EE247
Lecture 9

« Switched-Capacitor Filters
—“Analog” sampled-data filters:
¢ Continuous amplitude
¢ Quantized time
— Applications:

« First commercial product: Intel 2912 voice-band
CODEC chip, 1979

¢ Oversampled A/D and D/A converters

 Stand-alone filters
E.g. National Semiconductor LMF100

Switched-Capacitor Filters
Today

» Emulating resistor via switched-capacitor
network

» 1st order switched-capacitor filter
» Switch-capacitor filter considerations:
— Issue of aliasing and how to avoid it
— Tradeoffs in choosing sampling rate
— Effect of sample and hold
— Switched-capacitor filter electronic noise
— Switched-capacitor integrator topologies
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Switched-Capacitor Resistor

fy f,
« Capacitor C is the “switched
capacitor” Vin _go—-[‘s/g_ Vourt
* Non-overlapping clocks f, and f, c

control switches S1 and S2,
respectively

* v, is sampled at the falling edge of =

fl
— Sampling frequency fg
. ful I
* Next, f, rises and the voltage across
C is transferred to v f, 1 |
* Why does this behave as a resistor? 1/ —
B}

Switched-Capacitor Resistors

* Charge transferred from v, to
Vour during each clock cycle is:

f_l f_z
Vin o | «o Vout
S1 S2
Q= C(Vin—Vour) c

« Average current flowing from
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Vi 10 Vgur is: —
i=Qit=Q.fg f, ] |
Substituting for Q: fy [ 1 1
i =fsC(vin—Vour) — T=1/f,—
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Switched-Capacitor Resistors

i = fsC(Vin—Vour)

With the current through the switched- ViN —./o]_—/o— Vour
capacitor resistor proportional to the S1 S2
voltage across it, the equivalent

“switched capacitor resistance” is:

Switched-Capacitor Filter

« Let's build a “switched- capacitor
" filter ...

« Start with a simple RC LPF

* Replace the physical resistor by
an equivalent switched-
capacitor resistor

¢ 3-dB bandwidth:

¥

Reo

VIN_/\/\/ Vout

T

S;’—-I_VOUT
I T

Req= fs% =
Example: fal [
fs=1MHz,C=1pF f, 1 1
® Req:1MegaW — T=1/f,—>
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Switched-Capacitor Filters Advantage versus
Continuous-Time Filters

f 1 f.z Req

ANy
Vin _goj__.s/;lvout Vin out
ICl ICZ
= = I

G fag=o—"
f 308 — a) fs C, 2p Rﬂ]CZ
* 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 filters> inherent corner frequency accuracy
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Typical Sampling Process
Continuous-Time(CT) b Sampled Data (SD)

Continuous-
Time Signal /

|~

I -

\ time
\

Sampled Data

Sampled Data
+ZOH

Clock
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Uniform Sampling

Nomenclature:
x(kT) © x(k)

Continuous time signal  x(t)

Sampling interval T
Sampling frequency fg=1T ;
Sampled signal x(KT) = x(k) Y

Amplitude
| |
| |
I\
a
| |
a

« Problem: Multiple continuous time
signals can yield exactly the same HE
discrete time signal JEE N S T

«  Let's look at samples taken at 1ns P
intervals of several sinusoidal :
waveforms ... time
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Sampling Sine Waves

Sampling Sine Waves

e

f, = IMHz
f,, = 899kHz
()
[=2]
©
= E T
S time

it

v(t) = - sin [2p(899000)t]
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T=1ns
f, = 1/T = IMHz
f,, = 101kHz
]
g
° ti
S YT Ime
\
v(t) = sin [2p(101000)t]
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Sampling Sine Waves
TN = 1ms
! f, = IMHz
. f,, = 1101kHz
g - '
é ! time
.
v(t) = sin [2p(1101000)t]
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Sampling Sine Waves
Problem:
Identical samples for:
v(t) = sin[2p fit]
v(t) = sin[2p(fi+f)t]
v(t) = sin[2p(fi-f)t]

->Multiple continuous time signals can yield
exactly the same discrete time signal
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Sampling Sine Waves
Frequency Spectrum

Frequency Domain Interpretation

Frqquency domain
Signal scenario :T
|

before sampling ™

Amplitude
o

—

L

§ Frequency domain
Signal scenario = H
- "
after sampling & g t a
filtering <
fin {412 fg 2f f

Key point: Signals @ nfsz f ggn fOld back into band of interest
—>Aliasing
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% A4 Time domain
Bl Al e
; IL‘-« It
i \f e
p Q‘ ] | I ‘ ‘ | ime
Before Sampling Frequency domain After Sampling
[} [}
© leetl i fo+f i
2 okt | 1omkHz | E
E T FER | |
< | T! t 4y |, < |
fin f 2. T fin i 2 . T
101kHz R 101kHz 1MHz
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Aliasing

» Multiple continuous time signals can
produce identical series of samples

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

« If aliasing occurs, no signal processing
operation downstream of the sampling
process can recover the original
continuous time signal
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How to Avoid Aliasing?

Must obey sampling theorem:
fn'ax_Sgnal < f5/2
Two possibilities:
1. Sample fast enough to cover all spectral

components, including "parasitic" ones
outside band of interest

2. Limit f ., g4 through filtering

How to Avoid Aliasing?

1- Push
sampling
frequency to x2
of the highest

Amplitude
>

i Frequency domain

oo

freq.

f.
- In most cases n fs oa

not practical

2- Pre-filter
signal to
eliminate
signals above

Amplitude
—

Zf;_dd ........ @f

Frequency domain

f

fJ2 then sample T

f 2f f
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Anti-Aliasing Filter Considerations

Desired
Signal Brickwall
Band Anti-Aliasing Redlistic
| PreFilter  Anti-Aliasing

= T&({T Filter

NS

Amplitude

S

i

}

% |
0 )2 f 2 . f

Casel-B=fia gona = fs/2

« 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"

Practical Anti-Aliasing Filter

Case2 - B=f 5 ggna <<f42

More practical anti-aliasing filter

Desired
Signal Parasitic
'?a”d Tone

\\ ; iAttenuation

<

2 B  .f

Preferable to have an anti-
aliasing filter with:

->The lowest order possible

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

Maximum 4 e (T P //
Aliasing J,-' P
Dynamic s A ke
Range &

(LR

i
- e
Filter Order
= T T T T 7 TTIT fs/fin-max

= ' >
* Assumption-> anti-aliasing filter is Butterworth type (not a necessary requirement)

>Tradeoff: Sampling speed versus anti-aliasing filter order

Ref: R. v. d. Plassche, CMOS Integrated Analog-to-Digital and Digital-to-Analog Converters, 2nd
ed., Kluwer publishing, 2003, p.41]

Effect of Sample & Hold

T

.

*Using the Fourier transform of a rectangular impulse:
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_ T, sin(pfT,)
H(f)|=2 222
T, pfT,
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Effect of Sample & Hold on
Frequency Response

T, sin(pfT
08 |H(f)|:—"7(p )
0.7 T§.~: T T, pfT,

More practical
0.6

abs(H(f))

s Ti=05T,

0.3
0.2 1

0 0.5 1 15 2 25 3
f /1

Sample & Hold Effect
(Reconstruction of Analog Signals)
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/|| Time domain
_ [
T,=T, g
°
>
Magnitude 2 H(f)_s’n(p fTy) Frequency domain
droop due % " /Ty
to Sinx/x £
effect < U S o
fin fs 2f5 ........ f
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Sample & Hold Effect
(Reconstruction of Analog Signals)

Magnitude droop
due to SiNX/X T - )
A5
effect: o/ |\ AR Time domain
g | S
= : / ] ]
Case 1) fg=f./4 S V] Ll fime
i / \
3 / 3\ ,1"
4|/ A
(]
°
2
Droop= -1dB g
<
f
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Sample & Hold Effect
(Reconstruction of Analog Signals)

Time domain
Magnitude droop due
to sinx/x effect:

Case 2) ,:;
fsig=f5/32

[} -
Droop= -0.0035dB S 0.0035dB Frequency domain
£
- High g
oversampling ratio r
desirable
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Sampling Process Including S/H

H(2)
e.g. (S.C.F)
VI

/

Time /

Domain .
\ t

,
w
V,

sl b byy
Freq. 4" ! 2 < %
e[l DOV ANAA
Signal  f, f,  of, fo 2f,
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1st Order Filter
Transient Analysis

1st Order RC / SC LPF i SC response
b= Tt s extra delay and steps v il
es5ths Impractical finite rise time.
s0m el
\‘/‘J
- s

an
§

l ipf 300m
I s

exaggerated

X

soom

No problem

time (5]
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1st Order Filter
Transient Analysis

Vo_se_zor

i

700m

* ZOH: Emulates an ideal S/H-> pick
signal after settling g
(usually at end of clock phase) coom r

« Adds delay and sin(x)/x distortion

* When in doubt, use a ZOH in » T
periodic ac simulations

su  70u  eow  sow 00w
time [s]
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Periodic AC Analysis

1st Order RC / SC LPF

@it

b
-
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Magnitude Response

| Sinc due to ZOH
{

lom o 1. RC filter output

RC filt

‘putp:.ner 2. SC output after ZOH
v 3. Input after ZOH

4. Corrected output

Corrected output * (2) over (3)

no ZOH

* Repeats filter shape
i J around nfg
SC output « Identical to RC for
«|after ZOH f<<f42
1 o ! 1
fs 2f 3
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.

.

Periodic AC Analysis

SPICE frequency analysis
— ac linear, time-invariant circuits
— pac linear, time-variant circuits

SpectreRF statements

V1 ( Vi 0) vsource type=dc dc=0 mag=1 pacnag=1
PSS1 pss period=1u errpreset=conservative

PACL pac start=1 stop=1M1in=1001

Output
— Divide results by sinc(f/f) to correct for ZOH distortion
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rc
si
ah

@@

ERRARKR

CLi

V1

Spectre Circuit File

_pac
nul ator | ang=spectre
dl _i ncl ude "zoh. def"

Vi ¢l phil 0 ) relay ropen=100G rcl osed=1 vt1=-500m vt 2=500m

cl Vo_sc phi2 0 ) relay ropen=100G rcl osed=1 vt 1=-500m vt 2=500m

cl 0 ) capacitor c=314.159f

Vo_sc 0 ) capacitor c=1p

Vi Vo_rc ) resistor r=3.1831M

rc ( Vo_rc 0 ) capacitor c=1p

K1_Vphi1l ( phil 0 ) vsource type=pul se val 0=-1 val 1=1 peri od=1u
wi dt h=450n del ay=50n rise=10n fal | =10n

K1_Vphi 2 ( phi2 0 ) vsource type=pul se val 0=-1 val 1=1 peri od=1u
wi dt h=450n del ay=550n rise=10n fal | =10n

( Vi 0) vsource type=dc dc=0 nmag=1 pacmag=1

O~~~ o~ —~

PSS1 pss period=1u errpreset=conservative

PACL pac start=1 stop=3.1M | 0g=1001

ZOHL ( Vo_sc_zoh 0 Vo_sc 0 ) zoh period=1u del ay=500n aperture=1n tc=10p
ZOH2 ( Vi_zoh 0 Vi 0 ) zoh period=1u del ay=0 aperture=1n tc=10p
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ZOH Circuit File

/1 Copy from the SpectreRF Primer

modul e zoh (Pout, Nout, Pin, Nin) (period,
delay, aperture, tc)

node [V,1] Pin, Nin, Pout, Nout;

paraneter real period=l from (0:inf);
paraneter real delay=0 from[0:inf);
paraneter real aperture=1/100 from (0:inf);
paraneter real tc=1/500 from (0:inf);

integer n; real start, stop;
node [V, 1] hol d;
anal og {
/1 deternine the point when aperture
begi ns
n = (Stime() - delay + aperture) / period
+0.5;

start = n*period + delay - aperture;
$br eak_poi nt (start);

/1 deternine the time when aperture ends
n = (Stime() - delay) / period + 0.5
stop = n*period + del ay;

$br eak_poi nt (stop);

/1 Inplement switch with effective series

/1 resistence of 1 Chm

it ((Stime() > start) & (Stime() <= stop))
I(hold) <- V(hold) - V(Pin, Nin);

el se
I(hold) <- 1.0e-12 * (V(hold) - V(Pin, Nm)):

/1 \nplement capacitor with an effective
/1 capacitance of tc
I(hold) <- tc * dot(V(hol d));

/1 Buffer output
V(Pout, Nout) <- V(hold):

/1 Control time step tightly during

/1 aperture and | oosely otherwi se

it ((Stime() >= start) & (Stime() <= stop))
Sbound_step(tc);

else
$bound_st ep( per i od/ 5) ;
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First Order S.C. Filter
f, f)

<

time |

Antialiasing Pre-filter

fam fs 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;, 3fs.....
High frequency signals closeto f,, 2f,....folds

back into passband (aliasing)

Most cases must pre-filter input to a sampled-data

filter toremovesigna at > /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 Requirements
Amialiasir']g Erefihe’

» Voice-band SCfilter fsz=4kHz & f,=256kHz
« Anti-aliasing filter requirements:

— Need 40dB attenuation at clock frequency

— Incur no phase-error from 0 to 4kHz

— Gain error 0 to 4kHz < 0.05dB

— Allow +-30% variation for anti-aliasing corner frequency (no
tuning)

Need to find minimum required filter order
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Oversampling Ratio versus Anti-Aliasing Filter Order

Maximum t e (Y S //
Aliasing S/ il e
Dynamic oy ,-"f L ke
Range F F
I Y2
_H ,.-(-"': ________--'T:n.-..
il ﬁ_o Filter Order

LS I L ]‘Slfin max

Y P E e
* Assumption-> anti-aliasing filter is Butterworth type

- 2nd order Butterworth
->Need to find minimum corner frequency for mag. droop < 0.05dB
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Example : Anti-Aliasing Filter Specifications

« Normalized frequency for
0.05dB droop: need perform
passband simulation-> 0.34->
4kHz/0.34=12kHz

« Setanti-aliasing filter corner
frequency for minimum corner "
frequency 12kHz > Nomina I
corner frequency I
12kHz/0.7=17.1kHz

« Check if attenuation requirement
is satisfied for widest filter i
bandwidth > |
17.1x1.3=22.28kHz

« Normalized filter clock -.l

|

gap uonenuany pueqdols

frequency to max. corner freg. |
->256/22.2=11.48-> make sure

enough attenuation

¢ Check phase-error within 4kHz
bandwidth: simulation

Normalized w
From: Williams and Taylor, p. 2-37
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Example : Anti-Aliasing Filter
Antialias'r)g Erefilte

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

— Need 40dB attenuation at clock freq.

— Incur no phase-error from 0 to 4kHz

— Gain error 0 to 4kHz < 0.05dB

— Allow +-30% variation for anti-aliasing corner frequency (no
tuning)

->2-pole Butterworth LPF with nominal corner freq. of 17kHz & no
tuning (12kHz to 22kHz corner frequency )
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Summary

Sampling theorem > ;> 2f ., ggu

Signals at frequencies nfgt fy, fold back down to desired signal
band, fgq

- This is called aliasing & usually dictates use of anti-aliasing
pre-filters

Oversampling helps reduce required order for anti-aliasing filter
S/H function shapes the frequency response with sinx/x
- Need to pay attention to droop in passband due to sinx/x

If the above requirements are not met, CT signal can NOT be
recovered from SD or DT without loss of information

Switched-Capacitor Noise

f1 f2
Vv —/ ’o— vV
IN Slo | .82 ouT
T

Resistance of switch S1
produces a noise voltage on C
with variance kT/C

The corresponding noise charge
is Q2=C2V2=kTC
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» This charge is sampled when S, —_—
opens
fi I
f, 1 |
— T=1/f,—
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Switched-Capacitor Noise

fl f2
: : v
N .Sl 820 out
T

Resistance of switch S2
contributes to an
uncorrelated noise charge
on C atthe end of f,

Mean-squared noise charge

transferred from v, to v 1 -
each sample period is
Q?=2kTC fil I
f, 1 1
— T=1/f,—

Switched-Capacitor Noise

The mean-squared noise current due to S1 and S2's kT/C noise is :

i”=(Qf.)" =2k, TCHt?

This noise is approximately white and distributed between 0 and fJ2
(noise spectra - single sided by convention)
The spectral density of the noise is:

.2
|

Df

2k TCf’ Caeror AT using R =L
i/ TR QT
A REQ fsC

- S.C. resistor noise equals a physical resistor noise with
same value!
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ahdlinclude "zoh.def”

Periodic Noise Analysis

Sampling Noise from SC S/H

Vi
“00ns

tiist
simOptions optons eltl=10u vabstol=1n iabstol=1p

l_- vie ’—- Ve hold
PNOISE Analysis_ prIs:

SpectreRF PNOISE: check
noisetype=timedomain

so0k0nm
® st
e
l T ot Fom 1 20 O 3037 st
zomw
< T = 100ns.
I or
so0i0mm
w

Voltage NOSE
l NoISEL noisetimepoints=[...]
- as alternative to ZOH
l noiseskipcount=large

- might speed up things in this case

PSS pss peri od=100n nexacfreq=1.5G errpreset =conservative
PNO SE ( Vrc_hold 0 ) pnoise start=0 stop=20M | i n=500 naxsi deband=10
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Sampled Noise Spectrum

{
1
i
i
i
|
|
Density of sampled noise Sampled noise normalized
including sinc distortion density corrected for sinc
distortion
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Total Noise

Sampled noise in

0 ... fJ/2: 62.2nV rms

] (expect 64nV for 1pF)

Normlized Total Noise. S/(kT/<)

" ealha
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Switched-Capacitor Integrator

il I
i f, 1 1

— T=1/f,—
for  fsignal<<fsampling

fs Cs
®Vo-—¢ Oindt

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

fi] |
f2
C
" :
Vin_ & Vin
’I Cs 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 Discrete-Time

+ Write differential equation : Wrtite tdifference etqu_atio? > relates
« Laplace transform (F(s)) output sequence to input sequence

« Let ssjw > F(jw) Vo(nNTs)=V [(N- 1)Tg] - .vvvns

. ) * Use delay operator z1lto
* Plot |F(jw)|, phase(F(jw) 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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Switched-Capacitor Integrator

SHER f, f, f, f, |} zciock
.. - == __' araii] =4 _'_' )
B :l e [ vin
.“EJ T i _L"- | __.E.IVS
3 Y ! [‘VO
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Switched-Capacitor Integrator
(n-3’/2)T5 (n—l')TS (nyU2)Ts Nl (+1)Ts

.] f, f, f, f, f, |I Clock

sai fa]

,,_J 7 —__'Il-vm

= S . |

'.I : e 1 Vo
Fi2> Qln-DTJ=CVi[(n-DTJ, QI(n-1TJ=Q[(n-3/2)T]
F,> Q(n-1/2)TJ=0 , QINU2TY=Q[(n1)TJ + Q[(n-1) TJ
F, > QIMLI=CVnT], | QI]=Q[M)T,]+QInYTJ |

Since V= - QIC, & V, = Q,/ C,~> C, V,(nT) = C, V, [(n-1) T,] -C,V, [(n-1) T,]
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Discrete Time Design Flow

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

— Use Delay operator Z :

Switched-Capacitor Integrator

-C Vo(nTs)=- C Vogn- 1)ng+CsVingn- l)TsH
Vo(nTs)=Vogn- 1)Ts- &Vip&n- 1)Ts}
Vo(2)=Z No(2)- 7 18V, (2)

VO __Cs/| z-1
(Z)_-Cis \\
Vin -2 S

o
DDI (Direct-Transform Discrete I ntegrator)

NTseiiiiiiiiinnd ® 1
gn- LTslcooeen ®z1
gn-1/2)Tsll......... ®z Y2
gn+1)Tel oo ®z*
gn+1/2)Tgll-.o.onn: ® z*+12
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z-Plane Characteristics

» Consider variable Z=esT for any Sin left-half-plane
(LHP):
S=-atjb
Z= edT  elbT= el (coshT + jsinbT)
|Z|]= e | angle(Z)= bT
-> For values of Sin LHP |Z|<1
- For a=0 (imag. axis in s-plane) |Z|=1 (unit circle)
if angle(Z)=p=bT then b=p/T=W
Then w=wy2

z-Domain Frequency Response

LHP singularities in s- Z plane imag. axis in
plane map into inside of cpane s domain
unit-circle in Z domain ¥

RHP singularities in s-
plane map into outside of
unit-circle in Z domain
The jw axis maps onto the
unit circle

LHP in s doméi

n
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z-Domain Frequency Response

¢ Particular values: P
-f=0->12z=1 ’
- f=fJ2 > z=-1 /
« The frequency response is 1
obtained by evaluating f=1/2

H(z) on the unit circle at !

z = eWT = cos(WT)+jsin(wT)
¢ Once z=1 (f/2) is reached, \

the frequency response

repeats, as expected S
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z-Domain Frequency Response

e The angle to the pole

DDI Integrator

Pole-Zero Map in z-Plane

Z-1=0 > Z=1
on unit circle o f
- - ™~
, ~
Pole from f>0 V S
in s-plane mapped to 4
z=+1 /

Nt

z-plane

1
increasing
(1)

As frequency _

: . f=1f/2
increases z domain s 1
pole moves on unit
circle (CCW)

Once pole gets to (Z=- A 7’

1),(f=f; 12), frequency ~ -
response repeats
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is equal to 360° (or s RN
2p radians) times the .7 3
ratio of the pole ’ ‘\
1
\
frequepcy to the f=f)2 ‘
sampling frequency 1 P
\ I‘
\ ’
\ s
S v,
s ~ -~ - - -
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DDI Switched-Capacitor Integrator
Vo -_GCs- 1
—-(w)=- &' 7 - - -
in ! %+JWT+7(J\'\ZIT)2+7(JV;T)3+....t::,1
] i : ]
Vo ;5. Cs- 771 =G 1
—(2)=-5~ 1 9] T2 (w7
Vin b1z Jwr - (WZ!) +(W3!) o
f T<<l
Vi(z):_%' 1 z-lwWT o
¢ z-1 VO(W)—_EL
Vin Vin C wT
- . 1 - i =
=g eij_ . = 3nceT 1/ fs f
Seriesexpansion for eX VfO(W)L C% f; S ’%eqs
2 3 .4 in
ex:1+x+’£—!+§7+% ..... ® ideal integrator
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