EE247
Lecture 9

» Switched-capacitor filters (continued)
— Example of anti-aliasing prefilter for S.C. filters

— Switched-capacitor network electronic noise

— Switched-capacitor integrators
» DDl integrators

* LDl integrators
— Effect of parasitic capacitance
— Bottom-plate integrator topology

— Switched-capacitor resonators

— Bandpass filters

— Lowpass filters

— Switched-capacitor filter design considerations
» Termination implementation
» Transmission zero implementation
« Effect of non-idealities
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Sampling Sine Waves
Frequency Spectrum

Continuous-Time

®
Signal scenario E 600kHz 1 2MH:z
before sampling S T 4 | 1.7MH]
< | | ? }
fi Jis 2.
100kHz IMHz
Discrete Time

Signal scenario
after sampling

Amplitude

0. 03 g5

1

Key point: Signals @ nfs =/, signa fold back into band of interest-> Aliasing
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First Order S.C. Filter

2 o,

Vin _.:/OT‘:/O_-l_Vout Vo
Vin S1 S2 Yy
A I I° )

IH(

fm f, 2f,
Output Frequency Spectrum prior to hold

Switched-Capacitor Filters = problem with aliasing
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First Order S.C. Filter

ZB ¥

oS T e

Vin S$1 S2
om0 TE )

Antialiasing Pre-filter

N\

i f, 2f,
Output Frequency Spectrum prior to hold

Switched-Capacitor Filters > problem with aliasing
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Sampled-Data Systems (Filters)
Anti-aliasing Requirements

» Frequency response repeats at f;, 2f;, 3f......

+ High frequency signals close to f;, 2f; ,....folds back into
passband (aliasing)

* Most cases must pre-filter input to sampled-data systems
(filter) to attenuate signal at:

> 1.2 (nyquist 2f,,. <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

Antialiasing Pre-filter

Wi

348 f 2f

* Voice-band CODEC S.C. filter high order low-pass with f;,, =4kHz &
f,=256kHz

* Anti-aliasing continuous-time pre-filter requirements:

—Need at least 40dB attenuation of all out-of-band signals which can
alias inband

— Incur no phase-error from 0 to 4kHz
— Gain error due to anti-aliasing filter 2 0 to 4kHz < 0.05dB

— Allow +-30% variation for anti-aliasing filter corner frequency (no
tuning) Need to find minimum required filter order
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Oversampling Ratio versus Anti-Aliasing Filter Order

Maximum ¢t =]
Aliasing
Dynamic f0dam
Range
RaLE | R

2048 —

Filter drder
3dB_| H

vdn T T TTTTTI T T TiTIm0 ‘f.s/f
in_max
—

T 3 456 E IO 20 M SOp s 10

[/, =256K/4K=64

* Assumption 2 anti-aliasing filter is Butterworth type

214 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-> normalized
®=0.34-> 4kHz/0.34=12kHz

« Set anti-aliasing filter corner
frequency for minimum corner
frequency 12kHz = Find nominal
corner frequency:
12kHz/0.7=17.1kHz

» Check if attenuation requirement is
satisfied for widest filter
bandwidth = 17.1x1.3=22.28kHz

* Find (fofio)f 308 ™

=252/22.2=11.35-> make sure
enough attenuation 0.05dB Normalized ®

« Check phase-error within 4kHz droop

signal band for min. filter A 3
bandwidth via simulation From: Williams and Taylor, p. 2-37

1

|
gp uonefitisiiyy bueqdors

(xignd 0 fo wesmod 5 1961 Vg “up ‘e puo o ol ‘ol g fo

s 06 o8 1 o

L] e F T
]
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Example : Anti-Aliasing Filter

Antialiasing Pre-filter

A

f3m f 2f

* Voice-band S.C. filter f,,,=4kHz & f,=256kHz
* 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 (min.=12kHz & max.=22kHz corner frequency )
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Summary

« Sampling theorem - f, > 2f,

ax_Signal

+ Signals at frequencies nfgt £, fold back down to desired signal
band, f;

sig
- This is called aliasing & usually mandates use of anti-aliasing
pre-filters combined with oversampling

» Oversampling helps reduce required order for anti-aliasing filter

» S/H function shapes the frequency response with sinx/x shape

- Need to pay attention to droop in passband due to sinx/x

« If the above requirements are not met, CT signals can NOT be
recovered from sampled-data networks without loss of
information
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Switched-Capacitor Network Noise

* During ¢4 high: Resistance of

switch S1 (R,,S") produces a VN ' “o— Vout
noise voltage on C with $1 S2

variance kT/C (lecture 1- first

order filter noise) |

* The corresponding noise =
charge is: ViN

Q?=CV?=C% kT/C =kTC

- d low: S1 open >This I

charge is sampled
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Switched-Capacitor Noise

%
« During ¢, high: Resistance of
switch S2 contributes to an VIN — VouTt
uncorrelated noise charge on C $1 S2
at the end of ¢, : with variance Cc
T

* Mean-squared noise charge
transferred from v to v 1 per R s
sample period is: on

c
0>=2kTC I
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Switched-Capacitor Noise

» The mean-squared noise current due to S1 and S2’s k7/C noise is :

. . 2 2
Since z=% then — 12=(Qfs) =2kBTC];2

+ This noise is approximately white and distributed between 0 and f;/2 (noise
spectra = single sided by convention)
The spectral density of the noise is found:

- 2
2 _2kgTCf;
AT, /

2

; _ 1 .
Since REQ_fSC then:

=4kpTCf,

iz dkpT

-S.C. resistor noise = a physical resistor noise with same value!
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Periodic Noise Analysis
SpectreRF

Sampling Noise from SCS/H

Netlist Netlist
ahdl_include "zoh.def" simOptions options reltol=10u vabstol=1n iabstol=1p

Vlk
100ns

100kOhm Vre Vrc_hold
R o ZOH1

- PNOISE Analysis PNOISEL
Fhr Sweep from .t 20.01M (1037 steps)
ZOH1
¢ T = 100ns
1pF

I——

SpectreRF PNOISE: check
noisetype=timedomain

M . Voitage NOTSE o .
NOISEL noisetimepoints=[...]
v as alternative to ZOH.
1 noiseskipcount=/arge

- might speed up things in this case.
PSS pss period=100n maxacfreg=1.5G errpreset=conservative
PNOISE ( Vrc_hold 0 ) pnoise start=0 stop=20M 1in=500 maxsideband=10

100kOhm

ge

I
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Sampled Noise Spectrum

V/sqrt(Hz)

Normalized Noise Density [dB]

o o 1w o e aw
freq He) trea 121

Spectral density of sampled Noise spectral density with
noise including sinx/x effect sinx/x effect taken out
EECS 247 Lecture 9 Switched-Capacitor Filters © 2009 H.K. Page 15

Total Noise

Sampled simulated noise
in0 ... f/2: 62.2uV rms

(expect 64uV for 1pF)

i

Normalized Total Noise v,”/(KT/C)

=]

—_

H

H
—

2

oM o1zM sam 1e 1M 20w
freq [Hz]
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Switched-Capacitor Integrator

0 J | I I
P e B

— T=1/f, —

Sfor fsignal<<fsampling

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

9

¢4 High
= C, Charged to Vin

Vo

0, J |

0, o
— T=1/f,—

vin__ 9

CS
¢, High
->Charge transferred from C to C,
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Continuous-Time versus Discrete-Time

Analysis Approach
Continuous-Time Discrete-Time

- Write difference equation > relates output sequence
» Write differential equation to input sequence
* Laplace transform (F(s))
" Letsja > Fiia) e B Gl ke

x

« Plot |F(ja)|, phase(F(ja)) e e

« Plot mag./phase versus frequency

Vo (D)= (2).......
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Discrete Time Design Flow

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

— Use delay operator z :

L -1
[(n=D)Tg] oo —z1
[(n—]/Z)]th .......... 7172
[(n+])7§} ............. -zt
[(n+1/2)T5]....... — /2

*Note: z = e/?s = cos(wl,)+ j sin(wl,)
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Switched-Capacitor Integrator

C
L 0 J |
Vin
0, | | | |
| [ — T=1f,—
Vin qﬁ Vin b

=l g
\’I Cs? Vo I Vo

¢, High ¢, High
> C, Charged to Vin >Charge transferred from C_ to C,
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Switched-Capacitor Integrator
Output Sampled on (1

a (|)1 J E Clock
o f={ala] 1' urr:.e L3 ‘] = 2.5 )
b I, E Vin
aoom : _H__ﬂ_—'—""ﬁ'l J 3 J_—\—_____\ E VCs
;= N ) I v
g . '\ : 3 o
\ Vo1
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Switched-Capacitor Integrator

(17:'3/2)Tg (”'I]:T\ ()?;I/Z)T\' ’f’TS (’1+I:[/2)r9 (n+1)Ts
o I R R Y |  Clock
L. 6 Eﬂl 1IJ urril.elL.J QI_ Q.IE )
aoom ] f_ﬂ__,_.—'—'—""'d_ﬂ_'_'_'_ H— E Vin
o | I I J i IJ——_____‘I‘.:VS
ool —
3 IS . ) L Vo
2 o E
- N Vo1
D, > O [m-DTJ=C V,[(n-DT ], Q)[(n-1)T] = Q;[(n-3/2)T]
D, > O[n-12)T]=0 , O, [(n-1/2) T] =0, [(n-1) T] + O, [(n-1) T]
D, > O[T ]=CV,[nT], O[T, ] =0[(n-D) T ] + O, [(n-]) T]

Since V01: - QI/CI & Vz = QS/C\‘ 9C1 Vol(nTs) = CI Vo] [(I’l-]) Tr] _Cv Vl[(}’l-l) Tv]
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Switched-Capacitor Integrator
Output Sampled on ¢,

Cr Vo(nTs)= Cq Vol(n—1)Ts|=Cs V;,[(n—1)T5 ]
Vo (nTs)=Vo[(n=1)Ts]= € V[ (n=1)T5]
Vo(2)=2Wo(2)-27" GV, (2)

Vo C 7-1
(Z) ¢l 1-z-1

in
DDI (Direct-Transform Discrete Integrator)
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z-Domain Frequency Response

*Sampled-data systems—> z 7 = esTs
plane singularities analyzed imag. axis in
via z-plane s-domaine\%\ - z-plane
*The s-plane jo axis maps o RN
onto the unit-circle ’ \\
*LHP singularities in s-plane ,/ \
map into inside of unit-circle o \
in z-domain f=172 1
*RHP singularities in s-plane 1 =0
map into outside of unit- \ *
circle in z-domain \ /’
*Particular values: \\ /
/7
_f—O 92—1 f\\~ ’//
~f=f/2 2 z=-1 LHP in s-domai
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z-Domain Frequency Response

« The frequency response is (cos(o0T),sin(wT))
obtained by evaluating H(z) S
on the unit circle at: > ~\
7
z=eloT = cos(wTy) +j sin(wTy) / )
\
4 2nf
T \
*Once z=-1 (f,/2) is reached, ! f 1
the frequency response ! S 4
repeats, as expected |\ |
/
* The angle to the pole is \\ /
equal to 360° (or 2nt \ /
radians) times the ratio of AN - P /7
the pole frequency to the > |
sampling frequency z-plane
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Switched-Capacitor Direct-Transform Discrete
Integrator

EECS 247 Lecture 9
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DDI Integrator

Pole-Zero Map in z-Plane

z-1=0 Dz=1 f
on unit circle e ~Q
N
/ ’ NF
Pole from /=2 0 / \f/
in s-plane mapped to z =+1 /2N A increasing
N \ @D
As frequency increases z S
domain point moves on unit f *fx /2 1 X
circle (CCW) \ ]
\ /
\ l
Once frequency gets to: . 7
z=-1(f~/,/2) S e
~
- frequency response repeats S o -
z-plane
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DDI Switched-Capacitor Integrator

Ve Gy s e joT
—0 (7)=—ZxZ =S 1 . z=el
g (=) Cropz G
mn
SGy o Gy el mce: sinag=¢ =’
=G X P e X ST /2l /2 since: sina= 2;
Cs  —jaT /2 1
= —J=Xe Xs——F——
G 2s5in(@l /2) ...,
_ G I al/2 % jer)2
Cr jar "% sin(@l/2Y ~ ™. :
F e : e
. e BYF
Ideal Integrator Magnltuhrror phes
=
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DDI Switched-Capacitor Integrator

Vo /v _ G 1 L al/2 " et
— == —= —7= Xi{i—/————X: H
V. (2) Cr jor " sin(@l/2) i~ i
! ."' “" RS
............... \ -~ ot
Example: Mag. & phase error for: pPhase

I-f/f=1/12 3 Mag. error = 1% or 0.1dB  Magnitude Errof
Phase error=15 degree

Qintg =-38

2-f/f,=1/32 2 Mag. error=0.16% or 0.014dp ~ DDI Integrator:
Phase error=>5.6 degree - magnitude error no problem
Ojne =-10.2 phase error major problem
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5t Order Low-Pass Switched Capacitor Filter

4 jo  Built with DDI Integrators
n A®
| D,
.| s-plane ~ s-plane
1 Coarse View - Fine View
1o . o
P — >
. Example: -|=.+
“ 5th Order Elliptic Filter + Ideal Pole
Singularities pushed >y ® [deal Zero
""" s towards RHP due to - + DDI Pole
. integrator excess phase * DDI Zero
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Switched Capacitor Filter
Build with DDI Integrator

-\ Passband
H
‘ (](o)‘ Peaking

Zeros lost!

g
D
g
o

S A2 : 2
Continuous—Timefs fs fs f
Prototype
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Switched-Capacitor Integrator
Output Sampled on (2

CIE_

Vo

Sample output "2 clock cycle earlier
- Sample output on §,
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Switched-Capacitor Integrator
Output Sampled on 62

N (”_.3'/2) L (-1)T, (51T ol (VDTS g
- R O ¢y |} Clock
L. Eﬂl ¥ un.:"el'.] QJ_ Q.IE :
m:u:n: E f’f— I E Vin
oy | T J__—““ﬁ - Vs
F . ) ' E Vo2
-z 4 : ] : ] S 3 E
O, > O/m-DITJ=CV,[(n-DT], O[(n-T] = Q,[(n-3/2)T]
D, > O /n-1/2)T]=0 O, [(n-1/2) T] = Q;[(n-3/2) T] + O, [(n-1) T]
@, > O/[nT]=CV,[nT], O, [nT, ] =Q)(n-1) T, ] +Q[(n-1) T]
D, > O /nt12)T]=0 , O, [(n+1/2)T] =Q,;[(n-172) T] + O, [nT] |
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Switched-Capacitor Integrator
Output Sampled on ¢2

-3/2
(n 3'/-) T, (/771{ T, (ni 1/2)Ts nT, (n+1)Ts
3 . T P iy
i 9, (0% ; 4 o, 0, J E Clock
- . . : : :
=] S0 i urr:.e L.J 20 25
14 — oy
womd L E Vin
. ; ; ; i ;
aoom 1 —_—__—_h“ 3 Vs
o] I_‘ﬁ_ﬂd_ﬂ—-"‘ﬂfl'i J J *t
e \ ) E Vo
-z : b= 3 E

O, [(n+1/2)T] =0, [(n-1/2)T] +Q, [nT]
V== 0,/C, &V, =Q,/C; 2 CV , [(nt1/2) T] = C V,, [(n-172) T, ] -C V; [n T, ]
Using the z operator rules:
2CV,22=CV,z"-CV,

EECS 247 Lecture 9 Switched-Capacitor Filters © 2009 H.K. Page 35

LDI Switched-Capacitor Integrator

LDI (Lossless Discrete Integrator) >
same as DDI but output is sampled 2
clock cycle earlier

02 (z)= z=e/9T
Vin
=G 1
Cy e‘/“)T/Z_e'*'JWT/z
-Gy T
= /G  2sinar/2)
= _Cij j%oq- x Ssin(al /2% No Phase Error!
s & For signals at frequencies << sampling freq.
- Magnitude error negligible
Ideal Integrator Magnitude Error
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Switched-Capacitor Filter

) Built with LDI Integrators
H(jw) 9

Zeros Preserved

éjg - f
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Switched-Capacitor Integrator

Parasitic Capacitor Sensitivity

9
¢1 ¢2 ll E

Effect of parasitic capacitors:
1- C,;— driven by opamp o.k.
2- C,,— at opamp virtual gnd o.k.
3- C,; — Charges to Vin & discharges into C,,
= C,,; includes the MOS switch junction capacitors which are voltage
dependent, not only affects C ratios but results in non-linearities

-> Problem parasitic capacitor sensitivity
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Parasitic Insensitive
Bottom-Plate Switched-Capacitor Integrator

Sensitive parasitic cap. 2 C,, = rearrange circuit so that C,; does not
charge/discharge

1=1 2> C , grounded
pl

2=1 > C , at virtual ground
pl g

Solution: Bottom plate capacitor integrator

EECS 247 Lecture 9

Switched-Capacitor Filters
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Bottom Plate Switched-Capacitor Integrator
Cy i b4

Vo1
9,
Vo L% Vo2

Vi+ 4
Vi- Output/input
z-Transform
Vo1 Vo2
Note: on ¢1 on ¢2
Different delay from Vi+ & vie | G 2! C; S
. . i et I et
Vi- to elther outpu.t on o1 Cri_1 Crj_1
-> Special attention needed
for input/output connections Vi- c. - A c
to ensure LDI realization on ¢2 —C*;]Z — _Fjl —
-z —Z
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Bottom Plate Switched-Capacitor Integrator
z-Transform Model

G — &

% 0

L C,

i i Vo | & .vo2
+ —

Vi
Vi
Vi- _.—— @ -z /b= vo2
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LDI Switched-Capacitor Ladder Filter

Delay around integrator loop is (z/?. z*/? =1) < LDI function
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Switched-Capacitor LDI Resonator

Resonator
Signal Flowgraph

@

= o,
2
—
1 G r/T
O =—5——=f X+
T R G 56 -
_ 1 .5
wz_i ~

=/,
Req3 C4 s C4
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Fully Differential Switched-Capacitor Resonator

* Note: Two sets of S.C. bottom plate networks for each differential integrator

¢1 ¢2 G
= —
G
— . = +>
= 22
S, —
L c,
Ca
{1 —
A oL
+° e
= N - L=t
Cs
e
Ca o1 0,
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Switched-Capacitor LDI Bandpass Filter
Utilizing Continuous-Time Termination

Bandpass Filter
Signal Flowgraph
[¢] 9 P_ @ .
Cq 2

v, Vor SV, il
170

- |8
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Example: 2" Order LDI Bandpass Filter
s-Plane versus z-Plane

s-plane | jo z-plane
| o =T~ <
XK 7 A
7 ) -
/ \
| y \
! 1 x \
I
c I |
—® I (& Qo
I 1
\
| \ X /
I \ /
I \ //
~od N
X~ b |
I
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Switched-Capacitor LDI Bandpass Filter
Continuous-Time Termination

o= el
f 0
ar=4
-3dB
c,C
:Lf XQ a
2r’s C2 C4 )
2]
=
2
Both accurately i=
determined by =
cap ratios & clock =
frequency . ‘
fo Frequency
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Fifth Order All-Pole LDI Low-Pass Ladder Filter
Complex Conjugate Terminations

Vout

Termination

Termination I Resistor
n

Resistor V.
*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

0.5 -
— Ideal e
=== Complex conjugate , \‘
-=-== Exira half deloy e’ \
\
S 00 \
ic l.‘
@
2 {
£ =
2 0s5-
10 T T T T T
00 0.2 04 0.6
Ref:

0.8 1.0

Frequency in KHz
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 LDl Bandpass Filter

| Vout

3

7

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).

EECS 247 Lecture 9

Switched-Capacitor Filters © 2009 H.K. Page 50




lJse of T-Network

Cz
c al ¢ Cq Cz
\-o/ o——l} > —-0\7 v (55 IC3 +
M| } > —o -2 : C i Cq Va
o— "°—l_L_..» %
5 1l “ % I
Cz CZ
C2:C,= 100:I C4:C3:Co:Cy =1:8:10:1
&—_Q E:_QX C4
|14 C, |4 G, CG+G+C,

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

)

3

j_h;j

V-

*T-networks utilized for:
* Q implemention
« Transmission zero implementation

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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Effect of Opamp Nonidealities on
Switched Capacitor Filter Behaviour

* Opamp finite gain
» Opamp finite bandwidth
* Finite slew rate of the opamp

» Non-linearity associated with opamp
output/input characteristics
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Effect of Opamp Non-ldealities
Finite DC Gain

1

C,
e
s+fSC—j><é

_wo

1
stapx! :
5 DC Gain=a
Vi-

= Qintgza

H(s)=

* Finite DC gain same effect in S.C. filters as for C.T. filters
« If DC gain not high enough 2> lowering of overall Q & droop in passband
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Effect of Opamp Non-Idealities
Finite Opamp Bandwidth

VO settling ...............................
error
¥
Vi+ L
Unity-gain-freq. ¢2 ] ]
Vi- =ft >>fuimg time
— T=1/f.—

Assumption-
Opamp - does not slew (will be revisited)
Opamp has one pole only = exponential settling

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Effect of Opamp Non-ldealities
Finite Opamp Bandwidth

Vo settling | ps
error
¥
Vi+ L
Unity-gain-freq. ¢2 ] ]
Vi- =f, time
' T=1/f. —
H (Z)=H,,,.(Z) I—e_k+e_k><LZ_1
actua ldea CI+CS
where k:ﬂxixﬁ
Cr+Cs fs
fi— Opamp unity—gain— frequency fs— Clock frequency

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Effect of Opamp Finite Bandwidth
on Filter Magnitude Response

|T|n0n-ideal /|T|ideal (dB)

12
Magnitude W[ AciveRC Je 7132
deviation due to o / \ fe /fsz\m
finite opamp g °
unity-gain- 2 ;
frequency ;; s

4
Example: 2nd 3
order bandpass f
with ideal Q=25

L
.01 .02

,o'}pc /

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Effect of Opamp Finite Bandwidth

on Filter Magnitude Response
Example: [Thron-idea /| Tea (dB)

For 1dB magnitude 12k
response deviation:
1-f/f=1/12
J/f~0.04
> f>25,

2-f/f=1/32
S/f~0.022
> f>45,

3- Cont.-Time

f/f~1/700
> f,>700f,

f/f=1/32

T

Active RC

3

L. f=1/])
\

ITlyer /IThg (dB)

N W s D N O ©

-

.07 f;/J(;

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Effect of Opamp Finite Bandwidth on Filter
Critical Frequency

Am. /@,

-.05
Critical frequency ol Active RC fc<s 1732
deviation due to ‘ \ f/f=1/12
finite opamp ok
unity-gain- .
frequency : ol
Example: 2 ol
order filter

Je .
.07

.01 .02 .03 .04 .05 .06

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Effect of Opamp Finite Bandwidth on Filter Critical
Frequency

Example:
For maximum critical ch / @

frequency shift of <1% =03
Active RC [ /f=1/32
1- f/f.=1/32 oal <
1/~0.028 \
> f>36f,
2-f/f=1/12

1/~0.046
> f>22.

f/=1/12

Sy /w,

-.02}

3- Active RC )
1/~0.008
> f,>125f, —oT

Ref: K.Martin, A. Sedra, “Effect of the Opamp Finite Gain & Bandwidth on the Performance of Switched-
Capacitor Filters," IEEE Trans. Circuits Syst., vol. CAS-28, no. 8, pp. 822-829, Aug 1981.
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Opamp Bandwidth Requirements for Switched-
Capacitor Filters Compared to Continuous-Time Filters

* Finite opamp bandwidth causes phase lag at the unity-gain
frequency of the integrator for both type filters

- Results in negative intg. Q & thus increases overall Q and gain &
results in peaking in the passband in the frequency band of interest

* For given filter requirements, opamp bandwidth requirements are
much less stringent for S.C. filters compared to cont. time filters

- Lower power dissipation for S.C. filters (at low freq.s only due to other
effects)

* Finite opamp bandwidth causes down shifting of critical frequencies
in both type filters
—Since cont. time filters are usually tuned-> tuning accounts for frequency
deviation

—S.C. filters are untuned and thus frequency shift could cause problems
specially for narrow-band filters
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Sources of Distortion in Switched-
Capacitor Filters

» Opamp output/input transfer function non-
linearity- similar to cont. time filters

« Capacitor non-linearity, similar to cont. time
filters

« Distortion induced by finite slew rate of the
opamp

« Distortion incurred by finite setting time of the
opamp

« Distortion due to switch clock feed-through
and charge injection
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What is Slewing?

Vin L
Pl i/

vo [E)

l||—} hq

Assumption:
Integrator opamp is a simple class A
transconductance type differential pair
with fixed tail current, Iss=const.
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What is Slewing?

Opamp [, v.s. V,,

1

2 C
1 max= +1, 55/] i VO

. Slope ~ g, 1C
1,
Vmux Vin ?2
[T il
Lnw=Lis/2 Vi+
I Iss@

Ve > Ve = Output current constant I =Iss/2 or —Iss/2
-> Constant current charging/discharging C,: V, ramps down/up > Slewing

After V. is discharged enough to have:

Ve <Viax = 1,=gm Vi, = Exponential or over-shoot settling
I
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Distortion Induced by Opamp Finite Slew Rate

Output
Voltage

Vo -----

Multiple pole

settling

One pole
settling

Settllng (multi- pole)

Time
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|ldeal Switched-Capacitor Output Waveform

Vln J-
o |
Clock
1“ 0,
Vin L
¢
; o,
v"‘?— = Vcs
C —
S|
’I‘ Vo
1 15 Vo

(|)2 High > Charge transferred from
Cs to CI
L
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Slew Limited Switched-Capacitor Integrator
Output Slewing & Settling

0y ] J |
Clock
o2 I
Vo-ideal
A
Vo-real | = i
Slewing Linear Slewing Linear
Settling Settling
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Distortion Induced by Finite Slew Rate of the Opamp

time

! !
Ideal sampled waveform with zero rise time

Waveform with exponential rise Slew-limited waveform
Error \Error
Error due to exponential settling Error due to slew-limited settling
of the amplifier of the amplifier

Ref: K.L. Lee, “Low Distortion Switched-Capacitor Filters," U. C. Berkeley, Department of
Electrical Engineering, Ph.D. Thesis, Feb. 1986 (ERL Memorandum No. UCB/ERL M86/12).
_—
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Distortion Induced by Opamp Finite Slew Rate

» Error due to exponential settling changes linearly with signal
amplitude

» Error due to slew-limited settling changes non-linearly with
signal amplitude (doubling signal amplitude X4 error)

- For high-linearity need to have either high slew rate or
non-slewing opamp
2
in QT
2 e )

STy 7k (k2 —4)

87V £
155, fs

2
8( «in @5
_ v, Ssin ) _
%HDg—SrTS 157 for fo<<fs—> HD3=

Ref: K.L. Lee, “Low Distortion Switched-Capacitor Filters," U. C. Berkeley, Department of
Electrical Engineering, Ph.D. Thesis, Feb. 1986 (ERL Memorandum No. UCB/ERL M86/12).
=
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Example:
Slew Related Harmonic Distortion

2
- O -50

HD3: VO 8(Sli’l %)
ST,  I5x -60 .
87V, 1o o] i
~ %% Jo_ (dB).go |
05 =75s, " 1, |
I I
%% : 5 3 Z

Frequency (KHz)

Switched-capacitor filter with 4kHz bandwidth, f,=128kHz, S,=1V/lisec, V,=3V

Ref: K.L. Lee, “Low Distortion Switched-Capacitor Filters," U. C. Berkeley, Department of
Electrical Engineering, Ph.D. Thesis, Feb. 1986 (ERL Memorandum No. UCB/ERL M86/12).
_—
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Distortion Induced by Opamp Finite Slew Rate

Example

-20

-40
—_
[11]
S 60 —
(2] ~.
% \%

/f. =1/3

“ 1/,

-100

-120 — .

1 10 100 1000
(Slew-rate /' £,V
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Distortion Induced by Finite Slew Rate of the Opamp

* Note that for a high order switched capacitor filter > only the last
stage slewing will affect the output linearity (as long as the
previous stages settle to the required accuracy)

- Can reduce slew limited non-linearity by using an amplifier with a
higher slew rate only for the last stage
-> Can reduce slew limited non-linearity by using class A/B amplifiers
» Even though the output/input characteristics is non-linear as long
as the DC open-loop gain is high, the significantly higher slew
rate compared to class A amplifiers helps improve slew rate
induced distortion

* In cases where the output is sampled by another sampled data
circuit (e.g. an ADC or a S/H) = no issue with the slewing of the
output as long as the output settles to the required accuracy & is
sampled at the right time
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