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EECS140 ANALOG CIRCUIT DESIGN LECTURES ON FREQUENCY RESPONSE

4 Bode Plots FR-1

Solve impedance network transfer function.

Hw) = e (HW) , Vou(W) & Vin(w) are phasors)

R Vour(W) 1 gwC
(w) Vour(W)  H(w) = {0 = 275750

C_|_
L 1gwC _1g9wC
HW) = T5wRe

Convert H(w) to polar coordinates, [H(w)| < g

[H(w)| = [H(w)(H* (W))]’

IF H(w) = %
R(HW)} = Rox{ N(w) xD* (w)}
L X H(W)} = 1, x{ N(w) xD* (w)}
N y,
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then

_ atan‘:, L{H(wW)} U
i R{H(W)}
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4 i}
Bode Plots (Cont.) FR-2
(H(w) xH* (W) = B—L__0.& = __0
€1+ jwRC?2 €1 -—jwRC9
% ¢1/2
_ ie 1 (_51/2 _ g 1 :
€1+ (WRC)Z ¢ w5
€ e, 29
Bode Plot Magnitude |H(W)|s = 20 xlog|H(w)|
o W
| 20dB/Decade
: HW)| » | ——,| = =
| 6dB/Octave 2W § W
| ew, .2 |
— — W 6dB/Octave - drops by 2 every
Wp = URC =W time frequency doubles
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g Bode Plots (Cont.) FR-3
1 .
H(w) = o = [H(W)| xexp(ja(w))
1+]
W3dB
1 ST
H(w) = X
R
W3dB W3dB
. W
_ e
aeﬂ('j2
e
P HwW)U
w) = atanj =t W)¢
A= R A w)Y,
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Bode Plots (Cont.)

Re{H(w)}

3
I
2

I

N

FR-4

Linear Approximation
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4 FR-5"
Bode Plots (Cont.)
O Phase 90 Phase difference
Magnitude Magnitude Change
/ \ - - N N
\J \J N\
t=0 t=20
R
H _ 1
V'V W) = TTiwRC

T ¢ HOW)| = (H(w) xH* (w))*
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-10dB —

-20dB -

N

0dB

B

ode Plots (Cont.)
1 Pole Summary R

FR-6
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Bode Plots (Cont.)
2 Poles

|deal Unity gain Buffer

N

FR-7)
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N

Two Poles: Bode Plots (Cont.) FR-8)
e o e t_‘)
H(w) = & 6L o H(w) xH, (W)
g1+l—fa glﬂﬂﬂ
20 xlog|H(w)| = 20 xlog(|H.,.(W)| x[H.,(w)|)
= 20 xlog|H. (w)| + 20 xlog|H. (W)
Wpl \_{sz
SN
|
|
|
1
W2
J
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4 Bode Plots (Cont.) FR-O)

H(w) = [IHu| xexp(jau,)] X[[Hu.| xexp(jds,.)]
= [Hu,| XH..| xexp(j[dw, + du.])
= [H(w)| xexp(jq(w))

(W) = Qu, * Qu,

0.1w,, w, 10w, 01w, w, 10w,

0 —C
. i | : | " log(w) —»

| | |

Lo I | | I |

| I I |

-p/2 " ' | I

| I

I

-3p/4 l :

I

I

P

N J
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Bode Plots (Cont.) FR-10

r']OUT

If we have 180 degree phase shift we have a problem.

The negative feedback will turn into positive feedback.

Can't have positive feedback in aloop with gain> 1
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4 Bode Plots (Cont.) FR-11)
Wo = Wy = Wz = W,
3 poles on top
0 of each other
log(w) —»
q
-p/4
-p/2
Likely unstable circuit
-3p/4 Can't kill gain here
without adding phase shift.
-p
-5p/4
-3p/2

N /
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Bode Plots (Cont.) FR-12)
C Zero at zero frequency, pole at 1/RC
Nin I I Nour
R _ _JwRC _ JwRC
1  1+jwRC W
R = w
R+jWC 1+Ji
RC
|H(W)|dB W = i
. * ~ RC
log(w)
\ Y
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/

N

Single Zero at w, FR-13)

Right half plane zero /4
W
H(w) = & -j—3

L
IH (W)|dB__ For both:
2 1/2
L W - & ,aAV0O0
] Hw)| = 2+ 280
1 ' 10w
0.1w, W, |Og (W)
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i FR-14)
. Bode Plots (Cont.)
0. % Nou: 1 Pole
H(w) = &2 _0x
C R, (w) eR,+R2 1+jw(R IIR,)C
|C| 1 Pole, 1 Zero
|
Ny n R 6, 1+|WRC
ouT H(w) = & T Oy J -
% W) = R RE TF jWRIR)IC
R, R
8 /
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FR-15)
Bode Plots (Cont.)
1 Pole, 1 Zero
'1" Wp > WZ
[H(W)| e e
o:' Wp = WZ
Sl Wy < W,
1+ j\%
H(w) = :
1+j%
Wp
N
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4 _ 1R
Capacitances FR-16
G = &o _ 54fF - 10+E
o Coc = 1= 015 = 10"
L . I
C C CGSO = 5 10™C
Gs - GD m
Se o V[ Lc eD CGDO =5 10-105
— CGBO = 4" 10°E
Co  |Ce C.. m
cJ = 10°E
® m
PB = f, = 0.8V
B

N /
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N

Capacitances (Cont.) FR-17)
Sat : Linear :
C.. = % XC, XL XW+CGSOXW  C, = = XZL W cGSO xW
C.. = CGDO xW c. = Co "2'- W . cGDO W
_ CJxAS CIJSW xPS o
Cs = \V M + \V _MIsSw (Slmllarfor CDB)
& 4 YesO g 4 YesO .
€ Pbe € PBo MJ = > (default)
Ces = CGBO xL MJISW = 3 (default)
PS = Perimeter of Source
AS = Areaof Source
CGBO° Capacitance of gate to bulk overlap
/
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g Capacitances (Cont.) FR-18"
L ayout |
Sour ce Drain
A
W
2|
v L |
T Ty T2 T T

(Minimum size device, W/L = 2)

Areaof Source = AS = 4| xW
Areaof Dran = AD = AS
Perimeter of Source = PS = 8| +W

N /
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g Capacitances (Cont.) FR-19"

M1 1 2 3 4 NMOS L=2u W=2u
+ AS=4p AD=4p PS=6u PD=6u

G

|

| _

gt
|

- e
T Capacitor (in linear)

N /
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" Miller Approximation

lc

I,

—
OUT - _A xnm

iC — C><—(nln
dt

nOUT

Nour) = C L(n.n +AXNg) = CX(1+A) ><—t'”

N

A >

r']OUT

FR-20)
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/

N

Miller Approximation (Cont.) FR-21)

C(1+9.%Rour) T
N

nOUT —_

C
| ; CS nOUT
\
Om XNy % R

N

gm ><I:QOUT

R n, 1 +jw[

' nOUT

L

RINC(l + gm ><ROUT) + ROUTC]

) — v —— O\ — — — — —

CMILLER

1
I:QIN(:(:L + gm ><I:QOUT)
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é | nverter FR-22)

CGD
RlN | | Nout N, J\/\/ % % Nour
d)

IQOUT — RL ” r-o
CG — CGB + CGS

C, Iignored (not usually possible)

N /
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Inverter (Cont.) FR-23)

r]OUT

] _ GDO

Nour € o.9

- - meOUT
Nin g 1 +JW{ [CGD(l + gm XR) + CG] XRIN + RLCGD} —W ROUTRI C CGD
_ i Cerd _ iy Cerd
el "g,0 S Mg,

Q4+ WO, 4+ WO 4@l Lo 1 1
TG eTet e I IWe Yo W

pl p2 pl p2

N /
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g Inverter (Cont.)

1
Yo T TRUX[Ce* Coo(1+g,Roum) ]+ R.Cop
a CMILLEI.? |
W = 1 1
P2 T ROUTCGD - 10
?QOUT ” RIN ” _mgCG
_ On
" T Co
éﬁ- * Wzﬂ
H(w) =
) @_+Jﬂ6x@+jﬂb
e Wpl'@ szﬂ

FR-24
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Inverter (Cont.)

FR-25)

N

e Wzﬂ
H(w) =
S T—T
e Wplﬂ e szﬂ
Sz — _sz
@__§f) Spp = Wy
€ Szg S|o2 - _JWp2
H(s) = < .
20 =20
e splﬂxgq S, @
" " N
X (W)
sz ” _-(g:ﬂ(; Wpl > RINCMILLER WZ = %
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g Inverter (Cont.) FR-26"

W, » —

- [
I:QINCMILLER

N
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4 Inverter (Cont.) FR-27)

— 1
N | ROUT - RL ” I

Case 1 (Miller Capacitance not important) :

I:QINCpi I:QOUTC » RIN X (1 + ngOUT)C

ot C— \— — — —

CMILLER

1 1
sz -

RINCp - ROUTCD
N /
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4 Inverter (Cont.) FR-28)

Zowr = R I, ||j

1
|
||
$
I
2y
e
OH
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/

N

Inverter (Cont.)

~
1
n, _ _ JwGC, _ 1
n,, R+ 1 1+jwR,C,
JwC,
W = 1
* R,GC,

FR-29)
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4 Inverter (Cont.) FR-30)

Case2(LargeCd):

ROUTCD » RIN(l + ngOUT) Cm1 RINCp

_ 1 Lo 1
o ROUTCD = RIN(Cp+Cm)

Case3(LargeCm .

RIN(1 + ngOUT) Cm » ROUTC:D1 RIN(:p

W

1 1
Wpl - Wp2 —
Ru(1+ 9.Rour)Cr l(Cp +C,) 1
gm Wpl »
RINCMILLER

For case 2 and 3, l
W — g_m \/ < \y > \/ 0O
ZERO C PN N\ AN U

g C, large C.=0C,=0 T

d 1 1 = o

W, =
W, » C.laage ¢ C,
K (Cp + CD) ROUTCD RINCp J /
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4 Sour ce Follower FR-31)

N

C - gmb(_nOUT)
gm(ng - nOUT)

r']OUT

e 1 o)

n =& — x(N, —Ngy.) + N
g el + JWRlNCpg ( OUT) ouT
n n,—n
ouT — —a____ouT + gm xng _ (1 4 C) xgm anUT
R 1
JwG,
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4 Sour ce Follower (Cont.) FR-32)
R
oy %+ (1+¢) X0, +/WCJ = (wC, + g,) n,
E?E_’L+nglﬁ-’('j
Nour _ ngs v € ng

Cp(l + C xngS)
1+(1+c)g.Rs

- L N\ — — —

1+ jwR,

1-A

_ O
W, = Cp
W = 1 A = 9nRs

> RL,C,(1-A) " 1+(1+c)g.Rs

_ 0.Rs
A= 1+ (1+c)g.Rs

N /
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4 Cul | T FR-33 |

AL

Sour ce Follower Nour
again with Cqg Ces  |Cos —

SB

y

Small Signal :.  R. 4

gm(ng _ nOUT)
CG - CGD + CGB CGS

N ~ /
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4 N
Sour ce Follower (Cont.) FR-34
nian;nG - nG Xj WCG + (ne — nOUT) Xj WCGS
(nG - nOUT) Xj WCGS_ gm(nG - nOUT) - nISUT + nOUT Xj WC
ng |:1 + JWC68:|
Nour _ 1+ gm O
nin
1+ jW[RINCG + RINCGS + S(CGS + Css)i| —W2R5R|N|:CGSCG + CSB(CG + CGS)i|
1 + ngS 1 + ngS 1 + ngS
let denominator = gi pﬂxaqﬂpﬂ
_ gl  lp_ W
= 1+ 1wW¢% —_
) ep1 P2 P.P;
N
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\
Sour ce Follower (Cont.) FR-35
for p, and p, widely separated, if we assumethat p, isthe dominant pole,
1 1
=
P. P
o, = 1 a 1
b IQINC:GS RS(CGS+ CSB) - IQINC:GS
I:QINC:G + 1 + ngS + 1 + ngS I:QINC:G + 1 + ngS + RO(CGS+ CSB)
where,
Ro = IR,
thus,
RIN(:GS
~ RuCot 710 R * Rol(Cos + Co)
P2 = "RoRu[CasCo + CuCo + CuCol]
N )
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4 ~
Sour ce Follower (Cont.) FR-36
2 limiting cases,
Casel:
Rivg s >>Ro(C + Cg) Miller cap = Cysx(1—A)
"1+g,Ro o8 T cs
A — ngS
1 1+9.Rs
W, = c
R\, =0 A= q_—OR 1
e 1+g,RZ 1-A=1 1+g.R - 1+ gR.
Case?2:
R,(Ce + Cs) » R, ZE, + Ces 0
GS SB INe G 1+ ngSg,
W = 1
" Ry(Ces* Cq)
. Y
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4 27
Common Gate FR-37

assumer,® ¥

nOUT

N /
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4 N
Common Gate (Cont.) FR-38
KCL@nS an; Ny = Ng Xj WC:S + 0mNs
KCL@Noyr  GuMe = Moy WG, + 722
gnR
Nour _ 1+ 0.Rs
Min R.C.
1+jwR.C xa?L +ijw—e=s O
(1] ) | 1+9,.R%
no zeros, poles @
1
P, = RC.
_ 1 _ 1
P, = R o = T
1+g.Rs Rl _mgCS
N Y
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LECTURES ON FREQUENCY RESPONSE
4 _20)
Common Gate (Cont.) FR-39
@ nOUT® Req - RL — 1 — 1
Ceq —= CD Requq IQLC:D

eq

1 1
@neR,=RIZ » R ey
C, = Cs K ?zsll—gcs

m

Since all caps go to ground, finding poles reduces to finding
Req s and Ceq's at the nodes.

N
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4 _40)
Cascode - reducesthe Miller probelm FR-40

i Nour
| (2)

VBIAS I |: -

ol |

D1

N /
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g Cascode (Cont.) FR-41

If we assume that R isvery large, then,

At (1) :
Re = Rs
Ceq — CGSl + CGDl X(l _A) — 1
1 pl Requq
A = —g,, X— = -1
Ceq - CGSl + 2 ><(:GDl
At (2) :
R, = RIlr,— large .
Ceq - CGD2+ Coz p2 - Requq

No large Miller multiplication of a capacitance!
N J
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/

N

Zero Value Time Constant Analysis FR-42)

General case of dominant pole approximation. Use this technique
for complex circuits where we can't identify node with large Rg

and Ceg.

Strategy :

1) Set al caps C=0 except for C
2) Find resistance seen by G

3) Calculate R,C; for all caps

__1
4) W = 225

ROBERT W. BRODERSEN



EECS140 ANALOG CIRCUIT DESIGN LECTURES ON FREQUENCY RESPONSE

4 ZVTC with Source Follower FR-43)

R, =] |
e/, 1.
CGB CGS o

nOUT

ol |
¥

nOUT

N A /
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4 ZVTC with Sour ce Follower FR-44)

47/\ /\ R, = Ry

RIN
:: CG Cl - CG
A4
C,:
e R = R+
gm(_nOUT) gm
Nour C, = Cg
CSB:: R.

N ~ /
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4 Z\VTC with Sour ce Follower (Cont.) FR-45)
IQIN
C,:
—\\3 ‘
N4 N
nt :: @ gm(ng - nOUT)
CGS
r-]OUT
. . . R,
do small signal analysisto find
?—t = R, seenby Cg ~
R3:RO+L where RO:RSIIl C, = Ces
1+ 0.Rs m
hence,
W = 1 _ 1
we R1C1 + R2C2 + R3C3 - R e
IN Q)
8 RuCe + RoCua+ R0+ 77 R 5 Cs

ROBERT W. BRODERSEN



