Frequency response

+ Static analysis
— Low frequency response
— Response without capacitive effect
* Real circuit response
— Strongly dependant on frequency
— Small signal analysis with (major) capacitances (and inductors for RF)
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*Gain strongly dependant on frequency

801 Op amp

60
Frequency response i
|
« Important performance measure 10 | . =
+ Gain-Bandwidth 20
o Il ! ]\
2 103 s 106

Frequency response

+ Gain changing with signal frequency
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— Sinusoidals may be combined to construct any signal




Simple low-pass filter

» Passive filter

Vout
R1 Vin |4
Ay . o
1.0
+ +
vin(E % C1 Vout “\
' a

- C,
 high impedance a low frequency
* Reduced impedance with increasing frequyency

CS stage with load

 Finding transfer function

VDD

Ro Vour
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— Simply by adding capacitance impedance to output load
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Bandwidth

« Example
Tvﬂa
Ro Vine— Vout V, 1
Vaut * @9V H(s) =24(s) = =g, (Rs 1 =)
Vine—| M,ICL %—. [ =Rn :];CL Vin CLS
1 H _ 7ngD .
) R,C.s+1
s=jo— \ﬂ: 9.Ro
Vin| JRCi0®+1
|V°"' B_3d_di?1h
Vo 1 4 Sandwidt -3-dB
= S 0=U(R,C,) Vour | _ 9nRo
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Time constant or -3dB bandwidth

Nodes and poles

* Poles are often associated to nodes

‘wpl‘ ) RS]é:in
Vout — ngD
IV, \/(1+ a)z/a)§1x1+ a)z/wﬁz)




What about this?

« CS stage with feedback

— Nodes connected by floating capacitor
— Simple node for each pole does not work

— Must transform before analysis
» Capsto ground.....

Miller Theorem

Impedance
X F4 ¥ X ¥
—— —
\ o

{a} (bl

« If circuit (a) is converted to (b) then:
z g v,

TEA ) e

Approximation!




Example

* |deal amp with feedback capacitor

I I 1
Cin z, 2z, L

Z=1/sC. = Z, =(1/sC.)/L+A)
=C,=C.(1+A
Z=1/sC. = Z,=(1/sC.)/(L+1/A)
=C,=C.(1+A)~C,

9

Simple 1. order filter

* Passive
V. IV, = 1/sC
R+1/sC
VIV, = 1
sRC +1
V 1
()=
V, 1+ (j2A4f )RC
V

0

L =1/2aRC

1
(f)=——F+, f
\ l+j%
p
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Limited usage

* Do not work for passive voltage divider
R
s y e v
%Rz |:> EE n|+ Rz EE _H-z :iGn;;iunt‘i;;Er(-])gancecorrect

X

Feedback in parallel with main signal

» Typical case for Miller
theorem

Main Signal Path

Example

* Determine input impedance using Miller

Voo
Iy
¥
My
Wy »—] o
X
Rin—f
" N
; 1_[1+(gm+gmb)ro] gm+gmb
-1 I 1
gm + gmb gm + gmb Determined in chapter 3 as well
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Poles and nodes

« Assuming one pole for each node

H
o

]
2

i—
<

— Total gain by multiplying each stage gain

: 1+sRC, 1+sRC, 1+sR,.C,

V.

n

Simple and easy 1. order approximation
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Example

* Determine pole at node X

Cr
11

R,
g
" X
Yin

— Using Miller to find input impedance to ground:
Z, =(1+AC.

— Time-constant by multiplying by R
fo 1
P 27(Rs - (1+ A)C.)

[ Hz
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Example

1

V,
% o) = 1
: 27[|:(CGS +C58{RS | (MJH
— m mb

h(s): (gm+gmb)RD . 1

Vin 1+(gm + gmb)RS (1+S/27[fp—in(X))'(1+S/27rfp—out(Y))

15
With channel length modulation, things ‘are hard due to input-output interaction

Analysis procedure

Determine capacitors affecting low-frequency response
Calculate mid-band gain by shorting these caps
ldentify and add transistors capacitors

Note AC ground and try to get rid of caps not affecting
performance

Determine high frequency poles and zeros
6. Plot frequency response or find equation

A

i
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: ; -
1 1+9mfs ®
RsCp AsCh

Ve o RIR
Vin (S)_RlﬂR +i
2 Cs
Vou/Vx =—Rp/(R¢+1/9,,) __RIR)Cs
(RIIR)Cis+1

— High pass filter on input
» Cut-off below lowest sjgnal frequency 1 <f

— Bypass capacitor 27[(RIR,)CT ™™
* Removing degerieration for mid-band frequencies

h(5)= _RD =_ngD(RSCbs+1).
Vy R Hi_,_i R,C,s+9,Rs +1
Cs On

17

High frequnecy MOS model

+ Adding transistor capacitances

Cap
+ I °D
Cas = Vas ImVas =r c
T w2 Ffo. T Cos
s? g

(b)

— Cgp appear as a floating or coupling capacitance
— Other caps decoupling
» Except when source is not ground connected

18




Using Millers theorem
— Ignoring channel length modulation

Cy =(1+9,R)Cy
1 vln
C, = (1+T RL]CXv Cas

« Poles at each node =
Ces= Vas @gmvc.s ICDB IHL

|a’p,in =
Ry [Cip + (1 +9,R)Cy ]

1 - 1 ‘l = H
R,
Cou[+(l+7l JCXV ’\L(Cm*—cxv) Cxy
RAThev X Ij Y _

|

p.out ‘:

R

m

gnRL
R >1
LF gain Gnlte . + |
1 Yehev ) Cin
I~ - |

V t
Zot () =Lg R
v, (8)=-0, PA+sl o) Q+sla,,,)

CS small signal analysis

Cap The complete story

» Dominant pole approximation
p pp o 1—4 o

— Using KCL
g é l

vl i ,F +*

V, -V,
— Node X: X R T+ Vy CasS+ (Vi =V )Cops =0

— Node V
oce out (Vout _VX )CGDS + ngX +Vout (1/ RD +CDBS) = O =

Vout(scGD + Ri + sCDBJ
V, =—

— Insert: >
gm - SCGD
Ly, IR+ (Cos + Cap)IIRs + Con +Con)S] o ¢ Vi
gm _CGDS Rs

20
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CS small signal analysis

» Giving transfer function:

VOUt
S) =
e ()

in

(CGDS_ gm)RD
SZ(RS Rpé) +8[Rs (14 9,Rp)Coqp + RsCos + Rp (Cop +Cpg )] +1

- With &= CGD Ces +Ces CDB +CGD CGB
* Assuming two poles (dominant pole approxmatlon

D=[ S +1J[ 5 +1J: st
@ o ,, @ 0, (a)1<<a)

1
., =
! Rs(1+9,Rp)Cep +RsCps 5(Cep +Chrs)

1
@, i = Addition compared to simple Miller analysis.
- Ry [Ces +(1+ ngD)CGD] This is correct with good pole separation

21

CS small signal analysis

» Determining second pole1 11

i 5 L __+
Given s? coefficientis 7, . ) @y, RR
a)pl S D§

R0+ 0,Ry)Cep ¥ RColt Ry (Cop + Cop)
-
P RS RD (CGSCGD + CGSCD C CDB) . o

1

s Cos > (18,0 + O T Coe)g “’za’“m
GD DB

. Zeroat @, =+0,/Cqp
— Feed forward at high frequencies  reedtorward
« Not so steep transition band Fath
— Not predicted by Miller

— May introduce instability

*  With feedback Main L mpu wp2 |1::
Path =

11



Comparison of approximations

30

: 1+='= Dominant-Pole Appr.
= = = Miller's Approx.
m— Exact Eq.

Magnitude of Transfer Function (dB)
o

-30L i

10 10 10
Frequency (Hz)

Dominant pole approximation is reasonably good

Miller approximation have significant errors at higher frequencies

23

Zln
[Cos + (1+9,R5)Cop IS

HF input impedance

_a)

Voltage change over Cgp

Ve = _g"‘VX)1+R C.s
DYGB

Voltage change at output perturbations

Y, 1+ R, (Cgp +Ce )s

Total inpyt impedance Cgg

X
- must be added in parallel
IX CGDS(1+ ngD + RDCGBS)

When Ry (Cqp +Cgg)s<<1 and R,Cess<<1+g,R, reduce to simple form

Load mostly capacitive!

24
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Source followers freq

» Level shifters and buffers

— Summing currents

ViCsSs+9,V, =V,

out

C.s

Cs= V,=—2t
Oy +CgsS

Jee

Vin = RsViCosS + (Vi +Vou )CopSIH Vi +Vou v

out KCL

9y +5Ces
$Rs (CasCy +CosCop +ConCl) + S(ngSCGD +C +Cg;s )+ On

VDUI
ot (g) =
)

in

combining

25

Follower instability

» Zero in left half-plane \t
9 +5C6s

V it
)=
vV SZRS (CGSCL +CGSCGD + CGDCL) + S(ngSCGD +CL +CGS )+ gm

n

« Assuming separated poles

— Dominating pole

I

f. = ,assuming f_, >> f
o 2”(ngsCGD +C, +CGS) 9 "
3 1
C, +Ces Ro=0-f ~— 9n
ZE(RSCGD +ng S pl 27T(CL +CGS)

26
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* Ignoring Cgp  lew

V, = i +(I +ngXJ[1 I ! j
X X
SCqs SCqs N\ O, SC, Vi

* Assuming g,, >>|sC, |

Z, = L +1+ In !
SCGS SCGS gmb + SCL

1
Zin ~ (1+ gm/gmb)+1/gmb

CGS
— Indicating input capacitance: Cin = Cos[9m /(9 + )]+ Cop
— At HF: gmb << | SCL | Negative resistance for oscillators

1 1
Z. = ! +(1+ In ] 1 Zin ~ +
SCes SCqs %+ sC, SCGS SCL 27

Source follower output impedance

+ Ignoring body effect and Cgp Ag
ViCqsS+ 0.V, =1y '[: € I ;

(ViCasS)Rs +V, +V, =0
— Giving Z,, =V, /1,
_ SRCyq +1
O +5Cqs
» Magnitude function of frequency!
— With 1/g,, <Rs for low output impedance (buffer)

* Increasing impedance with frequency — inductive component!

ZOUT

28
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SF Inductive component

Voo
Ag
* Assuming inductor , FH s G
n ¥ ol
— Replace with passive ' I 3 I % L

inductor equivalent

- -
— Giving R2 :1/gm Ay Ay Z,
..-_I
R =Rs-1/g,
— Finding L Lo
SCec (R =1/
LR, =2, ~1/g g, = os(Rs =1/9,)
1 out m 0 m g +SC
— Conductance m Gs
Sy 1 - 1 N C/J\
R, Z
- =S (Re-1/9,) 29
Inductive property dependant on Rg

m

Source follower instability

« For large Rqg
Voo

Rg
Vi =—W—[. M,

I T o st P
[ I®

— Ringing on signal
* Should be avoided

30
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Cascode stage frequency response

e Cascode
— Cascaded CS+CG
— High gain of CS

* High impedance input L —4 x =
[

— High speed of CG e

 Suppressing Miller effect Ag i

. 2 —[ Icum"’-"'sw

— Node capacitances oS e 1 F

* Node A: C(351 to gnd and CGDl -3 ]; ’

* Node X: Cpg; +Cqg, +Cos,

* Node Y: C,,, +Cpp, +C, 1
— Gain A—-X: A=G,R,=-9u—~1

Om2 * Omb2

» Assuming similar size
* Mille cap: (1+ A)Cem ~ 2(_‘,GD1 Ignorable Miller capacitance 31

Cascode poles

* Polein node A

1
0)va =
Rs CGSl+(1+gmleGDl
Gm2 t Qb2 Yo
» Pole in node X
) _ gmz + gmbz Ag
PX " 2Cqp1 +Copy + Capp +C A
GD1 DB1 SB2 GS2 Vo (Y = Cosr
* Pole in output node r I

1
(0] =
P RD (CDBZ + CL + CGDZ)

* Pole in X are often moved upwards in frequency for stability

32
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Differential pair freq. response

* Analyze by half-circuit

Voo
Ap Ap
Vm'l °_| |_° "rlrﬂ [ ',F" :
n'
Vi =—] My

— Response identical to CS response

— Number of poles is symmetrical
* Analyze poles of half-cricuit

33

A/,CM

(S) — VX _VY — _ LS — A, :Vx -V — (gml’gmz)RD
oM™ Y B 1 h M Vi ou (G + Gnz)Rss +1
Vincm (s + Im2)[1s ”C7]+1 = 1 1
PS RD_’RD Hi Rss_)rnﬁ”i
Cs Cps
—_ (gml_gmz)RD . (1+Sr03CP)

(O + Im2loa +1 (14 R C )1+ s fCo
(gml + ng)r03 +1

«  Common-mode Voo
- M, — M; large devices c, I— Fo  Fo =_| c,
vmr,—
— Substantial load at P I <
¥inca

«  Common-mode to
differential error

1
(gml_gmz)[RD ”Ci] 5 =

— Due to input device mismatch
— Output pole >> pole at P — poor CMRR
— Zero dominates Acy_pw raising @ >

o3P
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Diff-pair poles

* P poles << output poles
— Poor CMRR Ny

—Il; -k EIW 1:.:,,
— Often due to large devices 0

« Maintain headroom Yoo
Rp Ap
VII!IO_| '_o vln?

35

Diff-pair with high-impedance load

* Analyzing differential and CM separately
— C_includes Cgp and Cpg of PMOS loads
M My
ﬁ L,
Capa Caps

— For differential outputs, Cgp; and Cgp, conduct equal and opposite
currents to node G

— Therefore node G is ground for small-signal analysis

— In practice: We hook up by-pass capacitor between G and ground

Voo

36
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Half-circuit analysis

* Using previous analysis Cany

Vlrn
RD - rol ” r03

Vom(s) — (SCGD - gm)RD
Vi (s) SZRS Rp(CgsCop +CasCss +CepCy) + S[Rs (14 9nRp)Cop + RsCos + Rp (Cgp + CL)]+1

Eq6.23

* Dominant pole
1

(rol ” roB)CL

37

Diff pair with active load

* Poles in two signal paths

1
g Voo a)p—out AT
W, g =0 g - (i 12)C
Ce X o Pole
Mi g
P:;r"' Vout
lk‘In
VYoo
= LA )
* Frequency response Gme | EI Fu
1 IcE 1
SCE + g P = 1 Va
VE:(Vout _VX) 1 = = -r‘—-J c '-'E’ “
R — Cor A O T Free
X Ry =2ry, fx wy, L 1
SCe + e X oN ~
Vi = GmnTonVin 50

Assuming:  (p << I’OP

19



+ Using KCL

Vout (SCL + ro;l) + gm4VE + IX = O

V

out

— gmN r.ON (zng +SCE)
Vin sz(ZrIOPr-ONCECL) + S[(ZFON + r-OP)CE + rOP (1+ 2ngrON )CL]+ 2ng (rON + rOP)
» Mirror pole often higher in magnitude

a) ~ 290 (Ton + Top) ~ 1
P I(2rorep)Ce + Top @+ 20,610y )CL] (Fon [ Top)Cy

— Neglecting first term in denominator

~ And  2Q, .0, >>1 Dp-e
« Zero

ng
C

~
~

— Due to slow+fast signal path w, = 297"“’

Ce

» Classic transfer function (2. order)
— Determine stability

A(s)=A(0)
— @, -- pole frequency
— Q - Quality factor

Q<./1/2 =0.707

* Unconditionally stable
* Max magnitude at DC

Q=412

» -3db frequency is mg
Q>05

* Ringing overshoot

9%overshoot = 100e V4"

* No overshoot (only real poles)

Q<05

40
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