EE247
Lecture 9
Switched-Capacitor Filters
Summary of last lecture
DDI integrators

LDI integrators
— Effect of parasitic capacitance
— Bottom-plate integrator topology

Resonators
Bandpass filters

Lowpass filters
— Termination implementation
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Summary Last Session
Switched-Capacitor Resistors

Charge transferred in one cycle:
Q= C(viy—Vour)

f, f,
i=Qit= Qxf, > i =fC(V,\ — Vo) : :
s s-WViN T Vour. VIN_‘ o— Vour
With the current through the S1 S2
switched capacitor resistor C

proportional to the voltage across it,
the equivalent “switched capacitor
resistance” is:

_ 1 -
Rea=7C
S fo 1 1
Example 1 : '
f =1MHz,C=1pF ¢ ;I | EI I
= 2 : :
®Req 1MegaW ; :

— T=1/f —
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Switched-Capacitor Filter

Vin '\/\l J_VOUT

e Let’s build an “SC” filter ...

«  We'll start with a simple RC

LPF C,
* Replace the physical resistor J_:
by an equivalent SC resistor f_1 f_2 =
« 3-dB bandwidth: V) —C —Vour
Cl S1 S2 |
1 £ c

W = = = L C
i T
1.-9 L

f =—f., = -
3dB™2p 's C2
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Switched-Capacitor Filter Advantage versus
Continuous-Time Filters

f:l f:z Req
Vi, —e ¢ ! Vout Vi, '\/\l 1 Vout
S1 S2
IC
ICl C2 2
== == 1. I
_ 1 f o=
f 3dB — $ fs % 3dB 2p ReqCZ
* Corner freq. proportional to: * Corner freq. proportional to:
System clock (accurate to few ppm) Absolute value of Rs & Cs
C ratio accurate > < 0.1% Poor accuracy -> 20 to 50%

&= Main advantage of SC filter inherent corner frequency accuracy
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Typical Sampling Process
Continuous-Time(CT) b Sampled Data (SD)

—_—

Continuous- //#ﬁ\\ ime
Time Signal = \

Sampled Data

Sampled Data
+ZOH

Clock Illllll.ll
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Sampling Sine Waves

:1%; / ; .%‘ / “'_"‘ Time domain
§ | , l f=UT
y(nT) l \ '-.\“ \ time
\ / Ll
Before Sampling N G After Sampling
(] ()
f.f o fo+f 3
E 830KHI 1101kHz g
g g | |
3| I | S | .
fin i 2f, ... f in fg 2f. f
101kHz A2 101kHz 1MHz
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Aliasing

* Multiple continuous time signals can produce
identical series of sampled voltages

* The folding back of signals from nfgtfg, down to fg, is
called aliasing
— Sampling theorem: s> 2f . gna

« If aliasing occurs, no signal processing operation
downstream of the sampling process can recover the
original continuous time signal

* To Avoid aliasing - two possibilities:

1. Sample fast enough to cover all spectral components,
including "parasitic" ones outside band of interest

2. Limit f . g4 through filtering
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How to Avoid Aliasing

1- Push
sampling
frequency to x2
of the highest

Frequency domain

Amplitude
—h——

e

——

'

freq.
- In most cases
not practical

2- Pre-filter
signal to
eliminate

signals above 1/2
sampling ‘ ‘ »
frequency- then fin  f2 f, 2f f
sample

Amplitude

EECS 247 Lecture 9: SC Filters © 2004 H. K. Page 8




Anti-Aliasing Filter

Desired
Signal Brickwall
Band Anti-Aliasing Redlistic

' Pre-Filter  Anti-Aliasing
g 79 3 § Pre-Filter
E\v.7
< s ZS >
0 2 f 21 f

Casel- B= fmax_SignaI =f42

« Non-practical since an extremely high order anti-aliasing filter (close to
an ideal brickwall filter) is required

¢ Practical anti-aliasing filter ©>Nonzero filter "transition band"

¢ In order to make this work, we need to sample much faster than 2x the
signal bandwidth

->"Oversampling"
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Practical Anti-Aliasing Filter

Desired
SBIgEZl Parasitic
W Tone
- [ e
7 \\ .
Case2 - B= fmax_SignaI << f5/2 fJ2 B f f
« More practical anti-aliasing
filter
* Preferable to have an anti-
aliasing filter with: >
. f

->The lowest order possible

->No frequency tuning
required (if frequency
tuning is required then
why use SC filter, just use
the prefilter!?)
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Tradeoff
Oversampling Ratio versus Anti-Aliasing Filter Order

. Bl i
Maximum
Allasmg [R. v. d. Plassche,
Dynamic 6rdB CMOS Integrated
Analog-to-Digital and
Range Digital-to-Analog
U Converters, 2nd ed.,
p.41]
2048 —
Filter Order
FdB_|
et T T T ITTTT T T T TT7TTT fs/finmax
1 2456 B IO N M 50 8GN —
* Assumption-> anti-aliasing filter is Butterworth type
» Tradeoff: Sampling speed vs. filter order
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Effect of Sample & Hold

i i ! TS !
*Using the Fourier transform of a rectangular impulse:

T, sin(pfT,)

||_|(f)|:T_S pfT

p
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Effect of Sample & Hold on

Frequency Response

IH(f) I

TS

E sin(pfT,)
pfT

p

0.5

25
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Magnitude
droop due to
sinx/x effect

voltage

Sample & Hold Effect
(Reconstruction of Analog Signals)

*. | Time domain

ZOH

EECS 247 Lecture 9: SC Filters

© 2004 H. K. Page 14




Sample & Hold Effect
(Reconstruction of Analog Signals)

Magnitude droop
due to sinx/x effect:

Case 1) fg4=fs/4

voltage

Droop=-1dB
(0] .
B/ -1dB Frequency domain
£
£ |
< | | | s s .
fin fS f
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Sample & Hold Effect
(Reconstruction of Analog Signals)

Time domain
Magnitude droop due
to sinx/x effect:

Case 2) ]
f4g=fs/100 <

(O] -
Droop=-0.0015dB 3 / 0.001508 Frequency domain
, =
- High IS |
. . <
oversampling ratio ; >
desirable in fs f
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Sampling Process Including S/H

r‘rr |

'x\ ift IHl
V4
Lo I I
Freq. fr f fs %
Domain _\ T\/—_\/——\
General . .
Signal fg fs Zfs
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First Order S C. Filter

be Té‘*l “ e

Antialiasing Pre-filter
K

&’

fam fg 2f
Output Frequency Spectrum

Switched-Capacitor Filters - problem with aliasing
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Sampled-Data Filters
Anti-aliasing Requirements

Frequency response repests at f., 2f., 3f......

High frequency signalsclosetof,, 2f,,....folds
back into passband (aliasing)

Most cases must pre-filter input to a sampled-data
filter toremovesigna at f> f./2 (nyquist = f .,
< f/2)

Usually, anti-aliasing filter included on-chip as
continuous-time filter with relaxed specs. (no
tuning)
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Example : Anti-Aliasing Filter

Antialiasing Pre-filter

* Voice-band SC filter f,,z=4kHz & f,=256kHz
* Anti-aliasing filter requirements:

— Need 40dB attenuation at clock freq.

— Incur no phase-error from 0 to 4kHz

— Gain error 0to 4kHz < 0.05dB

— Allow +-30% variation for anti-aliasing corner frequency (no tuning)
- Oversampling ratio= 256kHz/2x4kHz=32
- Need to find minimum filter order
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Oversampling Ratio versus Anti-Aliasing Filter Order

Maximum ¢ ]
Aliasing
Dynamic S
Range

= |5t Oinder

Filtér Order

2048 —

3dB_|
ihan T

TTTTTT T T T T TTT

* Assumption-> anti-aliasing filter is Butterworth type

—2nd order Butterworth

& B I 0 M EL R )

[R. v. d. Plassche,
CMOS Integrated
Analog-to-Digital and
Digital-to-Analog
Converters, 2nd ed.,
p.41]

fs/ 2fin_max

_—

->Need to find minimum corner frequency for mag. droop < 0.05dB
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Example : Anti-Aliasing Filter Specifications

— Nomalized frequency for
0.05dB droop - 0.34->
4kHz/0.34=12kHz

— Set anti-aliasing filter
corner frequency for 1
minimum corner frequency  f
12kHz > Nominal corner !
frequency 12x1.3=15.6kHz !

{

— Check if attenuation l
requirement is satisfied for |
widest filter bandwidth > i
15.6x1.3=20.2kHz

— Normalized filter corner 5
freq. to clock i[ !
freq.=256/20.2=12.6

— Check phase-error within

N ol I
P e

Normalized w

4kHz bandwidth From: Williams and Taylor, p. 2-37

gp uonenuany pueqdols
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Example : Anti-Aliasing Filter

Antialiasing Pre-filter

fam f 2f

S S

* Voice-band SC filter f,,z=4kHz & f,=256kHz
» Anti-aliasing filter requirements:
— Need 40dB attenuation at clock freq.
— Incur no phase-error from 0 to 4kHz
— Gain error 0to 4kHz < 0.05dB
— Allow +-30% variation for anti-aliasing corner frequency (no tuning)

->2-pole Butterworth LPF with nominal corner freq. of 15.6kHz & no
tuning

Ease of anti-aliasing = high ratio for fy,;oing / f.348
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Switched-Capacitor Noise

« The mean-squared noise current due to S1 and S2’s KT/C noise is :

i” = (Qf,)’ =2k, TCf?

» This noise is approximately white and distributed between 0 and 42
(noise spectra - single sided by convention)
The spectral density of the noise is:

2

i’ 2k TCf’ otor < AT - R =L
— = —f = " R = usi g 0 =
Df % R, fC

- S.C. resistor noise equals a physical resistor noise with same
value!
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Switched-Capacitor Integrator

for
for  fsignal<« fsampling Vg = STICS dndt

W0=fs'(%5

Main advantage: No tuning needed
-> critical frequency function of ratio of caps & clock freq.
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SC Integrator

f
Vin ¢1 f2

= Vi )2 L
C
T Cs Vo T Vo

f, High f, High
- C, Charged to Vin -Charge transferred from C, to C,
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Continuous-Time versus Discrete Time
Design Flow

Continuous-Time

Write differential equation
Laplace transform (F(s))
Let s=jw > F(jw)

Plot |F(jw)|, phase(F(jw)

Discrete-Time

Write difference equation, - relates
output sequence to input sequence

Vo(nTs):\ﬂ [(n- 1)TS] T e

Use delay operator Z* to transform
the recursive realization to algebraic
equation in Z domain

Vo (2)=Z M (2).......
Set z= elWT

Plot mag./phase versus frequency
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SC Integrator

5 fl f2 fl f2 | fl }-Clock
- =1 e &;."...‘ a ?IE
- R ~} vin
& ¢ —_— LT
=nom < PR 5 - J : : Vs
0 5 g i
o |
1 S 1 Vo
& L=
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(n'3{2)Ts n-1T,
:

SC Integrator

(U2)Ts s (n+1Ts
fi f, f, f, fi }.Clock
a = 3 24 1 an
dme fuf
i e 7 Vin
i r——' v
u it T - e -
: 4 i3 1 Vo
& -

F,~> QS[(n-l)TJ: CVI(MDT), QIM-DTI=Q[(n-32)T]

F,> QJ(n12TJ=0 |,
F, > QInT]=CVi[nT,],

Since V= -Q,/C, & V;= Q,/C,

Q (12 T) = Q [(n-312) T + Q,[(n-1) T

[ QInTI= Qi) T,1 + Q)T

2> C V,(nTY) = C V,[(n-D) T, ] -C.V; [(n-1) T,]
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Discrete Time Design Flow

» Transforming the recursive realization to
algebraic equation in Z domain:

— Use Delay operator Z :
NTs. i, ®1
(L P P ®2z1
gNn-1/2)Tel ... ® 2" 12
gN+1)Tel e, ® z+1
gN+1/2)Tl oo ® z+1/2
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SC Integrator

- G Vo(nTs)=- C; Vogn- 1)Tsir+CsV; g n- 1)Tst
Vo(nTs)=Vogn- L)Tsj &V;ndn- 1)Ts}
Vo(2)=Z" No(2)- Z' L&V, 2)

Y 5
70(2):_(%5 z-1

-7 T ™
in L2z N .
DDI (Direct-Transform Discrete Integrator)
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z-Domain Frequency Response

¢ LHP singularities in s-plane map
into inside of unit-circle in Z domain L
« RHP singularities in s-plane map ~ /Mag. axis in
into outside of unit-circle in Z s domain _—— T~
domain e ~
¢ The jw axis maps onto the unit circle \,
« Particular values: /
- f=0-> z=1 / \
- f=f2 > z=-1 I
« The frequency response is obtained f=fJ2

by evaluating H(z) on the unit circle
at

Z = €T = cos(WT)+jsin(wT) \ f=0

e Once z=-1 (f//2) is reached, the \ /
frequency response repeats, as \
expected

* The angle to the pole is equal to N\
360° (or 2p radians) times the ratio N P
of the pole frequency to the Se_lL--
sampling frequency LHP in s domain
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Switched-Capacitor Direct-Transform
Discrete Integrator

Vi
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DDI Integrator
Pole-Zero Map in z-Plane

Z-1=0 > Z=1
on unit circle

Pole from f>0
in s-plane mapped to
z=+1

As frequency
increases z domain
pole moves on unit
circle (CCW)

Onces pole gets to
(2=-1),(f=, 12),
frequency response
repeats

¢ z-plane

™ ~w

~
N\

\
\ i
increasing
1)
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DDI SC Integrator

\ , -1
i(z):.& z —
y I 1-z
in
M 7=.Cs- 1 —alWT
(2)= o 71 2=¢
Vin
=G 1

G oWl
Seriesexpansion for X

2 3 4
X _ XS, X7, X
e _1+X+ﬁ+§+ﬂ _____

Vo Cs- 1
—(wW)=-2" < 0
s L2 3 u
v t?lJrJ.V\,TJr(JV;IT) +(J";IT) ol
= - CS' 1
C 2 3
) wT wT
. 0T O,
for wT <<1
Vo G- 1
—(W)=- =" ——
v (w) CijwT
SinceT =1/ fg
A G- f 1
“O(w)=- & 2=
y C s~ CiRgs

® ideal

integrator
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DDI

SC Integrator

= Gs-
Ci

1 -G
1. eWT C
— _iGCs - jwT/2-

Cs 1 wT/2

TG wT

§#
Ideal Integrator)

sin(wT /2)

e jwr/2
e WT/2_ eij/2

1

2sin(wT /2)

& wr /2

e
%H&\ esag(d(

Magnitude Error
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DDI SC Integrator

Vfo(z): G 1 - W2 . jwT/2
\Y] EI_IV—"T sin(wT /2) S E“d

Ideal Integrator) Magnitude Error

Example: Mag. & phase error for:
1- f/fs=1/12 > Mag. Error = 1% or 0.1dB
Phase error=15 degree

Qintg =-38
_ DDI Integrator
2- f/fs=1/32 > Mag. Error=0.16% or 0.014dB > magnitude error no problem

Phase error=5.6 degree phase error major problem
ng =-10.2
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Switched Capacitor Filter

sjw  Build with DDI Integrator
N AW
] W -
. s-plane s-plane
1 Coarse View - Fine View
‘ s — N
J—— »
- Example: 5th Order o ’
4 Elliptic Filter
! Singularities pushed . + Pole
1™Ws towards RHP due to - * Zero
' integrator excess phase
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Switched Capacitor Filter
Build with DDI Integrator

‘H ( jw)\ Passband
4+ = Peaking
SC DDI base

Filter

.0
£y

Zeros lost!

g
. .
y o=

. fs/2 fs 2f f
Continuous-Time
Prototype
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SC Integrator

Sample output Y2 clock cycle earlier
- Sample output on f 2
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SC Integrator

(n-3{2)T5 (n—l‘)TS (nil/2)TS nT, (n+1)Ts

b f B f ) f N f ) | f 1 i Clock

E a = 1 LI 1 an
e il === - 7} vin
:m.';- == J ! J_____'- E Vs

u i T - o

5 T

a1 Bt = | I Vo

5 -

Fio QU-DTI= GV, [(-DT)
F,> QJ(n12TJ=0 |,
Fo > QIT,1=CV[nT,],
F,> Qs[(n+ﬂ2)TJ=0 ,

» QLT = QL(n-32)T]

QU2 T = Q [(n-312) T] + Qs [(n-1) T
Q [nT,] = Q[(n-1) Tg] + Qu[(n-1) T
QIMYUT]=Q[(NU2)T]+QnT] |
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LDI SC Integrator

LDI (Lossless Discrete Integrator) > f
same as DDI but output is sampled %2 Vi

clock cycle earlier

LDI
S
Vio(z):_ﬁ z 12 7z =Wl
C _7-1 ]
Vin re
_ _GCs- e WT/2 _ cq.

_ j&' 1
G 2sin(wT/2)

=.GC 1 - _wI/2
Ci jwr sin(wT/ 2)
R

Ideal Integrator) Magnitude Error

C 1€ wT C e wrT/2_ e+]le 2

No Phase Error!
For signals at frequency <<sampling freq.
- Magnitude error negligible
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Frequency Warping

* Frequency response
— Continuous time (s-plane): imaginary axis
— Sampled time (z-plane): unit circle

» Continuous to sampled time transformation
— Should map imaginary axis onto unit circle

— How do SC integrators map frequencies?

c, z%
Hel@d=c 1
int
_c 1
Ci 2jsinpfT
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CT — SC Integrator Comparison

CT Integrator SC Integrator
e Ho(@)= o2
re(S) =- o e, -7t
1 - G 1
= it © G, 2jsinpfeT

Identical time constants:
t =RC= G
fSCS

Compare: Hrc(fre) = Hselfsc) 2

f, . &
fre =Esm§p

<+
2

fs
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LDI Integration

. & o]

. fre = Ty ngp AEY

. p f. o
08 * “RC”frequencies up to f/p
07t E map to physical (real) “SC”

frequencies
o 0.6

JBos * Frequencies above f,/p do

04t , not map to physical
frequencies

* Mapping is symmetric about
01 fs/2 (aliasing)

L L L L
0 0.05 0.1 0.15 0.2 0.25 03 0.35

« “Accurate” only for fgc <<f
frc /f Up ReoTe
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Switched Capacitor Filter

Build with LDI Integrator
H(jw)

Zeros Preserved

T2t A& f
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SC Integrator
Parasitic Sensitivity

C
¥ f qi f 2 I I[
Vin & L
Vo
szl
Cp3 CS I J:
i I L Cp1-=L

Effect of parasitic capacitors:
1- C,,; - driven by opamp ok.
2-C,, - at opamp virtual gnd ok.
3- C3—Chargesto Vin & dischargesinto C,

-> Problem parasitic sensitive
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SC Integrator
Parasitic Sensitivity

Vi-

Vi+

Effect of parasitic capacitors:

1- C,,; - driven by opamp ok.

2-C,, - at opamp virtual gnd ok.

3- C, - driven by Vi+ or gnd ok.

4-C,,—Chargesto Vi- &
dischargesinto C,

- Problem parasitic sensitive
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Parasitic Insensitive
Bottom-Plate SC Integrator

Sensitive parasitic cap. > C; = rearrange circuit so that C,; does not
charge/discharge

f 1=1 > capacitor grounded

f 2=1 > capacitor at virtual ground

Vo
Solution: Bottom plate capacitor integrator
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Bottom Plate S.C. Integrator
i f, b B ™
Vol
fs
! 0l Vo2
Vi+ 1
Vi-
Vol Vo2
on f1 on f2
. 7! z-%
Vi+
Input/Output z-transform on f1 | 1-Z 1 1-71

Note: Delay from Vi+ and Vi- to
output is different i }/
- Special attention needed to z/2 -1

. ) Vi-
input/output connections on £2 1-71 1-71
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Bottom Plate S.C. Integrator
z-Transform Model

°Vol

;Yo vo2
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LDI Switched Capacitor Ladder Filter

Delay around integ. Loop is (Z'¥2x Z+¥2=1) =» LDI function
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Switched Capacitor LDI Resonator

Resonator Ly
Signal Flowgraph {F

fl f2 ali
& ) T oo S e =
S w fl ]:i
= 'f‘::_

g ;1

_ 1 _..9

W=t =f
PRS2 3G
1 f,Cg

Wh=—"—"—=
2" RggCa 3G
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Fully Differential Switched Capacitor

Resonator
f, f, =
Ll s B e
=g
fe —s—
F-f:ﬁ* |
=
t\b—_lr_ i |
‘s = |
el e o
3 —
2=Cy
c" -fl f2
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Switched Capacitor LDI Bandpass Filter
Continuous-Time Termination

Bandpass Filter
Signal Flowgraph
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Switched Capacitor LDI Bandpass Filter
Continuous-Time Termination

fo:if - C].
2's G .
fo
Df =&
3dB
S 1, 9%
P S GGy

Both accurately
determined by
cap ratios & clock
frequency

Magnitude (dB)

fO Frequency
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Fifth Order All-Pole LDI Low-Pass Ladder Filter
Complex Conjugate Terminations

J ‘ﬂ W

\
Termination
Resistor

Voul

Termination 1 I
Resistor ")

«Complex conjugate terminations (alternate phase switching)

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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Fifth Order All-Pole Low-Pass Ladder Filter
Termination Implementation
5=
— ldeol
—— Comples conjigale )
w=== Eatrn hofl deloy e
S oo+
=
£
g
= -5
L] T T T T T
an (%] oA & os L
Fromency In KHr
Ref:

Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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Sixth Order Elliptic LDI Bandpass Filter

Transmission
Zero

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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Use of T-Network

Ca
¢, [ —-TI Cy Cy
me—tl —0 iy E-'-E""'IICE 1 .
2 u—-” - §-——3 -2 L3 C u \"2
c £ Lg -
L 1 % T2
C, Ly
CaiCy= 100:] G030y m L BuARA

High Q filter - large cap. ratio for Q & transmission zero implementation
To reduce large ratios required - T-networks utilized

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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Sixth Order Elliptic Bandpass Filter
Utilizing T-Network

=l

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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S.C. Resonator

rJ;D,_

. 1—4@]}1'@

Regular sampling
Each opamp busy settling only during one of the clock phases
- Idle during the other clock phase
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S.C. Resonator Using Double-Sampling

Double-sampling:

Cg
1
«2nd set of switches & sampling € Lr, _FL' o

caps added to all integrators

*While one set of switches/caps
sampling the other one
transfers charge into the intg.
cap

«Opamps busy during both -t
clock phases

«Effective sampling freq. twice
clock freq. while opamp
bandwidth stays the same
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Double-Sampling Issues

GAIN

parasitic
possbonds

|

|

]
o fcI ock fS

Issues to be aware of:
- Jitter in the clock
- Unequal clock phases
-Mismatch in sampling caps.
-> parasitic passbands

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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Double-Sampled Fully Differential S.C. 6t Order
All-Pole Bandpass Filter

L
" WA —

Ref:  Tat C. Choi, "High-Frequency CMOS Switched-Capacitor Filters," U. C. Berkeley, Department of Electrical
Engineering, Ph.D. Thesis, May 1983 (ERL Memorandum No. UCB/ERL M83/31).
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