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Announcements

e HW5 Due Mar 29

e Exam 2 Mar 31
« 9:35-11:00 (10 extra minutes)
 Closed book w/ one standard note sheet
« 8.5"x11" front & back
 Bring your calculator
« Emphasis will be on Lectures 4-6
« Sample Exam2s posted on website

e Reading
« Razavi Chapter 11



Agenda

e Frequency Response Concepts

e High-Frequency Models of Transistors

e Frequency Response Analysis Procedure
e CE and CS Stages

e CB and CG Stages

e CC and CD (Follower) Stages

e (Cascode Stages

e Differential Pairs

e Additional Examples
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» As frequency of operation increases, the amplifier gain
~ decreases

» This lecture analyzes this frequency response issue
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[ Natural Voice ] [Telephone System]

L l o= m —
3.9kHz f

20 Hz 20kHz f 400 Hz

> Natural human voice spans a frequency range from 20Hz to
20KHz, however conventional telephone system passes
frequencies from 400Hz to 3.5KHz. Therefore phone
conversation differs from face-to-face conversation.

...................................................................................................................................................................................................................................................................................................................



Path traveled by the human voice to the voice recorder

{ out }_{ A }_{ Rocorder }

Path traveled by the human voice to the human ear
[ Mouth 1 ——>[ Air } —> [ Ear }
\ [ Skull J /

» Since the paths are different, the results will also be
~ different.

...................................................................................................................................................................................................................................................................................................................
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F1 Vin
O
. W _'L . 1.0
l"IrinCD_ TC1 Vout N
8 -
f
1
Z <«C 1
V() ===V, (5) ==V, (s V,,(s) I H(s)=
() L, +Z. ) R+L (s)= 1+sRC ms "1+ sRC
sC for sinusoidal steady - state response s = jw
, 1
H(jo)=—
1+ joRC

> In this simple example, as frequency increases the |
~ impedance of C, decreases and the voltage divider consists
of C, and R, attenuates V, to a greater extent at the output. :

...................................................................................................................................................................................................................................................................................................................
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in®— l ° Vout
1 ™ _ (iT)Qm"’in Rp = C_
'"D_II: My =€ T = = -l?-

1 H(S)z VOW(S): _ngD
. g v || Vm(s) 1+sRyC;
m” in D CL g This circuit has a pole at
=2
b RpCy

> The capacitive load, C, is the culprit for gain roll-off since
 at high frequency, it will “steal” away some signal current
and shunt it to ground.



y N\
Vout -3-dB Vout . ngD
Bandwidth o
v A ~-3-dB IV 2 2, 2

. Recall the Power is proportional to (Voltage)2
. To find the half - power (-3dB) point relative to the low - frequency gain

1 0-).— Vout‘z _ (ngD)2 _ (ngD)2
Vil (RpCrof+1 2
R D C L Solving for @
1
e

> At low frequency, the capacitor is effectively open and the
.~ gain is flat. As frequency increases, the capacitor tends to
a short and the gain starts to decrease.

> A special frequency is w=1/(RpC,), where the gain drops by
~ 3dB (half-power). In this single-pole circuit, this is also the

__polefrequency.



» The relationship is such that as R,C, increases, the
~ bandwidth drops and the step response becomes slower.

...................................................................................................................................................................................................................................................................................................................
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» When we hit a zero, w,;, the Bode magnitude rises with a

slope of +20dB/dec.

» When we hit a pole, W, the Bode magnitude falls with a

slope of -20dB/dec



H(s)= Vour(8) _ = 2uRp

v, (s) 1+sRpC;

This circuit has a pole at

> The circuit only has one pole (no zero) at 1/(R,C, ), so the
~ slope drops from 0 to -20dB/dec as we pass Wy,-

...................................................................................................................................................................................................................................................................................................................
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e Circuit transfer functions can be well approximated by considering that
if @ node in the signal path has a small-signal resistance R; and

capacitance C; in parallel to an AC ground, then it contributes a pole of
magnitude (R,C)!

L | V
A=0 bD

[w R® J Rp= R
pl|

Em

RD
\/(1+a)2/a)12,1X1+a)2/a)§2ﬂ
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Vout — ngD/(1 + ngS)
Vin \/(1+a)2/a)]2)1x1+a)2/a)]2,2)
vin
- 1 N
‘a)pl‘ - 1
(Rs | ij
N S

J
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> 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.

> While we could always derive the transfer function from the

~small-signal model, there is a useful “Miller’s Theorem” '
which can be used to approximate the circuit’s poles

...................................................................................................................................................................................................................................................................................................................



» If A, is the gain from node 1 to 2, then a floating impedance
~ Zgcan be converted to two grounded impedances Z,and Z,.

...................................................................................................................................................................................................................................................................................................................

+ + - +
Vi V.' —) z,]| v, Al r
= = ) =
[, should be the same in both circuits Z I, should be the same in both circuits
L _hh h Zl _ F IZZVZZ_Vl:?
| = =
Zr 7 1 . A F 2
V
_[ ¥ _| 1 __ZF
Z, = M 7y = I Zp= Zr Zz—(V _V]ZF— 7 Zp = 1
V=1, Vy 1-4 2 7l - 1——
1- Y v, A
/ Z V

R 2
WhereAv—V1 l_l/Av 5




> Vine o V¢

CF(1+AU)I ICF(“‘;_}
0
1 1 1

Z. =

" ]wCF(l_Av) ]wCF(l_(_AO)) ) ]wCF(1+A0)
Equivalent to an input cap that is the original C- multiplied by (1+ A4,)

Following a similar procedure, the output cap is the original C multiplied by (1 + AL]

(4]

» With Miller’s theorem, we can separate the floating
~capacitor. However, the input capacitor is larger than the
original floating capacitor. We call this Miller multiplication.

...................................................................................................................................................................................................................................................................................................................



Voo — Voo
A

v::'_ébnle
Ro ? Rp=
Ck & o
Rs l | ° Vout Rs l Vout
Vino—AMW I M, Vino—AMWy l II._:LM1 Cout
= Ci., = =
1
4 N 4z 1 N
. = 1 WDyt = 1
TR 8 R,)C &1+ Y e
N Y _ Emf'p ) )

e Note, this is only a (often good)
approximation of the transfer function {

V

out

V.

mn

e Uses only the low-frequency gain
e Neglects a zero

~ gnRp
\/(1+a)2/ x1+a)2/ Out)




Z R R,C
VO(S): % m(S): 1 m( ) ek ln(S) I/Oul‘ Rlcla)
Zp +Zc, Ry 1+ sR,C —

» The voltage division between a resistor and a capacitor can
~ be configured such that the gain at low frequency is
reduced.
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. p,out =
Vino—| oM, e

C. Eml
@, i = ,-1 i =27(20Hz) | ooV .
L® T
C,=79.6nF| L T ¢, =39.8nF |

R, =100KQ
g =1/200Q
> ....... i order to successully pass audio band freausncies (30

Hz-20 KHz), large input and output capacitances are
needed.

...................................................................................................................................................................................................................................................................................................................
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» Capacitive coupling, also known as AC coupling, passes
~ AC signals from Y to X while blocking DC contents.

» This technique allows independent bias conditions between
- stages. Direct coupling does not. =

...................................................................................................................................................................................................................................................................................................................

Allows for high V(Rp) (gain), while Due to direct coupling, must
also allowing a high output stage trade-off A, for output stage
gate bias for good output swing biasing/swing
VDD VDD
Y+—i | Pe M
A, I
| * © l""'r::-ut ? ° l""a::rut
Voo dbom: @ S SLENO
(a) (b)

[ Capacitive Coupling | [ Direct Coupling | '




IH| A

Midband - Midband -
Gain

/{;&L on T
[Lower Corner] [Upper Corner]
Often due to Often due to
AC coupling load/parasitic capacitors
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» At high frequency, capacitive effects come into play
» C,and C,, are the junction capacitances

» C,represents the base charge to generate the non-uniform
.~ charge profile required for proper operation (Chapter 4)
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C B E
[ 1] . g
PR
Substrate T Ccs

» Since an integrated bipolar circuit is fabricated on top ofa
~ substrate, another junction capacitance exists between the

.......................................................................................................................................................................................................................................................................................................
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> For a MOS, there exist oxide capacitance from gate to

~channel, junction capacitances from source/drain to

....substrate, and. overlap.capacitance fromgateto. ...
source/drain. 27



= o o D _CSB
Go J_ I ;CDB L

Ces = T )
l Assuming bulk is
% = Cq, an AC ground

» The gate oxide capacitance is often partitioned between
~ source and drain. In saturation, C, ~ C_,., and C; ~0. They
are in parallel with the overlap capacitance to form C;sand
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» Transit frequency, f;, is defined as the frequency where the

current gain from input to output drops to 1.

[ out ac lout ac
" gNnD " gNnD
|—> + Q1 |_> + II: M1
Iin l/in — "In l/in ?
Cin - Cin I .
= = Neglecting C, = L Neglecting Cgp
Iout = ngin = gm]inZin Iout = ngin = gmlinZin
1 1
Z- =—7 Z =
n ﬂ_S T in CGSS
Iout — gmrﬂ — ,3 ]out — Em
I, rCus+1 r,C_s+1 I, Cggs
Setting the magnitude equal to 1 at @, yields Setting the magnitude equal to 1 at @, yields
reCaop = ° 1~ f3° Cas@r = gm
oy~ P _8n o, = -Sn

r,C, C, Ces




lout ac Or =§—m
- II' GS
GND w
&m = My Cox Z(VGS _VTH)
|_> T ||.: M, Cos =§WLcox (talked about in 474)
. Vin =
In (*) C. noos 1, Cox VZ(VGS ~Viy)
a8 In J__ r =2nfr = 7
= = VLG,
o The transit frequency increases dramatically fr =24 ”(ZG;L; Vi)
as the channel length is shrunk, allowing for
much faster transistors with CMOS scaling I —65mm O

Vg =V =100mV
e Note, this neglects some advanced device

_ 2
physics (carrier velocity saturation) which Hy, = 400cm™ [(V.5)
slows this rate of frequency increase \Jr =226GHz )
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K The frequency response refers to the magnitude of the \

transfer function.

» Bode’s approximation simplifies the plotting of 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.

» Bipolar and MOS devices exhibit various capacitances that

&Iimit the speed of circuits. /
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[ High Frequency Circuit Analysis Procedure }

K 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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R, = =Rp V¥ (5)= RIR, —_ (R[Ry)Cs
L (R|R,)Cis+1

X cht VX "’ R1HR2 " N
I| * I M1 V— ‘
+ C in
VIII'I | R2 = Rs

» The input AC coupling forms a high-pass filter which should
~ be designed for a certain minimum cut-off frequency

..................................................................................................................................................................................................................................................................................................................................
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.sz Re 1 _
- _Cb : -

= = 1 1+gmRs

—_—_——_—, v . (Rt
> In order to increase the out D _ — 8, Rp(RsCys +1)

_ _ Ve pi Ll .1 RCus+g,Rg+1
midband gain, a i RSchSJrg o i
[ ] L] "
capacitor C, is placed The pole frequency
in parallel with R.. 1+ g, Rq
®,|=—7="1"=
‘ p‘ RsCy

slélould also be designed to set the minimum cut - off frequency
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‘r‘l’Theﬂu‘r

Cxy

-

AWy
e

Vihev C_P_ in

I
I

CH 11 Frequency Response
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CE Stage CS Stage

7.

VThev:Vi r ‘ZRS VThesz;'
R _R RThev =RS

They — SHrﬂ' C.=C (l-l-g R )

X —%~GD m*\D
CX :Cy(l+ngC) |
C :CG_ 1+
CY:C#(IJ“ IR j ' D( ngDj
SmC Cin :CGS

Cin=Cr Cour =Cpa
Cout :CCS
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RThev X Y

h . . o o ° Vout
+
Vrhev ) Cx= Cj,== Vi( C*) ImVx == Cout T Cv $Ro
@, = :
P RT hev [Cm T (1 tE mRL )CXY ]
1
a)p,out =

RL[C(M + [l + : jCXY}
ngL
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R =2kQ
Vee (" Ry =200Q
RL I.=1mA
B =100
Rs |l"Il:::'rut C_=100fF
Vino—W Q4 C =20/F
Y7

= L =30

—27x(516MHz)

:27r><(1.59GHz}

a)p,in

...................................................................................................................................................................................................................................................................................................................
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Rs T Vout
Vino—W II_:M.l
[ E—
KRt
2 2 2
1
©, 0| =
R{Co‘”+[l+ 2 )CXY}
K 2 g R, 2/

CH 11 Frequency Response

wiox)

w
Y Vs Vi)

gm = HC oy

In 474 we will learn that all MOS caps are oc W

CGS == %WLCOJC + WCOV

Cpp = ApC; +PDC

Jsw

oc W

LF gain, g,R, reduces by 1/2
Assuming g.,R, is still high:
The input pole increases by ~4X

The output pole increases by ~2x
« Constant gain-bandwidth product!
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e For a detailed direct small-signal analysis, see Razavi 11.4.4

EE—
Vout (S) _ (CXYS —8m )RL
VThev as 2 +bs+1
where —_  Exact
a= RT hevRL (Cm CXY + CoutCXY + Cin Cout) EXpFESSIOn
b= (1 + ngL )CXYRThev + RThevCin + RL (CXY + Cout)

To find the 2 poles, we can write

2
as’ +bs+1= i+1 L+1 —_° + 1 + I s+1
@y @) @10 ) Wy Opr

Using a "dominant pole" approximation @,; << @,

2
s s
as® +bs+1= + +1
W@y @)
1 b
W, =— and ®,, =

CH 11 Frequency Response 43



4 o, |2

1
| @, |=
“r (1 +g.,.R; )CXYRThev + Ry, Gy RL xy TC

out

| |_ (1 +g mRL )CXY RT hev T RT heva + RL (CXY + Cout )
\ P2 RT hevRL (C CXY + Cout CXY + Cm Cout) /

\
v

wp,; Will be lower due to the additional term

wpy IS at @ much higher frequency due to "pole splitting”
- Discussed more when we talk about stability
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C _ _
SB2 Rrpey =Ry, Ry = ’”01H’”02

|||—| In In
1 E 'L_C,I:,Bz Cin =Cqs1> Cxy =Copi
|—-—T Cout = Cpr1 +Cpp2 + Copa

V,
oD Csnz
M Copr | Vout
Vout |q—-|- ﬁ l % Vout
M,
Coe1 l roqll roz
= CGS1 I

E&\

@

-

1 N

) [1+gm1(”01 | rOZ)]CXYRS +R;C, "'(”01 | rOZ)(CXY +Coy)
~[1+gml(r01 ||”02)]C Ry + R;C, "'(’”01 ||’”02)(C +C,.,)

p2 "~

RS(rOl ||7’02)(C C +C C +C Cout) /

out
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Rs

AW—]

(R, =200Q )
C,.s =250 fF
Cop =80fF
C,, =100 fF
g, =(150Q)"
1=0

R, =2KQ

Miller’s

Vino

V, 30 ; — :
bb : I - 3'='= Dominant-Pole Appr.
%‘ . I - §===Miller's Approx.
= 20 - "3 Exact Eq.
v _E St R
© DIt
DUt 5 1] TR TR T - -SSR, SR . N - P A E._..E.._.
M L L
1 8 D1
2 0 - = rezen s
— o tIc:
- = S
‘6 Ro- e
@ _1ﬂ L. - - e RE e R L K
=] [
E - = .
= Moo
g—zﬂ-- - = ) ‘:"?'i.'f'ff'
= R
I
- - - = e mma - - - e e e maa - =N
_3n = = = = = = 2 =21 = 2 = = = = 2 21 - |
10 10° 10’ 10"
Frequency (Hz)

Simple Miller theorem analysis vastly overestimates the output
pole at a lower frequency

Exact Dominant Pole

‘ pzn

‘ pout

=27 x(571MHz)
=27 x (428 MHz)

=27 x (264 MHz) =277 x (249 MHz)

‘ pm

| pzn

= 277%(4.79GHz)

‘ pout

=27 x(4.53GHz)

p out
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=

[C + 1+gm

FHF

At low frequencies: 7,

1

Z;, has apole at (

Yr C?Z'

+ (1 + ngC)C,u)

-
Zl

N

’ [CGS T (1 +g,.Rp )CGD]S

Approximate as purely capacitive

47
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= (1+gmRs) C;
@ Vout (S): ngCCiS )
I/in (1+ngS)CiS+gm

> As with CE and CS stages, the use of capacitive coupling
~ leads to low-frequency roll-off in CB and CG stages
(although a CB stage is shown above, a CG stage is similar).
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e No Miller effect C,=C,+C,
e Input pole is ~f; (very \ ﬂ /
high frequency)
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il ”
| 1 CX = CGS + CSB
= M, :_Il—o—o Vy,
v, ‘\’/-‘\’f x| T Ces D)y = 1
. O o P>
in RLCY

= Csg |1y =

1]
(o
||
%Q
_I_
@
>

> Similar to a CB stage, the input pole is on the order of f;, so
~ rarely a speed bottleneck.

...................................................................................................................................................................................................................................................................................................................
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MOSFET Caps
[FO — CD] Cep
':SEE_ FDD Ci:—pl ;CDB
aHE>
'TI VDD ’_IIHME v s ;Csa
M, v 9 Vout
’_I ° Vout . M. :"_. V, % Cpe1*Cep1*Cas2 * Cpr2
s =
My Vs VinD—‘M—l X -
V, D——"Ef—— I Csg1* Casi
(a) (b)
e 1 1 N\
a = @ =
p.X p.Y
1 1
LRS | j(CSB1 +Cgp,) : (€oat Coni €052+ Como)
N ml ™ J
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/~ Rg=200Q O\
Cps =250 fF
Cop =80/F
Csp = Cpp =100 fF
g, =(150Q)"
A=0

\_ R;=2kQ

Magnitude of Frequency Response (dB)
o
|

-5k =z
—1Ul -— .;
-15} =
Yy BN Siizyg ozozzzii: -
10° 10 10° 10 10
Frequency (Hz)

e

2

©, | =27x(531GHz

)

e Input pole is ~f;

o, Y‘ =27 x(442MHz)| * Output pole limits bandwidth

CH 11 Frequency Response
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» The following will discuss the frequency response of
~emitter and source followers using direct analysis, as this
circuit typically has 2 poles that are close together

» Emitter follower is treated first and source follower is
~derived easily by allowing r, to go to infinity



C VC c

Rs
H WA X o I
Fs X » + l - *
Vinc \gt Q4 Vln C“- CTC — rTc VR gm VT[
T -l- Y - I _.
|'{mut - =
c. T Vout
LI T ‘L
For detailed analysis, see Razavi 11.6 )
Assuming that r, >> 1
Em
2 R ) g
.G a="%(c,C, +C,C +C.C,) o= "
Vout _ gm gm "
Vo as® +bs+1 C. R.\C Generally, this yields 2 close
n b=R;C, +—"+ (1 + SJL poles, necessitating a direct
g Em = /8n ) solution approach

CH 11 Frequency Response

56



- —0

Taking r, = © out
Cr = Cas C*) - C| +Cg
Cu—Cep )
a N

R
1+ Cas g a="(CpCoqs +Cqp(Cp +Csp)+Cgs(C, +Csp))

VOth g m gm

V. as®+bs+l b=R¢Cesp +

K in gm /
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/"R, =200Q
C, =100 fF
C,s =250 fF
Cop =80/F
C,, =100 fF
g, =(150Q)"

=0

CH 11 Frequency Response

Magnitude of Frequency Response (dB)

10 10°
Frequency (Hz)

10

®, =2n|-1.79GHz + j(2.57GHz)|
® , =2n|-1.79GHz - j(2.57GHz))

2 Complex Conjugate Poles

10

10



1+

Casi
Em

A

~

as’ + bs +1

—[CGDICGSI + (CGDI + CGSI)(CSBI

CGDI + C'SBI +CGD2+CDB2

C
= T Y- l o Vout
Cep2 T

wI:-'_il Esaz

Ces2 é My Hn
R,
a =

gml
b=R,C.p +

o

gml

CGD2 + CDB2)]

~

/

CH 11 Frequency Response
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EL I CL EL % I IITL-l- CSE
= = Using Miller Theorem with - =
(a) A = &l ®)
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My L
a 1 I
Cin — CGDI | CGSI
. L+ g, (701 1752 )
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e Need to consider the output resistance of the previous

stage, R R
T Vee s :
Rs ' n '
1 _
T —0 T
Neglecting Cpu 4—‘ —
.'lx + ’U’
Z out AAR
e N\ =

Ve Rer C s+r +Rg

\E r.C s+ [+1

- Output impedance
Low Frequency: =18 — . 4 s generally goes up
p+1 f+1 w/ frequency!
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VinO—‘W\r—l—l M,
e
Neglecting Cgp T <_‘

Z Output impedance
out  generally goes up
w/ frequency!

d N
V_X — RS CGS s+1 Low Frequency: gl T
\]X CGSS -+ gmj High Frequency: Ry —
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If Rg¢ < 1/gm
(not usually true)

|Zout|A
Rs . 1
B+1 Inm
RS

B+l
K ‘a)p‘— . C. RS

If R¢ > 1/gm
(general case)

Emitter Follower | 7 |
|w|:’”;z+Rs out| A
’ RSrﬂCﬂ RS
o
o= =F
® p m
Source Follower | zout| A
1
=% ¢
sCas Rg
Em
.| ==
‘ P‘ CGS 1
o g
o m

- » The plot above shows the output impedance of emitter and

~ source followers. Since a follower’s primary duty is to
lower the driving impedance (Rg>1/g,,), the “active
inductor” characteristic on the right is usually observed.

e PR

CH 11 Frequency Response



a O
Vy _ (7”01 | 70, )CGS3S+1
K]X Cos3S+ &ms y

CH 11 Frequency Response

S VDD
ro1llros
- 4_‘
Zout

Note: This neglects the
capacitors from M1 and M2
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> For cascode stages, there are three poles and Miller
~ multiplication is smaller than in the CE/CS stage.
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Now output pole sets the bandwidth, and it has

increased by 67%
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Cascode Frequency Response

Take-Away Points

o Cascode amplifiers offer two good

properties ’
 High output impedance to serve as a RLDD
good current source and/or amplifier Ve
« Reduction of the Miller effect and Ve[, M,
better high-frequency performance Caps
Vino f\:"lrs l_xlliEh:,

e Main cost is higher voltage =
headroom to keep cascode
transistor in saturation

« Impacts maximum output swing and
distortion performance
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b= (1 + ngL )CXYRThev + RThevCin + RL (CXY + Cout)

> Since bipolar differential pair can be analyzed using half-
. circuit, its transfer function, I/O impedances, locations of

. poles/zeros are the same as that of the half circuit’s (Slide 43).
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> Since MOS differential pair can be analyzed using half-circuit,
~its transfer function, I/O impedances, locations of poles/zeros
are the same as that of the half circuit’s (Slide 43).
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» C,, will lower the total impedance between point P to
- ground at high frequency, leading to higher CM gain which
degrades the CM rejection ratio.
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A, P Wzl 4 » Source-Body Capacitance of A
C M1’ M2
Csp1 T ._EG: ’ T Csg2 » Drain-Body Capacitance of M,
T V, - T Cpps = g » Gate-Drain Capacitance of M, )
3

e M is often a large (wide) transistor in order to have a
small compliance (V) voltage

e Watch out for degraded high-frequency CMRR!
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The “highest” low-frequency pole (o ; = 37.2MHz)
will set the low-frequency cut-off
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To get an accurate estimate for w,; and o,,, use the dominant pole approximation
expressions on Slide 44

‘ 1

W, = =27(222MHz)
1 (1 -4, )CGDIRS + RsCpgp + (RDI HRinZ )(CGDI + Coutl)

‘ o ,|= (1= 4,1 )CapiRs + RsCas1 + (Rpi|Rin2 XCopi1 + Coun) —27(2.99GH:z)
Ry (RDI HRmz )(CGSICGDI + Cop1Count + Cos1Coun )
where

Court =Cpp1 +Cgsa + CGDz(1 - sz)
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Magnitude of Frequency Response (dB)
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