCes 1

) : ~ =
" 2 ReRp (CosCop +CesCrs +CcpCps)  RsRp(CesCop +CesCrs)  Rp(Cop +Cp)
If Cgs >>(1+9,Rp)Cqp +Rp(Cep +Cpg) /Ry
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淳濂
打字機
低頻的是Dominant pole


Right-Half Plane Zero

* Cp provides a feed forward path that conducts the input signal to
the output at very high frequencies.

* Azeroin the right half plane causes stability issue in feedback Amp.

Voo i -20dB/dec Voo
Feedforward v ﬂ R
Path Rp V“”* , -40dB/dec Cep 7 °
e ——— ] in | ] |
- v f 1
l 1 out : -20dB/dec Rs X A+l out=0
Rs | AW '
A IC ' % | -
: ! Vi (~
S in Ces ——
Main — m M, ® -GJ _|—_ )
Path P Tee B )

* The zero, s,, can be computed by noting thatthe vc_s =gV,
V. ,(s)/V,(s) must drop to zero fors =, .

* The currents through C., and M, are equal and 5, = I
opposite.
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-20dB/dec

淳濂
箭頭
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-40dB/dec
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Input Impedance of a CS Stage

* As afirst-order approximation z,={[C,, +(1+9,R,)]Ceo}

Vb Vop Vb

Rp

|| Vout 1| Vout ‘ Vout
|_> T Cas TM1 —1[_—_003 v,{é:) : :‘“‘:,‘,:GS= =M1 £:DB I_b _M1 —1[——_0[)3

Rp Rp

Lin — = = Zin

* At high frequencies, take the effect of the output node into account
R l, o V __ 14Ry(Cop+Cpp)s

D
_|_ — =
1+R,CpsS Cgps |,  CgS@+g, R, +R,CpueS)

Ignore Cgg, (ly —9,Vy)

: 1 1
* At low frequencies Z. ~ [
: SCes  SCop(1+9,Rp)
* At high frequencies Z(Cyp)=0, Z, = Cl | gl | Ry #1/scDB
GS m
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Source Follower

* Source followers are occasionally used as level shifters or buffers.

sC,
gm +SCGS
Vout gm +CGSS
(s)= ;
Vin RS (CGSCL +CGSCGD +CGDCL)S +(ngSCGD +CL +CGS )S+ gm
(1+5Cs /9,)
SZRS (CGSCL +CGSCGD +CGDCL)/ gm + S(ngSCGD +CL +CGS )/ gm +1

ViCasS+0nVy =Vo, SCL Vi = v

out

Vin = RS [VlCGSS + (Vl +V0ut)CGD S] +V1 +Vout

» The signal conducted by C.. at high frequencies adds with the same polarity to
the signal produced by the intrinsic transistor. ( left half plane zero)
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Input Impedance of Source Follower

Vout (S) _ (1+SCGS /gm)
Vin S2RS (CGSCL +CGSCGD +CGDCL)/ gm +S(ngSCGD +CL +CGS)/ gm +1

* If the two poles are far apart
I 1 On

WDy = = If R =0, then o, =
" g,RCep +C\ +Cqq R.Cqp +CL+CGS " CL+Cq
I
* Input impedance (ignore Cp) vy +(| ﬂmlx]( L 1)
— Vpp ’ CGSS " CGSS 9imb SCL
' In Z = L +(1+ In ] 1
> l 1L My CssS CsS )0, +C.S
Vy _|_ Cas At low frequencies, g, >> |C, S|

— Ivnut Z = 1 (1+gmj+1
19 ——I—_c CsS b ) Yo
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Input Impedance of Source Follower

. . . . Ces,,
* At relatively low frequencies, the equivalent input C,, = ﬁ
— By Miller effect m T Ymp
A :g—m Ceq :CG3|:1— I :|: Cos Ims
Om+ 90p 9, + 9, Jn+ 90 =

— The overall input capacitance is equal to C;, plus a fraction of C;.

* At high frequencies,

Z, = 1 +| 1+ In 1
CGSS CGSS gmb_|_(:LS
O <<|SC_| and Z;, » ! 2 Ow __ 1 1 __ O

+— = — +— .
SCss SC. sCiCp  JaCy  JoCp  @°CyCp

— The input impedance consists of the series combination of capacitors C
and C, and a negative resistance.

— The negative resistance property can be utilized in oscillators.
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淳濂
反白顯示

淳濂
備註
因為在低頻時，假設沒有feed forward的路徑，所以用Miller effect來看



在高頻時，不能用Miller effect


Output Impedance of Source Follower

* Neglecting g, Cg & Cop VC_s+g. V. =—1,, VIC.SR, +V, =-V,

V, SRCq +1

Rg
ZOU =
Wh f ||I t Iy 9, +5Cqs
Cos L .

G ImV1 > At low frequencies, Z_.~1/g,

» If 1/g,<R;, the outputimpedance

y » At high frequencies, Z, = R, withZ(C_)=0
Vx
= contains an inductive component.

|z, ]4 Not commonly case |zl A 1/9,,<R, commonly case,
wh Z 1P =»inductive
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Output Impedance of SF

* Equivalent network of output impedance

» At low frequencies, Z,,=1/9, when »=0
» At high frequencies, Z,,=R; when o=

» Therefore, R,=1/g, R =R,-1/g,

out

- 1 :sCGS(RS—llgm) 1 _ 1 N 1 Lzh(R 1/g,)
out ! ! S m
gm gm +SCGS / _i RS _1/ gm S(:GS(R _1/ g ) gm
out S m
O I
. Voo » |If a source follower is driven by a large
Vi, o— W] M, resistance, then it exhibits substantial
J Vout m inductive behavior.
ICL » This effect manifests itself as ringing in

= T the step response. If it drive a large C,.
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Common-Gate Stage -

* Neglect channel length modulation effect

vDD Vout (S) — (gm + gmb)RD l
Vin 1+(9y + 9 )Rs ( Cs j
1+ s \1+R,C,s
Cp Ro gm +gmb+RS_1 ( P )
||I H 1""rt.'-ut
o -V » It exhibits no Miller multiplication of capacitances,
AMA— M 1 potentially achieving wide band.
v, é — Cs » Low Input impedance may load the preceding stage.

= = » The DC level of the input signal must be quite low.
. Z, 1
ifA-0, Z =~ + . Z, =Ryll[1/sC, ]

(gm +gmb)r0 gm +gmb

* Since Z,, now depends on Z, it is difficult to associate a pole with
the input node.

Analog IC Analysis and Design - Chih-Cheng Hsieh


淳濂
備註
Common Gate：

1. input impedance 小

2.沒有Miller effect


Input Impedance of Common Gate

Vpp (_VoutCLS +V,C;,9) Rs +Vi, =V,
_ _VoutCLSRS +Vin _
C 6 L Vl - 1+ Cin RSS v o (_VoutCLS - gmvl) _V1 _Vout
||I :Ii_ Vnut \@(S) — 1+ gmro
] rn% T] Vv, V. r,C,C, Rs’+[r,C, +C, R, +(1+9,r,)C R]s+1
N M
Wy ] \%:Hgmro(@Low Freq:s= jw=0)
—_ l‘r-:in in
Vin é I » The body effect can be included by
- - simply replacing g,, withg,. +g,.,.
Z ~ ( 2 ) + 1
+g..)r, +
”h Vout gm gmb (0] gm gmb
1 1 1 1 1
V, 913 1, c Z = , L, = + :
i T sC On+Om  SCL (On +9m)lo
Rs i As C_ ors increases, Z, = 1
gm + gmb
Vi Cin . 1 .
I input pole @, ;, = ,independent of C,

= = 1
(RS ” )Cin
gm +gmb
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Cascode Stage

« Common source + common gate gain stage.

* Increase the voltage gain of amplifiers and the
output impedance of current source.

Loy = (1+ Om2lo2 )Zx + 1oz

* Providing shielding — suppressing the Miller CG=D2 | Y V..
effect. ro
* The low frequency gain from M, gate to drain [ T et
—— x =
A\/ — gml z_1 CGS2
Om2 T Jmb2 Cap1
| ¢
* The input pole is at Rs l
. W\ A IIj-M-] I CDB1 + CSBz
1 Vin a I CGS1 = =
Do p = = =
RS CGSl + 1+ gml CGDl
Om2 T Gmb2 Miller effect
gain Av
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gain Av
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Miller effect被大幅降低


Cascode Stage =

* The total capacitance at node X is (typically chosen farther from

the origin than the other two) -I; Voo
R
Cyx =2Cqp, +Cppy +Cy, +Cps. Cabp2 VD

1 Om2 T Y12 : 1 Vout
() = =
P R,Cy 2C.p; +Cpp; +Coesy +Coss Vb 1= m, II:;DBZ"' CL
xS
* The output pole at node Y is 02:’:
| ®
Rs '
W,y = L W “—EI-M1 %Cnsﬁcssz
Ro(Cosz +C. +Copo) @ Low 1

* Output impedance of a cascode current source (neglect C,, C¢p,)
Loy = A+ 0500022 +T05, 2y =To, [ (Cy s)"
pole =(r,,C,)™
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淳濂
備註
Cascode好處：

1.把gain提高

2.把input pole移遠
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Differential Pair

* For differential signals, the response is identical to that of a CS stage.
* For CM gain, the total capacitance at node P determines the HF gain.

Af}g{ d;‘Agm {RD I (ClLSH / {(gm + gmz){rog [ (Ctsﬂﬂ} ClIRR

* |f the output pole >> the pole at the tail node of current source, the CM rejection
of the circuit degrades considerably at high frequencies (HF).

* If the V,, contains HF noise and the circuit exhibits mismatches, the resulting CM
disturbance at node P leads to a differential noise component at the output.
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淳濂
打字機
Av,cm_dm

淳濂
打字機
CMRR會隨著頻率越高而越差


Effect of High-Frequency Supply Noise

VDD
MWW v =
bD [
> MNMAY
= MWW\, | o
.k
MWW

1t - = rog JI Co

* Trade-off between voltage headroom and CMRR.

* To minimize voltage headroom, M,; T, C, ‘T",high
frequency CMRR .

* For differential output signals, C;p; and Cgp,
conduct equal and opposite currents to G, making
this node an AC ground.

e The dominant pole is at

1
). =
S Y L o

Vin1 o—4
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DP with Active Current Mirror

Vpp Voo
M q M .| 1 =
|or—fr—:| Output Pole 9.-. 7 E
‘_‘_.--';' ng uTII: M4
t
Mirror % ! o I Ce
Pole _l | = v
[
Vil‘l M 1 M 2 _ + out
- O«J,X T CL =rop
I'ss Ry Vy = L

* This topology contains two signal paths with different transfer functions.
* Pole at node E (Mirror pole)

g Ims
Oy =T Coss +Coss T Cpas + Cpgy +2C¢0, + 9y ( oa I roz) GD4

Ccs+0,
VX = gmN rONVin’ R = 2rON ' V (Vout _VX )(CESj— gmp )F;)+ RX v gm4VE - I out (SC + rOP)
Vout — gmN rON rOP (ngP +SCE)
Vin 2I"OPI'-ON(:ECLSZ +|:(2rON + IrOP )CE + I'-OP (1+ 2ngrON )CL ] S+ ngp (rON + rOP)
29 P(rON+rOP) 1 - g
Oy ~ . ~ if 29 .0, >>1 o,~=%
" (e )Ce +Top (120,00l JCL (o Il Top ) C o "G
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淳濂
橢圓


DP with Active Current Mirror

 To find zero

— Consider that the circuit consists of a “slow path” (M,, M;, and M,) in
parallel with a “fast path” (M,, and M,)

— Slow path v
A\/lz AO Mj
(1+ :][H ;] slow path " C::lttput Pole
! 2 Mirror —*
— Fast path Pole v-_,l,, A fast path
n 1
A\;z = A)S @'ss
(1+] T
Py
— We have
S
o8
PRSI 1 I ) Lo
Vi 145 14°% S S
1+— || 1+—
g P: o ) b,

— Fully differential pair has no mirror pole, which is better than differential-to-
single ended amp.
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G, Frequency Response

-T— At low frequency: C_ is OPEN
. i —i —-g Yﬁ_i —-g Yﬁ
.'\,.I:;‘ ﬁQ*jFTy\—lth~‘ da — 'd1 m o 1142 m o
? Vi i, =1y, +ig, =0,V
c == | | V. . it/ 8 0 d4 d2 gm id
= ¢'I e fﬁw mwl szdolvm::gm
= At high frequency: C,. is SHORT
4+ vl,‘.‘,/go—il:@ Q::I|_O —Via/2 . - - Vid
Vi3 =014, =0,1, =1, :gm7

G,=1,/V,=0,/2

\ G,, transfer function
i 1+sC_/2
gm :—- G = o _ ( m gm3 )

e |  __u N 2 =
7] : : " Vid In 1+SCm/gm3
| |
; l I gm3 2gm3
0 L _ f = ZOms
b & 1 " 2xC_ "7 2aC,
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Fully Differential Amplifier

Vop
Lé L Cx
Im3 _-l-
I—q
Vout1 ¥
CLI RD
T  Rg = Rg
Vin1 o—wv—ll:-LM1 Vini o—W— II:.|.M1
(b) CHE @
ou 1
V—x11 (S) } _ngRD 1+ SRDCL CX = CGS3 + CGSS + CDB3 + CGDs (1+ Ims I:QD) + CDBl
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