CHAPTER 5

Frequency Response
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Syllabus

— Frequency responses (ch. 11)
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What is “Frequency Response”

Apply a sinusoid at the input of the circuit and observe the output while the input
frequency is varied.

f\/\J g_>_0 [\/\/ Gain roll-off with frequency
A, A

Roll-Off

What is the cause??
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What Causes the Gain Roll-Off?

Take the low-pass filter for example

The circuit Vout Frequency response
@ 1 Vin
o o
. o 1.0
Vin ()_ — C1 Vout N\
& ; |
Take the common-source amplifier for example f
The circuit Small-signal model
Voo V., o— oV
in X l out
l > Yout T T = -
1
lJl'in‘:’_l M1 CL V =—o V (R —).
| I out gm m( D || CLS)

Gain drops at high frequencies!!
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Transfer Function

From basic circuit theory, the transfer function of a circuit can be written as:

(HS 1+S]...
a)zl 0)22

H(S)A(,( j ;
S S

s—>0 H(s)—> A4,

l+— || 1+—

@,

w,,

A,: the low-frequency gain
w,: zeros of the transfer function
@,: poles of the transfer function

For input: x(¢) = Acos(2x ft) = Acos wt
Output: y(r)=A|H(jw)|cos [a)t + AH(ja))] ,

|H(jw)|: magnitude of the transfer function
ZH(jw): phase of the transfer function

J:in Hz w = 2nf
w : in rad/s
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Example 11.4

Determine the transfer function and frequency response of the CS stage

oo H(s)="o (5)=—g (R, || —)
§)=—2(s)=—
RD I/in gm N CLS
o — _ngD
l out R,C,s+1
Vino_l M1 ICL
For sinusoid input: s=jw
P J Vo _3-dB
V.l — g.R, Vo A Bandwidth —3-dB
_ , .
Vil JRAC0? +1 N > < Rolloff
At a)zl/(RDCL) I/Out :ngD ;
V.| 2 5 -
1 ®

0l0gV2~3dB 3 p ) Gvideh is equal to 1/(R,C,) FApCL
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Example 11.6

Explain the relationship between the frequency response and step response of the

simple low-pass filter. 1
R1 I/Out C—IS = ;
W 0 H(S)‘Z(S)‘LM RCs+1°
g - Cs
Vin T C1 Vgut 1 1
- - |H@s=jo) .
e \/Rfoa)z +1

-3dB bandwidth = 1/R,C,

Step response to Vu(?):

. a _ 1.0 —WA out ,
r)= —€X u(t). S
out() 0( pRlcl) () ., /

Electronics I - Chih-Cheng Hsieh



Bode’s Rules

The task of obtaining |H(jw)| from H(s) and plotting the result is tedious. We often
utilitze Bode’s rules (approximation) to construct |H(jw)| rapidly.

9
<Bode’s rules> [1+ S 114 S ]
H(S):AO z1 0)22

@+S1+S}.
a)pl a)p2

-As o passes each pole frequency, the slope of |H(jw)| decreases by 20 dB/dec.
-As o passes each zero frequency, the slope of |H(jw)| increases by 20 dB/dec.

<Example 11.7> Construct the Bode plot of |H(jw)| for the CS stage.

v ! ~8u R :
H(s)=—2() = =g, (R, | ) =—S2L- o, |=——.
Voo Va C.s R,C s +1 RyC,
out Vou —3-dB
RD 20 log T A Tnt A Bandwidth -3—-dB
Vine [, M 1 CL 7]
I : ?
= = Ay
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ldentify the Poles (Speed Bottleneck)

Generalized from the CS stage: if node j in the signal path exhibits a small-signal
resistance of R; to ground and a capacitance of C; to ground, then it contributes a
pole of magnltude (R C ) to the transfer functlon

: <Example 11.9> Determine the poles !
| of the circuit. Assume A=0.

l Voo
>RD

:"—_.Vb I" out

: <Example 11.8> Determine the poles :
1

1

1

1

1

1

1

1

c 1

Rs I |
1

1

1

1

1

1

1

1

1

: of the circuit. Assume 2=0.

Voo 1
« = .
| p2 | RDCL

o, |- —
" RC

|

|

|

|
I I
: I
I I
I I

|
: . D ° Vout 1
Y, Rs \_f I
| in M1 CL |
I ‘ L I I
| C'n = = I
I |
I |
I |
I |
I |
I |
I |
I |

; i

in°—Wv—l _7 1
: 1

, \/(1+a)2/a) 1)(1+a)2/a) 2)

S
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Circuit with Floating Capacitor

Rp=

Vino VWS l\{[[,M1

Can be simplified by “Miller’s theorem”! ™

> The pole of a circuit is computed by finding the effective resistance
and capacitance from a node to GROUND.

> The circuit above creates a problem since neither terminal of C is |
grounded.
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Miller’s Theorem

A method that “transforms” a floating capacitor to two grounded capacitors.
General circuit including a Equivalent obtained from
floating impedance Miller’s theorem

@® ©),
‘ + +

Z1| | V4 Va| | 42
<Two observations> n-n,_n
-The current drawn by Z, from node 1 must be equal to that drawn by Z, 2%, 4
-The current injected to node 2 must be equal to that injected by Z, n-v, 1
Denote the voltage gain from node 1 to node 2 by A4, zZ. 7,
S -, N _ Z g o_y TV Ly The floating impedance is
1 = “F - 2 T “F 1 °
V-V, 1-4 n-v, 1.1 reduced by a factor of 1-4,
4, when “seen” at node 1
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/F as a Single Capacitor CF

Inverting amplifier with Equivalent circuit from Miller’s theorem

floating capacitor

<Example 11.10> Estimate the poles. A=0.

Voo

Voo
R D R D
ZF 1 CF Rs Vout

[
[
1
[
[
Z, = = , :
1-4 (A+4)C.s : R E Vit Vino—wv——l——l M, =cC
Vv I S ou I out
- . V; M — —
| n 1 —
[
[
1
[
[
1
[
[

Icin - i

Miller multiplication
Y4 1 1 _ 1 1
7 - Zr _ ~ C. =(1+4,)C, o, = _
’ 1 1 C g =(1+g R,)C, RC, ~ Ry(1+g,R,)C;
1-—— I+— |Cps =& 1 1
A” AO 1 t

C - 1 + C N RDC ¢ 1

. out g F RD 1 CF
Miller effect!! m™*D 2. Ry
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High-Pass Filter

The circuit ¢ A Vout Frequency response
___I Vin
+ . T 0 N
Vin()_ R4 Vout 10 /
° i
Vout ( S) — Rl — RlClS , ‘ Vouz _ Rlcla) . 1 (:
Vi R+ 1 RCs+l1 Vi \/Rlsza)f +1 R1C;
Cs

<Example 11.11> Source follower in an audio amplifier. Assume 2=0, g, = 1/(200Q)),
and R, = 100kQ. Determine the minimum C; and maximum C,.

: L | Voo Audio signal component as low as 20Hz
y o—:-i R =1 R Set the corner frequency 1/(R,C,) to 2n x20Hz m)C, =79.6nF.
in M
: Ci : l - Set the pole frequency to upper end of audio 20kHz
_____ Vout
:IL w =5n 27y (20kHz), ™ C, =39.8nF.
I1@II| L p,out CL
1= 1

= Why do we need C;??
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Capacitor Coupling

With coupling capacitor Without coupling capacitor (direct coupling)
Voo Voo
Rp % _R, Rp %
RN
P1 I m,
C, + X

t- Vout Vout
vino_";le I Vino—lt‘LMz I,

Maximize the CS Voltag-e gain
Set Vy= Vo, — Vi, (Why?) 200mV) <P [, =] .+ (600mV~700mV)
|H| 4 Typical frequency response

Av = _\/Z/Jncox %]D RD’ Midband M

Gain

w, : lower corner, lower “cut-off” frequency .
W upper corner, upper “cut-off” frequency oL OH ®

Electronics I - Chih-Cheng Hsieh



High-Frequency Model of MOSFET

Structure of MOSFET

overlap capacitance

p-substrate gate oxide capacitance Small-signal model
Cep

Device symbol with capacitances
Cap ;}—r[ ? l
Vrss ImVGs % I
Csa
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Transit (Cut-Off) Frequency f;

Define a quantity that represents the ultimate speed of the transistor
fr: the frequency at which the small-signal current gain of the device falls to unity

’out ac
= | GND
|_> + II: M1
w@® [ Vi =
L Cn
_ 1 _ Iout . Im . 9m
Zin SCGS ]out _ gmlinZin ‘ Iin - SCGS Wt = C_G.S'
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Concepts We Have Learned So Far

~ » The frequency response refers to the magnitude of the
transfer function of a system.

~» Bode’s approximation simplifies the task of plotting the
frequency response if poles and zeros are known.

> In general, it is possible to associate a pole with each
node in the signal path.

> Miller’s theorem helps to decompose floating capacitors
into grounded elements.

~ » MOS devices exhibit various capacitances that limit the
~ speed of circuits.
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Analysis Procedure

> Determine which capacitor impact the low-frequency
region of the response and calculate the low-frequency

pole (neglect transistor capacitance). :
> Calculate the midband gain by replacing the capacitors
with short circuits (neglect transistor capacitance). |

> Include transistor capacitances.

= » Merge capacitors connected to AC grounds and omit
those that play no role in the circuit.

» Determine the high-frequency poles and zeros.

~ » Plot the frequency response using Bode’s rules or exact
analysis.
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Low-Frequency Response of CS

General CS stage Low frequency response
I/out/l/in = (I/out/VX)(VX/I/in) 1 < f .
27[(R, || R,)C, e
I/Out/VX:—RD/(RS—l—l/gm) [( 1|| 2) 1]
Vi RIR_ __(RIRCs
in R ||R _|_L (R1||R2)Cis+1
1 2 Ci
Bode plot
v —R P
out (S) — 1 D 1 G
Vy R, || + o]y
Cs g, Vx
_ &R (R,Cys+1) %t
Vout R.C,s+g R, +1 P
Pole needs to be chosen 1+9mRg : : 2
Cp, significantly smaller than the 1 1+9mfAs o

lowest signal frequency of interest FAsCb  RsCp
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High-Frequency Model of CS

CS amplifier Transistor caps included

Cap
Rs
Vin 2
Cas= Vas
CXY

Unified for both Rmev x Y R, <<,
23 l ° Vout R ~ R
VThev y Cin Vx ImVx Ciir R, Thev S
R 1 7 || R
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Use of Miller’s Theorem

CX :(l-l—g RL)CXY | p,in |:R [C _|_(1+g R )C ]
Thev in m= L XY
1
C :(1+ R ]C = :
gm L RL Cout+(1+ 1 ]CXY}
gm L

Chih-Cheng Hsieh
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Direct Analysis

AtNodeX :(V, , =V, )C,,s =V ,C, S+M

RThev 1

1 CXYS+R+C0utS
AtNodeY :(V, -V )C,ys=g V., +V . (—+C S] q v, t L

Cys+—+C, s
1 RL _VTh
q I/outh §— CXYS + CinS + I/out — —ev'
RThev CXYS _gm R

Thev

q Vout (S) _ (CXYS_gm)RL

: R(C,C,, +C. C. +C,C
VThev aSZ + bS _|_1 Thev ( ou in out)

(1+g R )C Thev +RThevCin +RL(CXY + out)'
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More Analysis

C,+C C )

out mm — out

Vout (S _ (CXYS — 8 )RL a=R,, R (C,Cy +C
VThev aSz + bS + 1 , b = (1 + ngL)CXYRThev + RThevCin + RL (CXY + Cout)’

There is a zero

o = Em Miller’s theorem fails to predict this zero!!

C Usually at very high frequency, so...OK!
There are two poles

2 1 1
as’ +hs+1=| —— 41| 21| =——+ + s+1.
a)pl a)pZ a)pla)ﬂ wpl a)p2

Suppose @,, >> @, (dominant pole approximation) b=—,

1 o
@, |= .
" (1+g,R)CHR,. +R, C. +R(Cy+C )
| ) |: é — (1+ngL)CXYRThev +RThevCin +RL (CXY +C0ut)
P2 )

RThevRL (CmCXY +C0utCXY +C C )

in — out

Electronics I - Chih-Cheng Hsieh



Example 11.18

In the CS stage, R, = 200Q), C, = 2501F, C, = 80fF, C,; = 100fF,, g, = 1/(150Q2),
2=0, R, =2KkQ. Plot the frequency response with (a) Miller’s approximation, (b)
the exact transfer function, (c) the dominant-pole approximation.

Gain Voo () | @, |= 27 x(249MHz)
g,k =133 Ay | @, |=27x(4.79GHz).

Rs Vout =
Vino—W—|, m 1
(a) 1
=27 x(571MHz)
ot |7 27 x(428MHz).

(b) zero: g /C,, =2 x(13.3 GHz)
a=2.12x10%%2,b=6.39 x 101% T o R, i
0, - 2% (264MH?)
| @, |= 27 %(4.53GHz). RS o 0 10"

Very different! rreauency (2

2 | == Dominant-Pole Appr.
—— : o == =Miller's Approx.
20F A R e R o Exact Eq.

b b M
|a)p,m - 2ot S e i S i el S S & e S Sheie's = = =

|,

Magnitude of Transfer Function (dB)
o
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Input Impedance

~y
"~y

g’ [Cos +U+g,R)Cop s .

Electronics Il
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Frequency Response of CG

General CG stage Frequency response
Vec Vout A
Re Vo
Vout R c
_ Em 1
M, F"“Vb e st g
Rs Ci
Vino—W— I
I4 21« R, + 1 ;
i Em
Midband gain: R./(R,+1/g,) Slide 3-31
Replace Ry with R, +(Cys)” 7 apadatve c.?ffc::li o
) o Re_ __ &RGS poloff
V:n RS +(CZ.S) _|_1/gm (1+ngS)CiS+gm PPN
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Frequency Response of CG

1
- Yoo 0, F 0,
= Rp (RSHJCX
! ° Vout 0, =
?QR Y C " RGy
L UD—
- M1 Vb
Rs x GS
Vino—W
SB Node X (Cy): Cgt+Crs to ground

Node Y (Cy): CpptC¢p to ground

No capacitance between input and output: No Miller effect.
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Example 11.20

Plot the frequency response of the CG stage using 11.18 parameters.

Voo @, |5
R c

Rp ( g
Vou 1, | 2216 31GHZ) . |a) L= 27z><(442MHz)

M1:||——’Vh )

15

10.......:A..:..:.:.:.:.t::......:...:A.:A.:.:.:::E......:....:H:..'..-::.:.;..‘...:..4,:‘..:..:.:.:.t.:

Gain = R,/(R; +1/g,)
=5.7<CS =133

Magnitude of Frequency Response (dB)
o

10° 10’ 10° 10° 10"
Frequency (Hz)
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Frequency Response of SF

Source follower
Vout + Ves-Vin

Voo Node X : R + (Wout + V6s5)CepS + VgsCgss = 0

Rs o
Vin x Output node : VgsCesS + 9mVes = Vour(Csp + C1)S
GS
V,
o ‘ S Vout(Csp + C1)S
I CSB+ CL GS CGSS + gm
RS
14 Cos a =" [CoCos +Cp(Cop +C)+ Cs (Cyp +C,)]
‘ Voul — gm
. as’ +bs+1 b:RSCGD+CGD+CSB+CL.
8
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Input Impedances of SF

CGD
||
- Cpp
° C _._ 4": M I Miller’s
Cxy= GS h ) theorem!!
-’ o
Rl_ % —_ CL'l' CSB

Slide 3-34
R ]
v 1° x =( )C XY _ GS
l+¢o R C. =Cqp+
RL+g m* L aD 1+ng
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Poles of MOSFET Cascode

1

RS[CGSI + (1 + g.’nl] CGDI]

m2

1

| a)p,X |:

| a)p,Y |: 1 g
S [CDBI + CGSZ + [1 + mzj CGDI + CSBz]

m2 ml

| w o = )
; Voo 7" R(Cpyy +Copy)

Yy 8 _I ° Vout
PR 1

Y
Rs x ! | -
V. M Im2
= I Il M4 Cas2+Cgp1 (1+ gm ) +Cpp1 + Csp2
g - m1
g
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Input and Output Impedances

l out
I Cgp2+ Cpg2
A Im2
= Cgs2+Cgp1 (14 gm ) +Cpg1 + Csp2
m1
1
Zout — || R
S(CGDz + CDBz) -
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Frequency Response of DP

il S
Vint fx I < " Vin2
Casi M M, =Cgs2
Csg1 % Iss = Cspp
; = g Slide 5-23
l' @(S)_(CXY‘S—gm)RL

9

Half circuit Vi as’ +bs +1

Same as CS!
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Common-Mode Frequency Response

Voo AV, |_ AR, __& WARL (R Cos +1)
Rp ; Rp+ARp Moy| 1 2(Ry | L) RyCoss+2g,Res +1
v Em ss
outt > Vout2 1 2
2g R, >>1 o = o, |=—="=,
e i il I R RCos 7 G
oM » C will lower the total impedance between |
= _]_ . point P to ground at high frequency,
leading to higher CM gain which degrades
Y Y Y Y
B = = the CM rejection ratio.
M o
Gain}  Slide 5-19 Source of Cg
S | M /PR P |
AR Caps
- 1 : i CsB1 T T Csg2
2Hgg+ o — : E IR, | | L
m : : - — b CSB3 -
1 20m ® it ol .
RssCss  Css 3T T
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DP with Active Current Mirror

Vpp Voo
M q M .| 1 =
|or—fr—:| Output Pole 9.-o 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 Rx Vy = L

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

&
Wp = C_3, Cp ~ Cpg3+Crgy + Cpps +Cpp +2C5, + 8,04 (r04 | roz)CGD4
E
(CES+ng)_1 -1
Vi = &uTonVi» Ry =215y, Vi :(Vout _VX) = » =8V 1y =V, (SCL +rop)
(Cos+g,5) +Ry
Vou _ ZuntonTor (28, +5Cy)
Vi 2r0Pr0NCECLS2 +|:(2rON +rOP)CE +Top (1+2ngrON)CL:|S +2¢g,, (rON +rOP)
2 Vo +7 1 .
a)Pl ~ ng( ON OP) ~ lf 2ngrON >>1 o .~ ng

(2V0N +r0P)CE +rOP(1+2gmpr0N)CL (FON ] rOP)CL
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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

Vb
A, = M,
v (1+SJ£1+S] slow path /:JOutput Pole
P P2 Mirror —* out
— Fast path Pole v-_,L _/4 fast path
n 1
sz = AO @I .
[1+SJ T
D
— We have

vl v2 T -
I/in 1'|‘i 1'|'i (1+S)[1+Sj
b P> P P>

— 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
VeV
,X _>ijl——T——|\ \ ItQt ld4 _ldl _gm 7’1(1'2 _gm7
¢ Ve i =i, +i, =gV
& el . | % o ~laa Tlin = &nVia
-=_- ¢ ‘I -l 'f/ — 8 Vi Gm :io /I/zd = gm
= At high frequency: C,_ is SHORT
i Vi.-.(/?-o_|l__>Q| Q::I|—O —Via/2 . . . Vid
Vg3 =0,i,,=0,, =4, =g, 5

Gm:lo/l/zd:gm/z

B
\ G, transfer function
' i 1+sC /2
-Zm L Gm =— :gm( - gm3)

2| =

: : I/id 1-|_S(jm /gm3
I

. | I gm3 2gm3

0 — > = Sz =
fr 1z f Tr 27C, 12 27C,
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