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wWhen you possess genuine knowl edge, 'wh_y worry about going
hungry?  Even Shuka (a small bird) gets fed s‘hﬁpU by chanting Rama
and Rama (the devine name). Genuine knowledge is the greatest of all
wealths. The relatives cannot take it away, thieves cannot steal it,
_ Peither does it diminish by dissemination. There never is a comparison‘
between a scholar and a king. A king is respected only in his home

country. A scholar is respected everywhere.
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This thesis examines, in the context of the present day MOS IC

Towards this end, it is first shown that by u%ing »,fwf‘l!lsic'
building blocks, sampled data transfer functions (SDTFs), of any . order
and- of either type (viz., recursive or non recu_rsﬂe) can, be reaHzed.
The c‘lass of linear phase filters is considered lin some detail. Th

»
0‘

work 1s then cqncentrated on the realization of biquadratﬁ". SDT{&Jthat
ot Ay W \

are related to their popular analog counterparts through the well-known../ ., . ,

bilinear s++z transformation. . Analyses for de;jgns' that use minimum

total capacitance and have 16w sensitivity to capaciiance, ratio errors

" are provided. The challenging problem of UGA based designs, viz:, ‘that

of parasitic capacitances, is solved by pr\oposing an a'lgor"fthﬁ for a

-

parasitic tolerant design.

The proposed designs are further improved to the extent “where .

ey
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the component count 1n them becomes cun;;arable to that in OA based
designs. ;rhe' effect of non zero offvset voltages in '.UGAQ, on the
mproveq designs,' is . also ahaiyzed. An algorithm that yields a
parasitic tolerant design and uses minimum total \cap}acitance 1'5
suggest;zd. The algorithm can be used to reduce the effect of the non
zero offset vol tages. “
\
Finally, the. bandwidth capability oflh'the proposed designs is

analyzed by developing a new method to account for the frequency

_dependent gatn of th(é active devices. The method s simple, versatile

and modular. It utilizes the indefinite admittance matrix for the
passive part of ‘the SC network. The technique is il1lustrated with

circuits based on OAs as well as UGAs and operated by a two phase

clock. "~ The method s also extended to SC networks operated by .

multiphase clocks. ’

Id

/

Extensive numerical and experimental invesiigations have been

carried out to. substantiate-the theoretical results. Lacking practical -

MOS fabrication facilities, the experimental cir‘cujits' were implemented

dsing discrete capacitors, CMOS switches and UGAs realized from OAs.



" Antoniou {ex Chairman) and Dr. V. Ramachandran (Graduate Prograsme

|
, . N « , . l
. ACKNOWLEDGEMENTS  ~ ° |
. . - l

The (au ﬁor is extremely grateful- to Dr. B.B. Bhattacharyya for ‘t
suggesting the area of the wqu and for his continued academic a’nd 1
philosophical assistance and guidance throughout the course of the |

work.. The author is also thankful to Dr. M:N.S. Swamy (Dean), Dr. A. ‘

Director) for the various'help and suggestions offered by them dur"l ng
the graduate work. , . -‘i{%

|

The author deeply appreciates Shr'l' R. Jaykumar, fellow graduateJ

student, for the varfous helpful discussions in _the course of using the

. computer facilities. Thanks are also due to Dr. B. Raman for reading

. %
the prir&ted material and pointing out some printing errors.

3

be

Finally, the author heartily acknouledges the excellent
patience, help and understandi ng'on the part of his wife Sucheta and
|
son Sourendra throughout the difficult and uncertain days of the

graduate work.

La'st‘ of all, but not the least, the author is thankfu] to !‘r. Kq
Reuben and Mr. P. Chevrier for their help regarding the technical
facilities, and to Mr. R. Parkinson (Richmond Communications, Ottawa)

for his hard work and excellent cooperation in printing the thesis. -

I

‘4 . il
o i e g . et R St e n - »

o s a—ge A T

—— —




- ¥ -

DEDICATED T0O

MY PARENTS
AND
MY (LATE)  FATHER-IN-LAW

who were so anxious to see the sucéessfu1

culmination of the effort.
pe

o

rrmam i s W



- LIST OF ACRONYMS AND SYMBOLS .......cccncueune

- V'l“I -

TABLE OF CONTENT®

3 i

LIST w TnLES OUO0.0..l:..o-.o.o..bct..o.oo.o‘o....lclol..art

) o

LIST OF FIGURES vvuvvoveerernnnoonnnssnnnnes

oo 0 besssssree s

1.2 Pre-Switched Capacitor Era: Problems and

Achievements ........ccoceevvenennn O veseecnne .
1-3- MOS Tecrm(ﬂ()gy “1" the Eighties ts s e 00 stese e ORIt EO e R BRY

4
1.4 Switched Capacitor Filters: A Brief Survey ....

ses o w0 e .

1.5 Unity Gain Amplifiers. in Switched Capacitor Filters ....

1.5.1 Realizations Using Unity Gain Amplifiers

. /
1.6 MOS Switches, Capacitors, and Unity Gain Amplifiers ....
£ <

106-1 MOS SWitCheS 0'0...0.000!0.o‘.aboln.o.olto.o-“‘...’

10602 MOS Cﬂpac‘tors 90 0220000000 0000000000000

se 000

1.6.3 MOS Unity Gain Amplifiers ..ciciiiecccersossccnes

1.7 Scope of the Present Work .....ceeeveeiieenccecerescens .

x11

xxi41d

@@ 0O O & W N =

14
20




-

\

T

2. REALIZATION %ﬁ GEMERAL SAMPLED DATA TRANSFER FUMCTIONS ...... -
‘o

2.1
2.2

2.3

2.4

Introduction ....vieveciiiieeceriresocacsrinrases
Basic Building BIOCKS ..ievevceciivecnanssnnns
2.2.1 Open Circuit Resistor (OCR) .cvevrivrrecenrienns
2.2.2 Toggle Switched Capacitor (TSC) ........
2.2.3 Toggle rSwitched Differencer ('IED/)
2.2.4 Unity Gain Amplifier (UGA) ....... Neveseaoares
Samp}efl Data F:\ter REATIZALIONS vevrevenrenreeennsenns

2.3.1 Delay and Add (or Subtract) Network .............
2.3.2 DElAY NETWOrK «oevverenovereeseoonsransonnssonens
2.3.3 Non-recursive Sampled Data Filters (NR-SDTF:)
2.3.11 Recursive Sampled Data Filters (REC-SDTF) ......

Realization of biquadratic sampled data transfer

. function (BIQ-SOTF) ....... teseesiteaceonnns cereens

2.5

2.6

2.7

2.8

Real 1zation of Linear Phase NR-SDTF ....veiiiecccennnnne
2.5.1 Constant Delay Filters ....veeeeaase crrecens
2.5.2 Frequency ReSPONSE veveverssrnceone
Some Practical Considerations .........c.cecieeeeeccnanres
é.6.1 Coefﬂcient Sensitivity” of Sampled Data Filters .
2.6.2 f‘fect of Sample Hold Networks «..ceveeeceesernee
2.6.3 Minimiz;i.ion of Mean Square Error ...........
Experimental and Numerical Results .....ccveeveeecnnnees
2.7.1 Recursive Sampled Data Filter .....ccqeeeeacenees
2.7.2 Non Recursive Sampled Data Filter ...............
2.7.3 Constant Delay NR-SDTF «..vverreancrineeencacenen

ConcTusion ....oeve Ge s ecresaconvrsertsrecares cesoenan

-~

29
29
29
30
30
32
32
3
33
37
37
38

42
43
43
47
1

52
53
55
55
58
58
61

<\



f

{ .
- ix -

‘3. BIQUADRATIC SAWPLED DATA FILTER REALIZATION .............

3.1

+

3.2
L) ’
2 e3.3
s

3.4
3.5
3.6

. 3.7

IﬂtrOdUCt‘On ;..0'.!.’.....'l.....OQ'ID'...'.'II'U...lll.

The Biquadratic Sampled Data Fil ters ..

*® eGeteren B osoetd

Some Practical Considerations ....

3-3.1 (A)p aﬂd Qp SenS‘l'tiV‘[ﬂes aessrsrann’sssttsce massris
3.3.2 Effect of Sample Hold Capacitors ...ccevvnicenees

3.3.3 Minimium Capacitance Design ....

3.3.4
An Algorithm for a Parasitic Tolerant Design ...........
StEP"by-Step DESigT\ Procedun 20 c0serrss P eI B GO RIIIITY

Mumerical and Experimental Work .....vieeceiiieeacanies

Sre s O s esssP @ S el

3.6.1 Numerical ResultS .civveeeaess

3.6.2  Experimental ReSUTES vuveecrerirencornrireccansss

ConcTusion .oveeeeene

e Qe LsecIr s s ot T O B VRIS R E BB SRS

[

4. IMPROVED REALIZATION OF BIQUADRATIC SAMPLED DATA FILTERS ...

4.1 Introduction .......

4.2

4.3
4.4

4.5
4'6

000 PO @ P ELICIO S O PIINICO R B OISIIENS SOt

Ma]ysis 29 49 5 & B S VIO OB O S BAIEEE S @RSt s O O BAEANNO S S SRR
4.2.1 Realization of BIQ-SDTF‘uS'I ng Composite Delay- .

and-Add mwork ....l.l.'....'Ol...‘...l..'......l
4'2‘2 mp and Qp &ns1tiv‘t1es :O..l.ll‘..l....l:....lil
Considerations for the Parasitic Capacitances erie e
Parasitic Tolerant Design’ of the BIQ-SDTF with

animbm Total Capacitance ....

te® s ssetis 0B B0ttt i e et

g:onsiderations for the offéet voltage in the UGAs

SCF Biquads Bilinearly Equivalent to the' Analog

Biquads and Requiring a Minimal Set of Capacitances ....

Considerations Regarding Parasitic Capacitances ..

(™

63
63
64
67
67
§9
70

i,

86
87

81

96
102

"105
105

107

107

112{

- 116

122

127

130 -

~

*®



1
4.7 Mumerical and” Experimental ResUltS: ceevsoaveavsvnvncsses - 133
4 7 1 Results of Numerical Simulations veessistaatanins 133
4.7.2 Experimenta] Reﬁﬁﬁts P S 142

4.8 conC]ijsion O.l'....l.l‘l.‘.Itﬂti:.....".I.....‘....‘.....l.. 145

4
%

5. THE EFFECT OF FREQUENCY DEPENDENT GAINS OF
ACTIVE ELEMENTS IN SC METWORKS «v.vveerenenernsnonsivernnsns 147
5 1 Introduction ..........l................................ 147
5 2 Ana]ysis of SC Networks with Two Phase Clock, Signal .... 150

5.2.1 Derivatjon of the Constraint EQUAtiOoNS weveeseses 150
5.2.2 Derivation of the Definite Admittance Matrix
for the Active SC Network ............1.......... 158
5.3 mustratwn Of ‘the Method ....eceeevunnnunieniiianannns © 161
‘5.3.1 An Inverting Stray Inseniitive SC Integrator .... 161
5.3.2 A Second Order Paras1ti£ Insensitive SC Filter .. 166
5.3.3 A Second Order SCF Based on UGAS secevcssaocnnsns 174
5. 4 Extension to the Lcase ofzmu1t1phase SC Networks eeoeee.. 181
 Behul AMAIYSES eerveeerererenienvensenesseneeiieensnens 181
5.4.2 I1lustration of the Method for(a-Four Phase
. D1£ferent1a1 Integrator feesersesesasesinieeonans 189
5.5 ' Step-by Step Ana]ysis Procedure . cecvsessctevsssisovecses -+ 495
5.6 Ruuns.."n,“.".n"."."”.”."n.“.u“.”.n. 198
5.6.1 Experiméntaf &ﬁvest1gation with QAS;:Diécrete
Capacitors and SWLChEs .uivesvssumereesopadohene 198
5.6.2 Mumerical Investigation on UGA Based BIQ-SDTF .. 202

5.7 QOH_C]US'iDn occooo'o;unaoc;cooooococooo00...:..’:’-0"0.000..0. 205



.

» § -

6‘ CMLUSION ..‘I..G.l.l.l..ll‘ll‘.‘.ll.l..‘.‘._.!‘.lllt...l.'ll

6.1 Sumary o.-o'o.o-.ouu.o--oo-n\:oodtn'oooooooco-oooa--—o-‘.-

6.2 scow;‘ for Furtﬁ’er Hork .'“.i".{'...‘:...‘:'.....‘....‘.....
LB \ ’ 4

9
\ .

207

" 5
N
S
- Al o -
: S , N .
) . .
{ * . l
. - ' . )
. ' -
~7, - .
> - - -
‘ ’ ’ Al [N
-
J‘ . I3
.
’ ’
-
-
~ P
. P \
- - & A
7 A - /
S b r
( .
v v .
» ”~
] - e ‘
il - [ z
' b
.
) ’ /
0 4
~
A J
N i ) ]
- ; . 1 :
. )
“
ot . .
. . . . 8
o ‘ . —_—— [ i
, . A
i 3 .
4
[ . ‘ ' .
. + A
“ .y .
- #1
A ’
) : /n ’
‘ 7
’
- 1
. '
. YN v
. . " B .
, -
. -
¢ , ,
. .
R .
{ /
T , v N ’ * 3
. -
M .
| ?
L . .
ol t
T «
- o ,
S t
J
3 ! - ° N
. . .
% .
- v
3 ‘ ’
y, '
. > . oan ‘
» M - -
N -
‘ 3
v . - ¢
+ .
“» ) ) .
1 )
- oo, ' . . - 2
b L ! sl S ntsh 2. RPN et PRl T T T iy Ay s




TABLE

_ TABLE

TABLE

TABLE

. TABLE

‘_ o= xit - W

LIST OF TABLES

1.1 : Performance parameters bf unity gain

buffer

L4

2.1 : Frequency response of constant delay

non .recursive filters

'3.1 : Design coefficients of BIQ SDTF
bilinearly equivalent to the analog
biquadratic filters

3.2 : Parﬁsitic capacitances.in the DA-1, DA-2
. ~ and D-netwo}ks
! B ’
3.3 : Parameters of the transfer fuﬁction of
the UGA based biqudratic filter with

v

’ ) @ parasitic capacitances 1ncT$ded

3.4 : Flow chart for the parasitic tolerant

-

design algorithm

4.1 : Design coefficients of BIQ SDTF
Bilinearly equivalent to the analog
biqdadratic filters

4.2 :. Optimization algorithm for parasitic

tolerant design

Page

ees 25

se e 49

‘4 66
i

. 79

es 82

. 88

Jee 112

ees 125



T | Z
. — :
LIST OF FIGURES ° ,

- o ' . Page
Figurenl.l : Cross section of a p-channel MOSFET " g 9 L
Figure 1.2 ‘: Cross-sectional representation of an

n-channel MOSFET with a§soc1ated discrete
components to be used in an equivalent
circuit model | .,;{ 12 -
& .
-)Figure 1.3 : Fabrication of self-aligned p-channel MOSFET
) . through the use of ion-implantation ' vee 13
\
- Figure 1.4 : Miller feedback capacitancé produced by the |
| overlap of the drain by the gate vee 15

. Figure 1.6 : MOS capacitor as formed in metal:po]y process ... 17, C

-

y Figure 1.7 : Capacitor with poly-silicon as top plate and
Heavi]y implanted bottom plate as formed in
\ silicon gate MOS pro&ess with an extra

implant mask ... 18

Figure 1.8 : MOS capac*tors formed between two layers of

poly-si]icdn. The oxide dielectric is formed

by thermally oxidizing poly 1 before -
depositing poly 2 . Cees 18

\
R . R e B LSRN = T3 A B SO



Figure 1.9

Figure 1.10 :

fignre 1.11

Figure 2.1
"Figure 2.1

Figure 2.1

- xiv -

/

MOS buffers in the simplest forms

1mproged MOS buffers with gain very close to

unity .

{a) a three transistor circuit which
increases the output resistance by using
a currént source load

{b) a CMOS configuration whjcﬁ increases the

@
input transconductance

¢ Circuit diagram of a unity gain amplifier

integrated employing a standardeMOS metal

i

gate process

(a) The two phases of the clock signal, and

s
(b) ‘The open circuit resistor

(c) The toggle switched capacitor, and

(d) The toggle switched differencer
K

: (e) The Z;, across the input and output of an

ideal voltage amplifier of gain A, and

(f) The Y, across the input of the amplifier

°

24

R 21
ee 22
[ N 2 I29

o 31
34



.- XV -

. 4 )
Figure 2.2 : (a) Type 1 delay and add network
(b) Type 2 delay and add network, and

(c) Delay network
Figure 2.2 : (d) A third order non  recursive SDTF
Figure 2.2 : (e) A third order recursive SDTF

Figure 2.3 : Impulse response for linear phase filters .(a)

even N, (p) odd N

Figure 2.3 : Impulse response for constant group delay

filters (c) even N, (d) odd N
Figure 2.4 : \Unity gain amplifier for experimental work

Figure 2.5 : Response of third order REC SDTFs,
| ‘(a) the ideal response,
(b) response with the sample hold effect
included

Figure 2.6 : Responses of third and fifth-order NR SDTFs,’
(a) and (c) ideal case,
(b) and (d) with the sample hold effect

included, respectively -

n




- xvi -,

-

Figure 2.7 ':: Résponses of ninth order constant delay MR e
SDTFs, '
(a) ideal,
(b) with sample hold effect included eer 61
Figure 3.1 : . Schematic of UGA based biquadratic SDTF 4ee. 65

“'F’;ure 3.2 : (a) The DA-1 network with the parasitic
/// capacitances ee. 76

Figure 3.2 : (b) The DA-2 network with the parasitic

capacitances , oo 117

Figure 3.2 : (c) The D-network with the parasitic

capacitances - . _ vee 78

Figure 3.2 : (d) The BIQ SDTF with the parasitic )
> capacitances “ ’ oo 81
figure 3.3 : Lower bounds on Qp for a.low sensitiv{ty .

design ' eee 97



' Figqre 3.4

Figure 3.4
Figure 3.4

Figure 3.5

Figure 3.6

Figure 4.1
Figure 4.1

Figure 4.2

- xvii -

(q) Maximum capacitance spread vs. the gain
~of a bandpass BIQ SDTF realized using
UGAs

(b) Maximum capacitance spread vs. the Qp of

a bandpass-BIQ SDTF realized using UGAs
(c) Maximum capacitance sp@ead vs. the f":._’/f"p
ratio in a bandpass BIQ SDTF realized

using UGAs

Unity gain amplifier for‘experimenta1 work

: Responses of the switched capacitor bandpass

filter capacitor with Qp = 5,
(a) H, =10,

Bp
(b)‘HBp

5
(a)’The composite delay and add (CDA) network
(b) The‘biphase clock signal of period T

The general biquadratic sampled data filter
(BIQ-SDTF)

vee 99
.e. 100 L
... 101

... 103

... 108

... 109

... 111 ~_

BT N A N e Y i)
’

P Ll uas IR IR e . LI



Figure 4.3

Figure 4.3

Figure 4.3

Figure 4.4
Figure 4.5

Figure 4.6

- xviii - : |

(a) Top plate parasiticcapacitances
associated with the CDA network .

8

(b) A CDA network topology with reduced

contributions from top plate parasitic

capacitances than that in Fig. 4.3(a) wes

A

(c) Top plate parasitic capacitances
associated with the network around the

second UGA of the BIQ-SDTF

e
h

A model for the UGA with an offset voltage

Vos sss

:. The alternative BIQ-SDTF topology requiring

minimal set of capacitors z cee

The bandpass SCF used for experimental

investigation : . , . cos

117

119

121

128

131

134

N

-l



.

Figure 4.7

- Xix -

(a) The ideal (solid line) and the

" experimental (with optimal set of
capacitors) responses of the SC-BPF

(b) Response without optimization for

‘parasitic talerant design

* {c) Normalized mean square error between the

Figure 4.8

4

Figure 4.9

Figure 4.10 :

*

e LA M ol ) m . "

SC-BPF using UGAs with non zero Vo

ideal and the optimized responses

v

The nominal {in absence of parasitic
capacitances) and the optimized values of
total capacitance C; (ET), max i myp’
max)’:“afimum capacitance
spread SPMX (SPMX) and the % rms error for .

capacitance C_ . (c

tﬁeJSC—BPF ;B a function of Qp

The total capac1tiﬁce c;,‘the maximum °
capésitance C;ax' the maximum capacitance
spread SPMX* and the % rms error E; in the
iterative optimization procedures

in the
o (a),

(b) are unoptimized, while (c) values when

The parameter r,.. = [|Ve[/|Vye|lnax

optimized for minimum’error -

RETEIR ot ol

1] . s J

LN ] 135

seh 138

L g 139

LE N ] 141

A

PR

:. €

o
i
b

]

!




(3 -

- XX -

i
’

Figuré 4.11 : The theoretical and the experimental
# responses for the SC-BFF with Vog = Smv for
| each UGA and with optimal set of capacitors .. 143
Fisare 5.1 : (a) A subnetwork (N.) of N around an AD in a
SC filter
(b) Two phasé clock signals with clock period |
T and switching interval T/2 ees 151

-

Figure 5.2 : A stray insensitive SC: integrator weo 162

Cfﬁgure 5.3 : -TQF parasitic insensitive SC biquadrafic BP
filter (using OAs) due the Fleischer and

Laker . r ees 167

]
= Q

Figure 5.4  The SC BPF usings UGAs, . | eee 175

Figure 5.5 : (a), (b) The subnetworks around UGAl during

‘ ‘even' and 'odd' phases eee 177
. . ‘

Figure 5.5 : (c), (d) The subnetworks around UGA2 during

'even' and 'odd' phases ) oo 179

Figure 5.6 : (a) A subnetwork N, around an-active device

(AD,) in a multiphase SC netwgrk e 182

\ <



~

R R i O B

Figure 5.6

Figure 5.7

Figure 5.8

" Figure 5.9

Figure 5.10 :

-

Figure 5.11 :

*

P b Sty o . v s e s At e
«

(b) The multiphase clock signal

(c) The phase and transition subintervals

(a) An OA based differential integrator
operated by a“two phase clock
(b) The OA based DI operated by a four phase
clock

}

The subnetwork topologies in the DI during

* the four phases of the clock.

(a), (b), (d) for phases 1, 2, 4
(c) for phase 3 -

Macromodel for an OA with finite dc gain (A))
and finite gain-bandwidth (B) value

Experimental and theoretical responses for

the SC bandpass filter of Fig. 5.3 s

Responses. of the DI network operated by a

four phase c]dck.and containing non ideal OA

-~

e e e A ———TATET

183

188

190

197

199

201




RN - M

e

Figure 5.12 :

L= xxif - ‘ t
B o

i 6
Bandwidth capabilities of SC b;;{dpass filters
realized using

¢

(a) practical OAs -
(b) UGAs made from practical OAs b .. 204

’ b

.o

‘ [N - S > " a i b o
o W e bt et it ke e it S 1 LR




MOS
" LSI
SC
SCF
0A
UGA ‘
MHz

SDTF

VIS

© MoST

MOSFET

NMOS

_ PMOS

pF

ns

- ousec

fF

CMOS
BIQ-SDTF (BIQ SDTF)
LP, HP, BP, AP

GB
NR-SDTF (NR..SDTF)

P s LAY dales kw4 aEa e

JRDPPRNG . R =TI T PURUCIIUEI- PRS- 3. - S S Y S SR G

- xxiif -

A

ACRONYMS AND 'SYMNBOLS

T

Metal S;iﬂe semiconductor
Large scale integration
Switched capacitors

Switched capacitor filter
Operational amplifier

Unity gain amplifier

Mega (ios) hertz '
Sampled data transfer function
Voltage inverter switch % ’
MOS trgnéistor

MOS field effecé“g;ansistor
n-channe[ MOSFET ‘

p-channel MOSFET
) o-12

”

Pico (1 ) farad
Nano (10™%) second
micro (10'6) second
Femto (1071%) farad
Complementary MOSFET ';3
éiquadratic SDTF

o
Low pass, high pass, band pass, all
pass filter :
Gain bandwidth product
Non recursive SDTF |

.

D g -

~

Page

“.Z;‘ o
TR

L ]
L]
L]
& B W W, NN

.
.
[ -] (o] ~J ~4 (2]

10
10

10

14
e 15
vee . 22°
22
“vee T 25
- 28

£

1

S R D

,
oy ey S e S e




Y DA-1

DA-2
.

LD

- | REC-SDTF (REC SDTF)

- S/H (SH)

SPMX

IC MOS

IC OA
' CDA
: - CCE
SC BPF (SC-BPF)
SAG » o

’ -

bC
D

T
S AD
LDI

ot b

A:(l' DAM ' G
. ‘ )
o AD1 ;

. M-IAM (M IAM)
)
BWR

- spread o .

Delay and add type-1 (network)

Delay and add type-2 (network)
Delay (network)
Recursive SDTF

: " Sample and hold (network)'

Maximum to minimum capacitancé ratio

: -Jntegrated circuit MOS |

Integrated circuit OA °

" Composite delay and add (network)

Charge conservaf{og\equations
Co . 5‘\
SC bandpass filter L

Self aligned gate (process)

Low frequency (diﬁect connection) -

Di fferential equation

< -Indefinite admittance matrix

Active deQ%ce«

loss]ess digital integrator
Definite admittance m&trjx
1th active device '
Multiphase ;AM

Di fferential integrator

: Bandwidth ratio

LN
L4

35
e 37
bee BT

S 82
LAl 85

... 104
0108

107
.. 133
oo 136
R
. 147

... 150
.. 154
.. 158
ce. 181

. 187

... 189
.. 203

1
P

I3



. . ,
S A LI R R

PR

R e ot S L R e R

« T )
-
Qp :, pole Q of the analog filter vee 1
fp P " T poTe frequency of the analog fi]ter 7
N A - 4 .
,-‘f§"§ | B clock frequency ' 7
¢ v _ T
wp ) a : (angu]g;r)' pole frequency of the f
. s analog ﬁ}t,er oo YT
T , : _timg_period of clock signal ;\ 28
t : " continuous time variable - ees 28
ToonT : < ‘ ] :
1 F ] : discrete switching instants ees 28°
(n¢ -E)T S : . . ‘ ’
. ) v
BG4 (i=1;2).'.(.) .+ incremental charge fiow fnto (or>
: | from) node i . - : eee 30
vi(t) . : : analog voltage at node 1 in time t _ ... 30
' , S ,
vi(nT) : " analog voltage at node 1 at t=nT eee 30
[} ; : ¢
Y

[T, PG




AQy 5

Y,z

¢

' Cxi“ s 1, 2. I

c
c

IN

°

Cyps C

D’

INI ..l ? ch

V,(2) (xet,0)

L

B N T S A Y R e

Oﬁ‘ E:{)D’} :

- XXVi -

incremental charge flow across (nodesﬁ
(i,Jd)

gain of an amplifier

~

input impedance accitwo given
ports of the amplifie

input admittance across two given

ports of the amplifier .

a gerieral admittance (impedance

variable)

sample and hold capacitor(s) in a NR
and REC SDTF

network capacitors in a gener,al\NR

or REC SDTF
2

-

Z -transform of v, (nT)

sampled data variable ©

——

.32

34

3

3

34

'35

- 35
35

35



e (w)

- xxvii -

:" denominator function in the REC SDTF

general network capacitor in the

delay network

impulse response of a SDTF

A

4 -transform of h(nT)

nu‘tﬁeratuy" function in NR(REC) SDTF
Y

) rd
~

genefa'l coefficient in the

-~
S

polynomial expansion of N(z) [D(z)]

gain variable in the general SDTF
[H(z)]

sampled data angular freq?ency

[}

phase function in NR SDTF

o

1inear phase function constant

e e e - ¥ R ™

Page

deoe

co»

37

37

37

37

39

42

A3

43

43




M (w)

ak,(k’l,z.--)

i
\

byy (byp!

N D
S , S
b ka

iN

dH, dh,, da

D!

a4y 34p

Ssa (w)

- Xxxvifi -

phase Jel ay constant -

group delay constant
o ‘ N

magnitude function of H(ed*T)
general coefficient in linear phase
SDIF )

general coefficient of Mth

SDTF

order REC
sensitivity of N(z) [D{z)] with
respect to b1N (ka)

incremental variation in.H(z), hys @

perturbed coefficients in N(z)
[D(z)] due to sample hold effect

sampled hold spec]ra] response

e

clock frequency (= 1/T)

se

43

43

43.

47

. 48

50

51

52

52

52



. . Ce XXX -

coefficientsﬂdi; N(z) {D(z)] after

%N q0p b
a,,, a , _ optimization for Sa (w) shapin R X ]
IN® 10 o ping
Hp(z) : desired response of SDTF eee 53
, .
Mg : magnitude of HD(z) \ ves B3
Ma : magnitude of H(z) : | ve. 83
. . ‘N
. Q (0) " . : normalized mean square error between
4
Ma and Md vee, 54
‘ H* (z) . complex conjugate ‘to H(z) ee. 54
. fp . : design pole frequency of the given
analog filter - , " ... &5
4\A (HA) ’ : flat gain of the given analog filter ... 55
‘:’p ¢ pre warped angular frequency I
Wp s ‘:’n ’ : angular notch frequency and pre

warped angular notch frequency of

analog notch filter ... 66

et i s ke kit s komn ek o n e

»
§
§
¢
4

e rerwers MIEEia Y WEs .y e

[}
|

e e Y ik,



Hips Hyp

Hgps

Haps Hy

Qp» Qo

Hy Njs N, Dy, Dy

PCT

PS

- XXX =

} + Flat gain of analog LP: HP, BP, AP

-~ /and notch filter 1 cee

sampled data angular frequency

normalized with respect to 2fs
R )
/ .
bounds on Qp for Jow sensitivity
: transfer function of SH response

: coefficients of BIQ SDTF after
optimization with respect to the
effect of SH netowrks
[
optimum capacitance ratio parameter

for minimum capacitance design
i value of unit capacitance

parasitic“at the top plate of the
capacitor Cy due to interconnections ...
stray capacitance from a switch

terminal to ground L e

66

67

69

69

70

72

72

75

75



cpi (1=1,2...)

Ca1s Caz

=l

Rys Ry

, cl’.lc
C

6!

C

s2’ 02

Vxi® Vx2

c

sl’

c

0l® }

- xxxi -

: '1_umped parasitic capacitance

parasitic capacitance at the input
q
of the UGAs in BIQ SDTF realization

capacitance ratios in connection
with parasitic and network |

capacitances

gain coefficient in BIQ SDTF with \

parasitic components included
capacitance ratios in parasitic
tolerant design algorithm

]
network capacitances in the improved

design of the BIQ SDTF

input voltages at the input of first

< N .

and second UGAs

: . output voltages at the first and

second UGAs

75

79

82
.83

84

107

107

107




- xxxif -

|
{
\
|
1

Vi(_z) (x=01,02,5) : X -transform of v, (nT) eee 107

Al, AZ’ A3 ‘ | coefficients in the improved BIQ

?1’ Bz, 83 \ ' SDT.F LA ] 110

s ' : analog frequency variable ... 110

CPXi j : paras1tic’ capacitance between node j -
and ground due to switch X.l ‘ .o 116

Al, A2, A3, , | coefficients Al, A2 33 when

El’ '52, '53 : influenced by parasitic capacitances ... 118

m, ‘ : optimized capacitance ratio

parameter for minimum total
capacitance design in the improved

BIQ SDTF ' oo 123

Fl’ F2 : capacitance value parameters in the
parasitic tolerant ‘design algorithm ees 123
L
Rl, RZ' R3, R4 : critical capacitance ratio
' parameters in parasitic tolerant

design algorithm ae 124

T S e o ok 1, A



0s

, Vos1 (Vos2)

T(z)
T..(2)

0s

a3, 3y, by, MmN

A(s)

- xxxiii -

s

offset voltage in an UGA

¥

Z -transform of v, (nT) (v, ,(nT))

nominal transfer function of the BIQ
SDTF '
component of transfer function of

the BIQ SDTF due to Yos(z)

capacitance ratio parameters in the

BIQ SDTF requ‘irilng minimal set of

. capacitors

~

IS

anal og gaing function of the active

device (AD)

GB of the active device (AD)
3 dB frequené_y of AD

low frequency gain of AD

(3

AN

@ .

.0 127

L] 127

. 127

. 127

. 132

. 150
. 150
. 150

. 150



fne Th

e,0
‘.{" (z)

- xxxiv -

a subnetwork of the original SC

network . o

the phase subinterval in a éwitching
¥
interval . - -

the transition subi'nterva1 in a

switching interval
initial value of the voltage vx(t)

capacitahce ratio in phase i=1,2,

associated with vx(t) in the CCE .

capacitance ratio in phase i=1,2

associated with Vil in the CCE

the highest significant frequency
and corresponding period in-a filter
band (

% -transfom of v, (nT), n even

(odd) o

150

152

152

153

153

153

156



cl - c6’ c“'Cf,

Co1v Soz* C1 Csz

®ix3

MDY, Moz AT e me e e e

}

- XXXV - 'Y

-3

AN

IAM of the passive part of the SC

network

DAM of the active SC network after
application of the constraints .

capacitances used in the various SC

networks

' {
¢ DC.gain of a practical DA ~

GB value of 2 practical OA

subnetwork of ori ginal SC network
around the jth 0A

voltage at node x associated with
subnetwork st around jth OA at

time t

capacitance ratio in phase §=1,2

‘associated vﬁth vxj(t)

s e 158
oo 165
161-

ees . 180
ves 161
vee 161
eeo 168
eee 168
oo 169

L i st Rt R

o m ket el e m——— i e o



- XXXVi -
J \\
\j\
pud o : capacitance ratio in Rhase 1=1,2
associated with vx:jl T e 169
ve,‘o : - . ’ ’
] (z)_ Z -transform of vxj.(ntz, n even
(odd) ” v 169
F . ’ ’ ) . Lth
L ‘ ¢ DC gainof ™ UGA e 174
By . bandwidth of j*" uga . .. 174
. ] -
. <th . L
7y (= 1,2...) s i7" clock phase in a multiphase
c¢lock format ... 181
= , \'!,(‘?(t) .+ voltage at a node x associated with

the subnetwork around kth AD in jth

clock phase .. 184
- a)((g) : capacitance ratio associated wit
(k) .
Y3 (t)vm the CCE 184
Bxj : capacitance ratio associated with -
' ~

ij I - A :_,’/ Lno. 184 ’



’ Als) :
wci .
aoi .
Y :
N

[ PR B —— v e - -

!

- Xxxvii - ” {

a

E

[y

frequency domain transfer function

of the %M ap

v

bandwidth of {EN

AD
D gain of 1*M AD

68 value of i*" AD

»
T e e e Sl W 4 £ e R b
- - . L2l N -

LN 2

184

- 184

185




o CHAPTER OME

INTRODUCTION

‘4

1.1 GENERAL

A'filter may be regarded, in a broad sense, as an electric
circuit which supplies a prescribed response to a given excitation[1].
" The response is usually different from the excitation in some.specific

g  Ways, and is defined in terms of its behaviour in either the frequency

or the time domain. Thus, a filter performs a function which is
normally more soph%sticated than the task of simple amplifdggwion or
Togical operations often encountered in electronics. Since, the
introducﬁ?on of fi1te} theory in the early part of thfk éeﬁtury,
fi]térs have found use in the generation, shaping and selection of Qave
forms 1n‘var10us areas of electrical engineering, such as, to mention
but a few, communication circaits, control cicéuits and 1
instrumentation. ‘Depending upon the area and the frequency range of
applications, the shapes, sizes and components in the filter change —
ranging from microwave striplines to Tumped RLC networks used in audio

frequencies. ' : -

1.2 PRE-SWITCHED CAPACITOR ERA: PROBLEMS AND ACHIEVEMENTS

With the intense growth in the variety and number ‘of
applicdtions, Feducfion in size as well as cost of the filters has
become an important consideration to the users. This concern bécomes

acute for the lumped RLC fi]tgrs in the audio and subaudio frequency
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ranges. The technique of active RC filter design was int’roduced to
respond to ghis,ﬂco‘nsideration. An 'active RC filter contains active
devices together with passive -resistors anq capacitors (RCs) and can
duplicate the operation of a given RLC network. This is achieved by
virtue of the gain of the active compo‘pents which, w’hen embedded in a
suitable RC network, can generate complex pole pairs. It is these
complex pole pairs that contribute to the frequency se1ecf.ive property
in an electric filter. A‘dvaé:ces in the theories and-techniques of
active RC filter design have been very rapid and significant for the
past two decades@dndustmd ‘production of electrical filters
operating in the 1oy (audio and subaudto) frequencies is now feasible
in the hybrid‘integr";ated circuit (IC) form. In this hybrid technology,

the resistors and capacitors are fabricated using thin film or thick

,film technology while the ;’acti,ve devices (usually operational

-

amplifiers) are fabricated—in the monolithic silicon IC technology[2].
This advance .towards microminiaturization of filters is a significant
one. However, a more preferred solution is the fabricat‘loﬁ of the
entire filter on a monolithic chip to make it compatible with the

L)

digital logic circuit chips.

®

1.3 MOS TECHNOLOGY IN THE EIGHTIES

- Advance; in ;011'11 state technology have made Metal Oxide Semi-
condsucto‘lr (MOS) processes well established in the eighties for. the
realization of larde scale integrated (LSI) digital circuits and
subsystems such as memories and microprocessors. The use of .

microprocessors in automotive, consumer electronics and industrial

it
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" applications need interfacing with analog inputs and outputs. This can
be abhieved by- incorporating analog to digital (A/D) and digital to
analog (D/A) converters on the same chip. .However, this solution may
not be the most economical. Consequently, researchers have beéﬁ led to
examine several circuit elements in standard MOS procésses having
analog characteristics[3]. Most important amongst these are the MOS |
transistor switches, MOS capacitors and MOS operationa1'amp}1f1ers. Igr
has: been found that elementary signal processing operations such as
addition, subtraction, multiplication by fixed coefficients and delay
(sample and hold) can be performed using only precision ratioed
capacitors, analog switches and operational amplifiers. The above
operétions are typica]Iy'those that a sampled data filter or a digital
filter performs on an input signal. It hés also been recognized that a
sma;l capacitor switched at a frequency high compared to signal
frequencies approximates a large valued resistor. Thus, a follection

of capacit6;;j/switches and amplifiers can produce the resﬁonse, in the
sampied data sense, of an analog RLC or active RC filter[4]. The
capcitors, switches and the amplifiers, however, are now realizable in

a monolithic MOS process. This has led to the concepf of Sujtch?g
Capacitor (SC) Filters and the era of monolithic analog filters using

MOS processes.
1.4 SWITCHED CAPACITOR FILTERS: A BRIEF SURVEY

Research work in the area of switched capacitor filters (SCFs)
has been vigorous in the past few years. Early workers exploited the

equivalence between a passive resistor to the switched capacitor to

~

A Y
4
.



[VESEUSIFON SRRV Tt SRR

I

propose éeveral basic SC building blocks, derived from the
corresponding active RC circuit. Gradually, however, new problems were
identifigd because of the sampled data nature of the SC network and
dimensions of work fn this area were broadened. SC networks equivalent
to grounded inductors and floating 1ndéctors were discovered[5],[6].

Various fagets of problems encountered in the area of active RC

‘circuits were reviewed on the basis of the new circuit environment

containing capacitors, periodﬁca11y operated switches and
amp11f;ers[7]. New analysis techniques, both in time domain and in
frequency domain, were devéioped[?],[B],[llJ and computer aided
analysis programs, previously used fof aﬁa]og passive and active
filters, were remodelled to analyze SC fiiter circuits[12],[13]. The
amplifiers used in almost all the SCFs were MOS operational amplifiers
(OAs) in the inverting mode. A 1imited ﬁumber of realizations using
unity gain amplifiers (UGAs) were also reported.’ However, the' full
potential of UGA based SCF realizations appears to have remaineq
unexplored. |

s

1.5 UNITY GAIN AMIPLIFIERS IN SC FILTERS

The reason for the popularity of OA based SCF realizations is
not hard to guess. This is due to the large volume of work exisf1ng in
the area of ‘active RC circuits which use OAs. With such extensive
work baseé on\OAs, it is but natural to overlook the potential of a
simpler, more cost effective but less known building block, viz., the
UGA. In viey of the possibility for monolithic fabrication, there are

¥

potentially several attractive advantages of using UGAs rather than'

-
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OAs. Firstly, there is the possibility of signT??E;nt savings in the

substrate area[14]. It is a reasonable expectation that a UGA can be

‘fabricated using fewer MOS transitors than those needed to fabricate an

OA. Thus, production of monolithic filters using UGAs should need much

less substrate area and will be more economical compared with those

. using OAs. Apart from the fabrication viewpoint, there are other

factors that may favour the use of UGAs. "Two such factors are the

economy in DC power consumption and the reduction in noise compared to

- what may be encountered in a realization using OAs[14]. These two

factors are -direct consequences of the smaller number of transitors in
a2 UGA as compared to that in an OA. These factors may assume
importance in cases where such filters are needed in-large quantities
and where the electronic circuit packages should perform with a. high DC
power efficiency (i.e., give desired operation with Jow DC power
consumption) and with as little degradation in the signal to noise
power ratio as is possible. One can visuélize such an application in
the area of aerospace systems. Finally another advantage, which may be
less demanding at present, is the ability of a UGA to operate over a
wider bandwidth compared to that of an 0A[15]. Thfs feature should
assume importance as an extension of switched capacitor networks into
frequency bands higher than voice band frequencies, presently used, 'is
sought. A potential area would be in data communication Tinks that
employ adaptive equalizers{16]. Such equali?ers are basically high
order transversal filters.- They may be realized by non-recursive
sampled data filters and need a 1argé number of building blocks capab]e
of being switched at very high clock rates (> 10MHz). To arrive at an

economical design, the individual'bui1ding blocks should have a small



area, should consume minimal dc power and po$sess a large bandwidth.
Consequently a UGA-based filter should become a preferred technological

choice for these applications.

Perhaps the single most important drawback of the UGA, that
has deterred researchers from exp]oriﬁg its poténtial {;/;E;
rea]izations; is the unavailability of a yirtua] ground node at the
input of the UGA. As a result, the respon;e of the néiwork becomes
sensitive to the parasitic bapacitances. It may be noted, however,

that with the recent state-of-the art in M0OS processes, values of such

‘parasitic capacitances can be accurately estimated and included in.a

particular design[17]. Also, processes have been evolved where such

parasitic capacitances have exteremely small values[18],[19].

1.§.1 Realizations Using Unity Gain Amplifiers

»

»

The work done in the area of SCFs using UGAs can be broadly
classified under three categories, viz., (i) component simulations;
(i) LC ladder filter simulation; and (iii) transfer function simu-
lations. A combination of UGAs, OAs and switched capacitors have been-
used[5],[6] to realize floating inductors and resistors that
approximate the incremental charge-voltage relations corresponding to
the bilinear transformation., This has been used to implement an SC
version of equally terminated .RLC lgdder network which 1s;approx1mate1y
equivalent to the passive prototype RLC 1adder. The conéept of
switched capacitor transconductance and related building blocks has

been introduced and realizations of inductors, gyrators, negative



conductances and biquadratic functions (in the variable z-l) have been
gi;en[zol. The idea of voltage inverter switches (VIS) using UGAs has
the potential to replace, element by element, the components of an LC
ladder by a corresponding SC network which could preserve the bilinear
mapping between s and z domain. However, terminating resistors cagnot
simulate the bilinear mapping and thus the bilinear equivalence between
the prototype RLC and the SC networks is Qot complete[21],[23].
Further, these realizations need a more complicated clocking scheme
instead of the simple biphase operations used ex;enstVeli. The
realizations are strongly stray sensitive. While bottom plate strdy
insensitivity can be attained by modifying the topology, the .top plate
parasitics remain a problem. Some work has been reported to eliminate
the effect of such parﬁsitics, but these need additional components
(capacitors) and devices (switches, OAs) and sometimes an elaborate
clocking scheme[23],[25j. Thus the homogenéfty of the active building
block (viz., only UGAs or only 0As) is lost in the synthesis procedure.
Also the considerations such as minimization of substrate area etc.,
are compromised. In the category of transfer fu;ction simu]a;ﬁons, the
standard analog biquadratic transfer functions have been reaiized using
SC networks and UGAs. Many of the proposed designs are derived from
canonic RC-active filters and hence are canonic, containing only two
UGA§ and four capacitors [15],[26],[27]. However, almost all of the
realizations fail to generate the sampled data transfer functions
(SDTFs) that are bilinear counterparts of the corresponding analog
biquadratic transfer functions. The only SC network that corresponds

to the bilinearly transformed analog counterpart is the high pass one

and is 1imited to low Q, and low f, (relative to the clock rate fg

" / .
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used) realizations, requiring wpQp <fgl27]. Moreover, ‘because of the
canonic structures, scaling of the flat gain of the filter is
'imper"ative,, sometimes by a large factor. This could make such filters
unacceptable in apph’cati'ons wheré no degradation of signal-to-noise
power ratio can be tolerated as the signal is processed by the filter.
Also, as ih the cases of component simulation and LC ladder simulation
networks, the effects of stray capacitances, especially those
associated with the top plates of the network capacitors Have not been
considered in these realizations.

%

It therefore appears-des}‘lrab]e to investigate in a s_ystematic‘
and critical manner realizations of SCFs using switches, capacitors and
UGAs. In this éontext, it is worthwhile to review briefly the
characteristics of these components fabricated in MOS technology. The
SCF rea'Hzations‘ presented in this thgsis ‘are baséd on the availability

or potential availability of these components.
1.6 MOS SWITCHES, CAPACITORS AND UNITY GAIN AMPLIFIERS

1.6.1 MOS Switches

A MOS transistor (MOST) can function as a good analog switch.
The cross sectional structure of a p-channel Metal Oxide §em1conductor
Field Effect Transistor (thSFET) is shown in Figure 1.1[28]. The
device consists of two closely spaced, degenerately doped p* reg‘lons,J
the "drain" and the "source" which ha\;e been diffused into a lightly

doped n-type silicon substrate. A thin insulating layer of silicon
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Figure 1.1: Cross section of a p-channel MOSFET

: 1

o
A
y
i
i
5
N
L
- ,
-
1 , 4"
\\ "
2\
i
>
/ { "
/ ‘
s
v e Tt NS ok deamtlent B b6 ey cmknten e Sl e bt e ythe abude W —— s s n'
. . LR S



e e e e w2

- 10 -

dioxide is formed directly above the region sepairating the two p:+
diffusions by oxidizing the surface of the silicon at high temperature
in an oxygen-rich énvironment. Metal contacts, usually aluminjum, are

made to both diffused regions and a "gate" electrode is positioned

directly over and completely covering the region between the drain and

source. For proper operation, the gate electrode ﬁust be a high]y
conductive material and aluminium is most widely used. However, a
great deal of work has been done using both highly doped poly-
crystalline silicon and other metals (e.g., gold, titanium). Although
the gate electrode need not be of metal and the insulatorconeed not be
an oxide; the term meta]-oxidé semiconductor (MOS) generally relates to
the more conventional gate structure consisting of a metal electrode
which is separated by a thin layer of oxide from the underlying

semiconductor substrate. The structure of an n-channel MOSFET (NMOS)

'is similar to the device shown in Fig. 1.1, except that n* regions are

diffused into a p-type silicon substrate. When associated with on chip
MOS capacitors, the standard ﬁOS transistor performs as a nearly ideal
zero-offset analog switch. In simple NMOS or PMOS circuits, the
threshold drop 1imits dynamic range to one threshold less than the
subp1y voltage. This may not be a serious limitation. The time
constant formed by the ON resisﬁance (few kilo ohms) of a small MOS
transistor times the capacitance of the largest desirable on-chip
capacitor (abqut 100pF) is usually below 100 ns. Thus, ;écurate
voltage settling to within 0.1 per cent of final value is normally
attained in under 1 psec. This is adequaie]y fast for a very broad
range of applications. MOS transistor analog switches can accurately

switch vo]té@es to nodes with infinite DC impedance (e.g., capacitors

e e oA e S e o= b
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or MOS transistor Qates). These analog swi@ches are, howéver, not
satisfactory for accurate switching of voltages into a resistive loéd;
the magnitude and variability of the switch ON resistances are too
great for this purpose[29]. The.junction leakage currents of MOSTs may
cause slow voltage drifts which reduce the dynamic range available for
signals. For a 10pA leakage current, 1 millivolt of 6ffset appears on
a 10pF capacitance in 1 milli sec. These are typica1 numbers and may
cause ho problem for most applications. -The lumped circuit parameters
in a typical NMOS together with a cross sectional representation is
shown in Figure 1.2. The parasitic overlap capacitances from gate-to-
source or gate-to-drain of MOSTs uged as analog switches can introduce
DC offset at signal nodes. These may be too small to be of any

consequence in most AC coupled systems. In DC coupled systems, these

‘ parasitic induced offsets can be reduced to 1 millivolt or less with

techniques such as charge cancelling circuits[3]. Further, the
parasitic capacitances to substrate or ground have no effect if signal
nodes are voltage driven or are at virtual ground. Modern MOS
processes employiﬁ;‘loca1 oxidation and silicon gate processes to
achieve self-alignment of fierT;o-transistor regions and of gate-to-
source and drain regions exhibit extremely small values of the various
parasitic capacigances mentioned above. Aﬁgypjcal fabrication sequence
for self aiigned PMOS integrated circuit which combines diffusions and
ion implantation techniques is shown in Figure 1.3[28]. With the
position of the gate electrode in between the diffused source and drain
regions in Fig. 1.3(a), the thin oxide layer in the intervening space

is bombarded with high energy boron ions so that the silicon regions

between the gate electrode and the diffused p* areas are .implanted with
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boron, thereby extending the drain and source regions up to: the gate
electrode and resﬁ]ting in almost perfect aiignment. [Fig. 1.3(b)].
The‘order of reduction in the parasitic overlap capacitance achieved in
the self-aligned ion-implant MOSFET relative to the non-self-aligned
processes can be appreciated from Figure 1.4 which shows the dependence
of the gate-to-drain (source) negative feedback capacitance on the
amouné of overlap of the gate electrode over the drain region. The
lower abscissa corresponds to a gate oxide thickness of 2000 2; The
bracketted lines represent the range of experimentally measured values
for conventional MOSFETs and silicon gate and ion-implanted devices.

It can be seén from these experimental data that extremely small values
of interelectrode overlap can be achieved through the use of ion
implantation to fabricate MOSFET structures. Typical values of the
overlap parasitic capaéitances that can be achieved nowadays is under
1fF (=10'15 Farad) while the. parasitic capacitances from source (draih)
to substrate can be held below 10fF. Thus, these capac&tances may

rarely become a limitation on overall circuit or subsystem

characteristics. ] v

1.6.2 MOS Capacitors

The classical MOS capacitor éxists in the MOS transistor
structure between the meta]ltop plate (gate) and the 1ightly doped
bottom plate (source-drain) with the insulating silicon dioxide layer
as the dielectric. This kind of .capacitor is, however, not useful in
precision D/A converters or in precision frequency filters because of

large voltage coefficient of capacitance near the MOS transistor
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" ‘threshold voltage. Also large non-lfnearity (more than 0.1% per volt)
exists with regard to applied. voltages[29]. Four basic types of MOS
capacitors are.,now used in practice. These are c]éssified according to
the proceﬁsés viz., (a) Metal-Gate, (b) Metal-Poly, (c) Silicon-Gate
and (d) Poly 1 —-Po1y 2 process[qu [29]. The metal gate MOS processés
(PMOS NMOS, CMOS) 1nherent1y provide an excellent capacitor wiéh a
,metal,top plate, gate oxide as «dielectric and n* or pt gource-draIn as
bottom plate. Figure 1.5 sﬁows an example. In the metal-poly ﬁXocess,
the bottom plate of tﬁe capacitor is formed by utilizing a heaviTv '
doped (low resistance)region gf the silicon substrate.. This part‘cu]ar
cépag1tor type is best suited to metal gate CMOS and MOS processeé
which do not use self-a]ig;ment procedures and can thus realize thi cap
ac1tor direct)y without process modifications. An example of this Eype
of capacitor is shown,in Figure 1.6[19].. In the silicon gate procegs,
a masked implant or diffusion of poTarity opposite to that of the \
substrate is added at the very beginning of the processing sequence. '
This becomes the b?ttom capacitor plate. A thin iayér of thermal oxiqe
forms the gate oxide A polycrystalline si]icon layer forms the top \

— plate. Fig. 1.7 shows an example of this capacitor structure The
process {nvglyed here runs in a reverse sequence as compared with the
meta]-poiy capacitor sttgg;uréET/ The poly 1 — poly 2 capacit&i

structures égn be eas?i} derived from silicon gate MOS processes with

-

\

|

1

two layers of poﬁycnysta]line silicon, such as standard procésses used

for electrically programmabfé read-only memories (EPROMs). The ,/
I dielectric,shou]d be'thermally-grown silicon diofide, obtained by /
0
oxidizing .poly-1 layer to a thickness of 1000-2000 A. A typical cv%ss-

section is shown in Figure 1.8. Capacitors made by this process mAy be

v
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Figure 1.5: MOS capacitor with metal top plate; n+ bottom

" plate @s formed in metal-gate NMOS or CMOS
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- Figure:1.6: MOS capacitor as formed in me‘:ai;-po]y\{n)g
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Figure 1.7: Capacitor with poly silicon as top plate and heavily’

implanted bottom plate, as formed in silicon gate
M0S process with an extra implant mask
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oxidizing poly 1 before depositing poly 2 ‘
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turimmed by using silicon fuses

The capacitance structures mentioned above tend to have common
characteristics. From the standpoint of SC filters, the most 1mpo;tant
ones are[30]:

, (2) Ratio Accuracy:
A key aspect of thé’performance of any frequency selective f*]ter is
the accuracy and reproducibility of the frequency response. For-SC

filters this requires a certain level of accuracy in the ratios of

capacitors. The, achievable ratio accuracies in MOS capacitors are very
good, being better than 1% in most of the cases, while a value of 0.1%

¢

is Quite common.

(b) "Voltage Coefficient and Telp;rature Coefficients:
This depends upon the MOS proceés eﬁp]oyed to fabricate the capacitor.
4% MOS capacitors made with heavjly doped silicon plates display v81tage
goefficients in the range of 10 to 100 ppm/volt. Temperature
coefficients are generally in the range from 20 to 50 ppm/oq. The
Qalues are of course much lower for the ratios. These variations are

Tow enough to be insignificaﬁt in almost all rapplications.

(c) . fParasitic Capacitancés:

In both poly 1 — poly 2 and metal-silicon capacitor, the parasitic

component arises out of the p-n junction surrounding the heavi{} doped
——region. Typically, this capacitance may have a large value, ranging

from 5% to 20% qf MOS capacitor itself depending upon.the fabrication

S §
=

- f
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process. Also, because ‘the top plate of the MOS capacitor must be
connected to other circuitry, a small capacitance will exist from the

top plate to the substrate due to the interconnections. This could be >
about 0.1% to 1% of ,the desired MOS capacitance and can be reduced to a
negligible proportion by proper layout. The parasitic capacitance from'
the top plate of the MOS capacitor, due to the. s@ctt;re of the

capacitor itself, is again process dependent. For fabrication

processes which do not use buried contacts and which use se]f—é'lignmgnt
steps, such ﬁarasitic capacitances are very small, amounting to less

than 10fF in most cases[17].

The parasitic capacitances mentioned above are unavoidable and
the design of SC filters must be done in such a way that these do not

produce noticeable degradation in the filter performance.
1.6.3 MOS Unity gain Amplifiers (MOS UGAs) ™

The schematic of a UGA, in the simplest form, using MOSTs is
shown in Figures 1.9(a)-(b)[31]. These simple circuits shall have a
Tow frequeng:y gain which will be less than unity because of the body
effect. As is done with MOS operational amplifiers (OAs), the body
effect can be reduced via 1ncrease::: in substrate resistivity[3]. Also,
using TMOS technology, the body effect\.‘ can be eliminated by connecting
the p-well of the transistor to its source. More r/efi ned forms of UGA
whose gain shall be v'er_y close to unity and which use CMOS process are
shown in Figures 1.10(a)-(b)[14]. A UGA circuit that has been

fabricated and tested using CMOS technology and met&] gate process, is

IR Y B S AT
.
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shown in Figure 1.11[32] with its typical electrical charactef?stics
shown in Table 1.1. It may be expected that with more advancement of
technological processes, MOS UGAs of comparable or even better

. characteristics (wider unity gain bandwidth, 1esser power dissipation

etc.) could be fabricated using even fewer MOSTs.
1.7 SCOPE. OF THE PRESENT WORK

The aim of this thesis is to develop systematic synthesis
procedures for sampled data transfer functions (SDTFs), recursive and
non-recursive and of any order using UGAs, switches and éapacitors.

Biquadratic SDTFs (BIQ-SDTFs), bilinearly equivalent to their analog

counterparts, and tolerant of the various parasitic capacitances in the:

circuit, are given special attention. Further, a method is developed
for examining the effect of the frequency dependent gain of the active

device, UGA or OA, on SDTF realizations.

Towards this' end, the basic building blocks that are needed to
synthesize an SDTF are developed in Chapter 2 from fundamental
principles-and using only switches, capacitors and UGAs. Schemes to
obtain both non-recursive and recursive SDTFs are presented. A

topology is also given for the realization of a BIQ-SDTF.

. In Chapter 3, the topology described 1-n Chapter 2 for the
realization of BIQ-SDTFs is examined at' Tength. In particuk"lar
BIQ-SDTFs that are bilinearly equivalent to their popular analog
counterparts (LP, HP, BP, notc.h and AP) are \exan'rined in getaﬂ.

Several practical considerations such as sensitivity of filter

S
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Figure 1.11:'Circu1tad1agram of a unity gain amplifier integrated
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TABLE 1.1

PERFORMANCE PARAMETERS OF
UNITY-GAIN BWFFER -

( —
Power supply voltages +5Y
. _Power dissipation 3.5 mi

- Open loop gain 60 dB
Unity gain bandwidth 3MHz
Slew rate > 10 v/ps
Chip area 0.1 nlnzf

[N M
/
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parameters (wp, Qp) on capacitance ratio accuracies, effect of sample-
hold capacitors, parasitic capacitances etc., are discussed.' An
opimization algorithm that renders the- designs parasitic tolerant while

requiring a minimum total capacitance is developed.

Chapter 4 bresents an improved topology which requires a
reduced number of capacitors, switches and UGAs for the realization of
BIQ-SDTFs. Introducing a new building block (composite delay and add),
it 1‘5 shown that the general BIQ-SDTF can be realized usv;ng only two
UéAs ‘and at’most.ten capacitors. These are about the same number of
components and devices needed to realize BIQ-SDTFs using OAs. - *
Sensitivity properties and the effect of the parastic capacitance as
well as the offset voltages in UGAs on the realizations are
investigated. Optimization alogorithms that would make the designs

parasitic tolerant as well as minimize the detrimental effects of the

offset voltages are described. The algorithms al so lead to a minimum

total capacitance design. A topology that needs almost the minimal

number of capacitors and. can yield BIQ-SDTFs that are bilinearly
equivalent to the analog LP, HP and BP fi 1térs is also proposed. The
resulting filters are, however, ‘Iv'lmited to Jow Qp and Tow 1’p (relative
to the clock frequncy fg) app.h'cations.

)

Chapter 5 describes an analysis technique to account for the

Al

non-ideal DL gain as well as the finite gain bandwidth (GB) product of
the active devices on the SDTF realizations. The technique is based on
the oné pole model of the active devices. It is shown that the

analysis is applicable to any OA as well as UGA realizations of the

Bt e L
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SDTFs. The analysis method is pri ncipally a frequency domain method
and uses the indefinite admittance matrix (IAM) of the given passive SC
network[11]. The technique is general, versatile and simple to use.
The method is applied to estimate the effects of the frequency
dependent gain of the UGAs on the BIQ-SDTF s developed in Qhapter 4.

‘ To test the validity of the various theoretical analyses,
several SCFs were c;esigned and tested in the laboratory. For dack of
proper fabrication facilities, the flﬂters were imp1emented u:kg

Ddiscr'ete components and UGAs realized from OAs. Extensive numerical

and experimental results are provided to i1lustrate and substantiate -

the theoretical 1investigations.

Chapter 6 summarizes the various theoretical and experimental
investigations presented in the thesis. The chapter concludes with

suggestions for future improvements and potentials for futher research

work.
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_ CHAPTER TWO
REALIZATION OF GENERAL SAMPLED
DATA TRANSFER FUNCTIONS -
2.1 INTRODUCTION e
" This chapter 1ntroduc§es a systematic approach for realizing |

SD_TFs utitizing very basic principles and employing only UGAs and SCs.
- Tt;e building blocks needed in the realization are described first.
Realizations of general SDTFs are developed next. They reveal the
possibliity of realizing both non-recursive and recursive filter
transfer functions. Sensitivity analysis of the resulting general
SDTFs is given. Realization of a special class of non-recursﬂe SDTF c

(NR-SDTF), 'viz., linear phase filters, is considered in some detail.

The effects of sample-hold spectral shaping, on the filter response, is
"discussed and a method is suggested to reduce this effect. A topology |
for second order SDTF 1s also suggested. The chapter is concluded with
e;perimenta'l results on a number of SDTFs implemented in .the 1aboratory

using discrete capaci tors, CMOS sw1tches and UGAS realized from OAs. N
2.2 BASIC BUILDING BLOCKS

In the following, we shall assume that the switchesﬁin the SC

. network are operated by the two phases (even and odd) of a square wave ,

clock signal with a period T sec. Also, without loss of generality, we
|
assume that t =nT (n = 1,2,3,....) refers to the start of an even

oclock interval [Fig. 2.1(a)] so that t = (n t-z-)T would refer to the
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start of an "odd" clock interval. Fuy({;r, assume that Ag; represents &

the '1ncrementa'l charge flow into (or from) the capacitor[(: from (or to) .

the node i, through the corresponding switch (even or od| pha{ed)

-

[Figures 2.1(b)-2.1(d)]. . .

2.2.1 Open-Circuit Resistor YOCR)
‘ -7 / ‘ ﬂ

. N

Consider now Figure 2.1(b), where

-
>

Aqy(nT) = -Aq2(nT) = CLvy(nT) = vo(nT)] B o (2.1)
' 3 .
7 sqilin + IT] = cagplin + PTI =0 RS
- . I . ' * . "
/

»Thus, this element acts as a resistor between nodes 1 and 2
dui'ipg even clock pﬁases and acts as an open circuit during odd clock

phases. This unit-will be called as an open circuit resistor. :
. ¢ . ' ;

[

2.2.2 Toggle-Switched Capacitor (TSC)

i ¢ ’ ’ iy . )
0 ! A

For the circuit. of. figure 2.\1(‘c') one has . ’ o \
h\f ) ” ,
‘Q’ " s ",‘ . . g !—;?A .
. A\ ' 1 ‘ ; L‘., . /.
. 8q1(nT) = C{vy(nT) - vol(n - 'Z')T]} o o (2.2a)
o~ baal(n + PTh = Cval(n * DT - alnm)} (2.2 \>
, [ *l 1 ’ - . ,“ . . " ' ' )
4q2(nT), Agil(n +T] =0 S ’ (2.2¢) '
LI’ ) o oo ' N ’ -

»
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/ - (d) The Toggle Switched Differencen,




¢ If port.2 is an open circuit, one shall have agel(n + éJT] =
meging vz[(n + %JT] = vi(nT). Tﬁué, the TSC wifh an open circuited
output node acts-as a simple samplé-and-hold circuit (SH), offering a

delay equal to ong-half of the clock period. ’
.2.2.3 Toggle-Switched Differencer (TSD) -

For the circuit of Figure 2.1(qf. one has
Y &

< M

0

Agl[(n - %JTJ = cfvl[(n.- %QT] - Lva(nT) - V3(nT)]}i " (2.3a)

+

| sof

. 8q3(nT) = C{[vp(nT) - v3(nT)] - vlfﬁn - %JT]} R (2.§B)l; :

LI
2

aq3(nT), aq23l{n - %4T] =0 ) L © - (2.3¢)
N c n',“‘ - ,
. . If the output nodes are short-circuited at t = nT, 1t follows
vo(nT) - v3(nT) = 0 thiereby making Aqy3(nT) = -aqil(n - EJT] A TSD
with a short-circuited output ‘node pair acts as a charge transfer
cifcuit with half a clock period delay. |

' 4§

-2.2.4 Unity Gain'1|p1i£}erP(UGA)
. .vv "‘
An SC netwgrg operates by chirging a set of capacitors during
one clock phase and redistributing the aéquiqu charge to another set

of capacitors, in a desired manner, during the next clock phase.

' Formulation of such redistribution becomes very simple if a capacitor,

/
-+ after having acquired a known amount of charge, can be completely

»
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admittance Yip is zero irrespective of the value of the capacitance
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discharged across a node pa%r in such a way that the node pair &y

f
itself does not aliow a flow of charge through it but diverts the
entire discharge to some other nodes through a defined set of switched

(or unswitched) capacitors.

Consider now an ideal voltage amplifier of gain A [Fig. é.l(e)].
The inpu£ ﬁmpedaqce (Zip) looking into the termiﬁa]s i-j is Z{1 - A).
For a UGA A = 1 and Zjp becomes zero. Similarly, the admittance (Y9
seen between the node j and groung is Y(1 - A) [Fig. %,l(f)]Qwh1ch too
becomes zero when A =1, Thus, if a cﬁarged'capacitor is placed across
nodes 1i-j of a UGA with & load impedance 7 connected between node j and

ground, the capacitor sees zero'impedanéé and will discharge

instantaneously, Thdependent of the value of Z. On the other hand, the

placed between 1-42‘ Thus, the entire charge from the capacitor shall

flow through the load impedance 7. We see, therefore, that a UGA can

serve precisely the purpose of redistribution of charges amgng the

capacitors as mentjoned above. 'If a voltage sampling capacitor is
S . N
connected pepfodically between thé nodes i-j, its charge, acquired at

the sampling port, will entirely flow through Z, producing a charge
proportional to the input voltage.

2.3 SAMPLED DATA FILTER REALIZATIONS
2.3.1 Delay and Add (or Subtract) Metwork'

Using the various blocks already presented, a delay and add ’

] R
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network can be realized. Such a network is shown in Figure 2.2(a), and
is central to our reélization of the sampled data network funcfions.
During even clock phases, [say, t = (n - 1)T], the dnput vi is sampled
and held in Cyy. At the same time, the input is fed through Cyy to the
summing node X. In the next half interval, i.e. with a delay of T/é,
Cxi transfers the charge held earlier to Cyy. The cagacitor clh
discharges after another half interval delay of T/2, Eiyce it is then

connected across the UGA, transfering the whole charge through node X

to CON‘ One thus obtains the charge conservation equation (CCE):

Copvo(nT) = CoNDv{(nT) = vp(nT)] + Cynvilin - 1)7] (2.4a)
|
Taking & -transforms of both sidés and rearranging the %erms, one has

CIN CIn , .
VO(Z} = m [1 + -C—I—N- Z ] V-i(Z) ] . (2-4b)4

It is clear that if one interchanges the terminals A and B of Ciy in

Fig. 2.2(a), one could arrive at

CIN Cin 17 _
VQ(Z) = m_ [1 - 'C_ﬁ‘- Z ] V-](Z) , (2.5)

The network of Fig. 2.2(a) shall henceforth be designated as Type-1
delay and add (DA-1) netwotk. Similarly, for the network of Fig.

2.2(b), one can arrive at:

Cypl¥o(T) = Vo(nT)] + Cypvol(n = 1IT] = Copu(n) (2.62)

B
-
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which (on taking %-tran;fom) would eventually lead to *
Vo(z) = Vy(z)/D(z), where

L : -1
2.6b

The + sign in the denominator of equation (2.6b) would depend upon the
polarities of the terminals of ClD connected across the input and

output nodes of the UGA.. The network of Fig. 2.2(b) shall be named a

* _Type-2 Delay and Add (DA-2) network.

2.3.2 Delay Network

. The delay network is shown in Fig. 2.2{c). Its function is to
samplé and hold an input voltage and fransfer it, through a UGA, with a
total delay T sec., to the capacitor ch (or CAD)' The terminals of
CJN {or CJD) can be}§ubsequeptly switched to the summing node of a DA-1
or DA-2 network. Tﬁis wouid enable addition (or subtraction) of
successively delayed versions of the signal voltage(s). The network of

Fig. 2.2(c) shall be designated as a D-network.

'2.3.3 Non-Recursive Sampled Data Filter (NR-SDTF)

>

The transfer function of an Nth order NR-SDTF has the standard
form[33] =
N-1

W(z) = § h(n1)z™ = hio)1 + LT p7b, BED -2
né0 h(0) h(0) e
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’

" An extension of equations 2.4(b)-2.5 simulates the NR-SDTF in the form

Cry - C c c
Iy, N -b, 2N -2 C3N -3

H(z) = *
Civ . Cy

L= : Con'* Con

£ ooee glﬁ-z'j ..

I

©(2,8)

‘Comparing (2.7) and (2.8), we have,

\
) = GOy § = 12,300

h{0) = CIN/(CON + CIN)’ h(JT)/h( \\\*
The schematic of a third order NR-SD~{\:j:ng SC networks and

UGAs 1s shown jn Fig. 2.2(d). The schematic of iny general order

NR-SDTF can be easily obtained in a.éimflar fashion by using type DA-1

and D-networks[54].
2.3.4 Recursive Sampled Data Filter (REC-SDTF)

A REC-SDTF has a transfer function H(z) = N(z)/D(z) where each |

1 having the form

s

N(z) and D(z) is a polynomial in z~

N-l
N(Z) [or D(2)] = | a;2

1=0
C .
f '\> N"]. _1
’ The polynomial N(z) [or D(z)] = } a2 can be easily generated .
’ i=0 -
using the scheme shown under NR-SDTF realization where Bne shall have

agy = Con/(Cop * Cppds Ay = Cyy/(Coy + Cpydmd ‘,1'2-""("'1)
. 2.9

'
I
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The subscript ) has been added above to emphasize that the coefficients
and the éapacitors pertain to the generation of the numerator
polynomial. To simulate the denominator polynomial Dﬂz), one needs a
relation 1ike -

- -1 -2
VO(Z) = VoN(Z)/[aOD + a2 ‘+ a7+ eed]

(2.10)
Where VON(z) corpesponds to the input and Vo(z) is the output signal.
This can be easily realized by an extension of the basic scheme shown
in Figure 2.2(b). In this one have [ref. eqn. 2.6(b)]
<
1 =‘ Vo(z) ) CID
-1

which leads to the form

-1 ‘ ‘
alDZ whgre , . . ’.;

+

D(z) = 2
\ 3 = (CDD + CID)/CID , and ap = ch/c;D (2.11)
An extension pf the above scheme would thus generate D(z).in the form

) -1, -2
1/D(2) = l/[aOD + ap2  tagz T+ veel

where a = jD/ciD’ =] 2,... N-1.

If now VON(z) corresponds to the output of an NR-SDTF section, one -

would realize the REC-SDTF as

&

H(z) =

Vo(z) V. (z) V (z) ~ -
0 0 ON 1

= N .
V() Vou(2) v (2) ED( gl (2.12)

o . e AAYEY R e e 2T - s
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' &
The schematic of a third order REC-SDTF 1is shown in figure 2.2(e). Any
highe} order REC-SDTF can be easi1y'rea1ézed using DA-1, DA-2 and D
networks. '
7 L
. e _
2.4 REALIZATION - OF BIQUADRATIC SDTF (BIQ-SDTF)

Biquadratic functions are an important class of fiiterst A'
large number of filtering'tasks can be accomplished directly by thém:
Further they can serve as useful building blocks for the design of
h1gher order filters. Consequently, it i$ desirable to investigate the
possibiiities of their rea\ization. A recursivgdBIQ—SDTF can be
synthesized us%ng the above principlet. This shall have the transfer

function

_ ¥ =1 -2 -1
H(z) = hp [1+ Attt Az 17101~ a,p2

-2
vwhere

b

Con/Cine 32y = Con/Cone 21p = C1p/(Cop * Cyp)

- R
[y
=

N

3pp = Cap/{Cop * Cyp) and

The coefficieqis 2y p oo etc., can be related to the parameters of
the analog fil ﬁrs provided the se+z mapping is specified. The
properties of the BIQ-SDTF are discussed in detail in the next chapter

A pract1ca1 design\procedure is also presented in the same chapter. ‘

ek RaE



2.5 REALIZATION OF LINEAR PHASE WR-SDTF

2.5.1 Constant Delay Filters[33] o .
Constant delay or 1jqear phase filters are used“in a~var1ety of
applications[34]. They can conveniently be realized as NR-SDTFs. in
a linear phase NR-SDTF, the phase functibn 8(w) is a 1inear function of
the sampled data angular frequency w e.g., e(w) = —tw. Sincé in this
case the phase de]ay and group delay are given respectively, by
T " :G/m and g = -de(w)/dm each of them is a constanth;rameter
Recalling that the general 'NR-SDTF is given by: H(z) = Zo h(nT)z™"
one ﬁas the frequency resboknse' (1et1:ing z = exp(juT), wh:re T is the

-

"samp1fng frequency):. ©

H(e®T) = M(w)eje‘“)' 2 h(nT)e™ J”"T : (2.14)
i , ~.n=0 )
. where M(w) = | H(ej”T) [ B(w) = arg[H(eJ”T)] For constant phase L

delay -as we11 as constant group delay, we have,

\ A N-1 ) R
. : =.J nT) st nT ’ !
0(w) = —tw = tan”t (2.15)
» N -1 .
o o ?é"T) cos wnT °
?’?';".' ) 3 H
. .'z .
Eqn. 2.15 gives
N-1 3 o . ! .
¥ h(nT) {co§ wnT sin wr - sin wnT cos wr} = P
n=0 . ) P
-, , ;

B
\
s .
- .'
' ) v . )
'
y i Ay ke SR P 1 0w et « ARRHRE o L BN I gy 0
. t -
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i or ' ’5" 1 Y
P | M
' N-1 . o . ,
| L nm sin (ox - wnT) =0 , (2.16)
‘M/ ) . ‘ ’. | :’ | ‘ . A .
" The solution of t;.his equa“tion‘oan be shown to be.« s.
ST N T s -
R T = / i . ‘2-17‘)
‘ 2 e T2 o ! e
e - s ° - AN
s h(nT) =h([N-1-n)T)for0<n<N-=1 " {2.17p)

b

*
k B - e - v
* -

Thus, a NR-SDTF, unlike a REC-SDTF, can have constant phase and

&
\

. L
group delays over the entire baseband.. It is only necessary for the

/

impulse. response to be symmetrical about the midpoint between smples ‘

(N-2)/2 and N/2 for even N of about sample (N-1)/2 for odd N. Tht

required sy-netry is i]'lustraf.ed in Fig.- 2. 3(&) {b) for N=10 and N=11. -

. ' ]
\ ‘ ' In many appHcations on1y the groupg.ge‘l ay T need be constant
f

- in which case one can ha O(m) = 9 - 1w, where o_ is a constant.
. Proceed&ng as above 8‘ second c'lass of NR-SDTF which has constan/t

/group delay, can be obtained, choosin{eo\-‘ + %/2, the solution is

[N

» 1 . )
E ‘.. - %’ ' C N . 1 - s
) : ‘N-l T - - ~ 4 . -
O )‘ . N c (2.18a)
_ L N I A “
L AL R (U e

' In this case, the impulse response 1s antisyu\etric about the Widpoint ' \
- bdtween sanp?es (N-2)/2 and N/Z for even N'or about sup\e (N- 1?/2 for -

A%

.9
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odd N, as fllustrated in Figs. 2.3(c)-(d) for N=10 and N=11.

}
. ‘

2.5.2 Frequency response
f | , b
Equations 2.17(b) and 2.18(b) lead to simple expressions for the
frequency response of the linear phase filters. For a symmetrical

impulse response with N odd, eqn. 2.14 can be expressed as:

(N-3)/2
H(eloT) = )

n=0 2

.

+ *h{nT)e~dunT

- e
n=(N+1)/2 , ,

3

B} using egn. 2.17 (b) and then letting N-1-n =m, m = n, the Tast

summatign in Eqn. 2.19 can be expressed as :

\u;l

N-1 ,

] n(amedenT . WL CERE n)73e-dunT

n=(N+1)/2 . (N+1)/2 _
(N-3)/2 - o

b h(n)e du(N-1-1T (2.20)
n=0 , .
. 4 S ) | " '
Then using eqﬁs. 2.19, 2.20 ‘ e ‘ L

gluT ‘ (N-3)/2
 p(edoTy o gedulN-1T72 {h[‘"‘;)T]+ |

] 2(neoslu®d -nm)

1 n=0

[

. . and hence, with (N-1)/2 - n = k, we have . h'.‘;@r o Q-
' . } o« ' . ¥ : . AR ’_ '
B o gl , .
" H(eWT) x e du(¥-1T/2T I & cos wkT N (2.21)

k\ fy

e

e R

¥
b N
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- where a_ = h[iﬁéllla . {2;22a
3 = 2h[(—(-N—;—1-)- - KT ‘ '(2.22b

Similarly, the frequency responses for the case of symmetrical impulse

_response with N even and for the two antisymmetrical cases‘ﬁpn be

obtained. The expressions are summarized in Table 2.1[33].

2.6 SOME PRACTICAL CONSIDERATIONS

‘Ignoring variations due to the ‘argument z, for simplicity, one has

Pl

v e TR

)

)

n
2.6.1 Coefficient Sensitivity of Saqgi:d Data Filters '
! ] N
In section 2.3.4 we have deye'lopéd a method for simulating a
general Mth order REC-SDTF given by
) M N "J H "k
M) = hpl1 e T b2 /ML + ] b2 (2.23a)
j=1 ksl ,
where ij‘= QJN/CIN’ bep = CkD/(CID + Cop) - (2.23b)?
) c ©C. :
IN 1D :
and h, = “ (2.23¢c)
T T L) ‘ ,
dH(z) dhy dN(z) dD(z) . o 2200).
Thus = + - : oL e © (2.24a) .
Hz) Thy Nz T D(2) ‘ ‘ ,
Qhere Néz) = 1 +.b rlep, 2724 | o ' (2.24b) .
1N h ZN LN P L]
Cand MG =142l s b, 2R e : (2.24¢)
']-D "' ZO ree . ! " v . * - .
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_ TABLE 2.1 Y ]
Q
FREQUENCY. RESPONSE OF COMSTANT DELAY
NOMRECURSIVE FILTERS
- ‘ }‘ . 4
P
¢ ! '
i* . \ '[ \ :’
g . .
, b 1 | T § '
n{nT) N el ’ : "
N i ;
. )2 |
. Symmetrical 0dd o JolN-117/2 I & cos f \
! tm 1 \
o
N/2
Even ¢ ul¥-11172 I a8, sinwkT
k=0
. ' - (N-1)/2 ‘
' Antisymmetrical 0dd ¢ Ilu(N-1)T/22/2)] ) by cos [ulk - %)T] ﬁ\‘
. . k=1 ]
N2
Even '-JL.(N-I)TIZ-:X)ZJ I by sin Dulke -})T] ‘
k=] ‘ '
L | e a = h [-‘l’-;-—”ln R L= BN (R ]
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M b db M
dN 7 CIN -1 TN |y .5: iN (2.25)
i=1l N by i=l PN Pyy
where S is the. sensitivity of N(z) with respect to b1N: S

i
In eqn. 2.25 §

b is a complex number and is controlled by the filter -
iN ‘

* specifications. The quantity biN is a capacitance ratio and [dbiN/biul

is the accuracy with which a given capacitance ratio can be maintained.

In MOS technology dbiN/bin typically ranges from 0.1 percent to 1 per

cent depending upon the actual size of the capacitors. Clearly.'thenA
» ’ . . r

dN/N in practice is expected to be small.

>

For the denominator polynomial D(z), one has similarly,.f"

M 2 da . '

o (2.26)
kel KD gap dK Tag

where ayp (Jf;,Z) includes the capacitance ratios ckD/ch-

+

and Con/C1p needed to-realise bkb accqr#ing to
' ¥ » .

Sub;titution in eqn. 2126 gives

2 bip . % % By :
z Sa k = - . - (2028)
L S LR PR ‘ ‘ .
Y . ' .

If @ a2k's are of the same order of madnitude; one can set

e L T Y ' N " .
| —— e = — _ which is very well achieved in MOS technology. - Ty
a a a > ’
TR oo - : !,
g e ey N

Hence:
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One/x has similarly,

dh;‘., 2 $hD E;j_
Py o1 %5 7

where @y 'CON/CIN and a, = COD/CID L | .o (2.31)

da da
Assuming again, —&—1— = -T?- = 9-3— one has ).
1 2

)

dhn.-¢1+a2+2a1¢2£ . \ .
hp (T¥a, T (T4, 7 @ .

©

[+ 4
Writing b'lN =y and bid = Tl—g-éwhere a's are capacitance ratios, one
B .

(2.32)

, +

’ \

"has, after some manipulations, ) ) . ‘

M a »
dH -1 SN 1 %4d &
F- 1212 -5 (The) e T R L b5

‘. Lo (2.33)

-

which givesQ\I.he relative change in H(z) as a function of various

- capacitance ratios, the specification parameters N(z), D(z), hy and the

capy_citan_ce }atio accuracy dx /a,

a

+ In practice, it is exﬁ%c{ed, that EH'MU be small. :lt may Aiso
be fioted that for NR-SDTF, only the qu'(apti't\y 4N/N is of interest.

- v
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2.6.2 Effect of Sample-Hold Networks °

In the development of the general NR-SDTF and REC-SDTF, each
delay network [Fig. 2.2(c)] is essentially a cascade of two sample-hold
(S/H) circuits,@rpviding a'delay by one full clock period. The

+

frequency domain response of eachyof the S/H networks is the well-known

sampling function‘Sa(w)\ = sin (wT/2) /(wT/2)[35). Thus each S/H
network shall introduce a Salw) spectral shaping which will be

| reflected in the realized coefficients of the general SDTF (NR or REC).

This effgct will become substantia\ when the operating frequency is

close to'the clock frequency ,fs(sl/Tl). Al s0, this effect accumulates

as the order of the filter increases becausé the sigl has to be

delayed by more units and hence be subjected to more mumber of S/H

networks. Tracing the path of the signal voltage through the DA-1 and

th

D-networks for a general N order NR-SDTF, one can find that ad

4

N(z) =1 By wnere By = C/(Cyy t Coy) = 8y (2.34)
1'0 ) ’ ¢ ’ ‘ - ’ .

N " ' C : , ®

wnile By = [Sa(@)Ih I o rsa) 1 oy, ez,

- Cu* Con . (2.34b)

- s

where AN 3y represent the nominal coefficients as arrived at \1n'-

connection with eqn. 2.9. Similarly, for- the Nth‘order REC-SDTF, one °

‘ el ‘ R
. 1/D(z) = 1/120. qpt ”

h

would have B .

\wh}gre’ 2 * (FOD +"cw"’) !ty X 3gp . e e ,(?.3541!
‘.Ira \ . ‘ 4 AN .":\‘ . .' . ." R " "
e . T4 ’ , - N




- 53 -

C | | -
and  F.. = [Salw)]¥ 230 . rsaqw)1®a, o, 3e1,2, 0l (2.35b) .
I 1o . ip :

The quantities ay,, 24 represent the nominal coefficients in D(z) as

arrived at earlier in eqn. 2.11,

" Since Sa{w) is/frequency dependent, the effect. of the

perturbations in the nominal coefficients.aON, 3 and 3y, a3p .o

. cannot be exactly compensated over the entire frequency range of

_ interest. However, if the frequency band of interest is known, an,

optimization alogorithm can be used to minipi ze the error between the
fdeal frequency response anfl the actual frequency re§ponse [when Salw)
spectral shaping is considered]. This procedure shall “give the set of - .
coefficients aON’ "alN’ ... and 300. E\m, ... which when realized usir:g
appropriate capacitance ratios (see egns. 2.9, 2.11, for example) would
produce a response ’which is cfose to the ideal response within a
prescribed error 1imit. A theoretical basis of such an algorithm is
considered next.
. :

2.6.3 Minimization of Nean Square Error Between Ideal and Actisal

‘ F requency Responges

]

Let HD(z) be the desired response of an SDTF while H(z) is the
one actually obtained because of certain perturbations, e.g., the
spectral st;apiqg due to the sample hold circuits. The ideal and acfya]
freqye responses are then ‘HD(ej“T) and &(ei“’T) respectively [where
z= exmwﬂ]. Putting My = |Hb(ej“’T)|, My = IH(e¥T) |, the normalized .

K

. - - RO - gL e e v . b TR
; e e . - X
i ! K ‘ -
- ;23
o L . . X
. LA L
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mean square error in frequency response, computed at a nunber' of
discrete frequencies w; {1= 1,2, ..., m)can be expressed as
A ‘ 2 J

where '5 is a function)of the N unknown coefficient, that is,

! -~

g = f“(ho’ hl’ eev , O

Ry (2.36b)
and ;10, 61 ... are the coefﬁicNin the description of H(z). Our

object is to find an optimal vector 8 and hence the optimal set of

~

coefficients ﬁo, h , h_ - such that Q(8)) is minimi zed.

12 -
Minimization of 0(5) requires use of a nonlinear programming pr:ocedure

n-1

such as the Fletcher Powel algorithn[36]. To use this algorithm, the
gradient of the function being mininized must be known. Introducing &

new set”of variables,’ X3 (1=, 2, ..., N) where Xq = ho’ X, = hl,

one can obtain

- M- N |
5(6) , & pa_dy2 , (2.37)
8x ox M .
i i d .
- . ~\

N since M is independent of X ‘s, one has
\

. 2M. - M) '
60(0) a d & (M) . (2.382)
5 2 oxy a
i My A
while[37] ]

Al

LM ) e L Re (W (z) - [H(2)] )

/' .




&

From (2.38b), it can be easily shown wiven H(z)=N(z) (say), that

—-(M)=M Re[———-—-N(z)] -
in1 ’ N(z) 6x1{ } (2.3)

Hence, from eqs. 2.26a and 2.27

p 2N, -M ) ' . .
. o0(8) _ “Ma d 1 8
B, "2 My Relagms -gyi{ N(z) ] (2.40)

which can be readily computed on a\ digi tal computer at each of the
chosen frequency wy (i=1, 2, .« ., M). The rest of the pvroceduure“for‘“‘
ninimizing the error is rather straightforward and. can be pefformed
using ;ninimization algorithms[38]. Such algorithms are often available
as standard subroutines (e.g. VAPIA, VALBA in the scientific backage

library of CYBER 172 CDC cvmputers) in modern digital computers.

2.7 EXPERIMENTAL AND NUMERICAL RESULTS ) !

[

2.7.1 Recursive Sampled Data Filter

The de:s'l gn equati ons presented in Section 2.3.4 have beeh tested
by designing a third order recursive SDTF bilinearly equivalent to ‘a
corresponding analog Tow pass Butterworth transfer function with . --
p-lkHz and a flat gain hA=5 The clock rate used was f =10 kHz and
discrete capaci tors (film/foil type with polysterene dielectrio) with'

‘CIN = 1nfF = CON = CID and clN = 3nF = CZN’ C3N inF, ch = 9.0,

Cpp * 6.60F, C3py = 1.533nF, Cop = 4.5F. The UGAS were. reaHzed with

[} ' \

OAs using 1003 negative feedback (Fig. 2.4). The ideal fesponse is
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o q “ ¢ . Lo » b
7%hé>ﬁ‘?<?Fig. Z'S(a) while tﬁg‘theorezlgal respgnsé considering the £

{
effects of-the sample hold networks (refer sectiow,@ .6.2) is shown in

Figo2. S(b) In the experiﬁhnta] c1ycu1t no oppimization was usgd to

'compensate for‘the effect of the spectral shaping due to-the sample

. L
hold networks. The expei;mental results (o o{) follow ‘closely the

theoretical cuxve [Fig. 2. 5(b)] which is expected.
W’ ' S

2+7.2 Non Recursive Sampled Data Filter e - *
v k \\ »

!

v

The ideas preg/)ted in section 2.3.3 have been tested in the
1aboratory by designing first second third fourth and fifth order
NR-SDTFs with C CON 10nF, ClN rCZN = ,.. = C5N = 10nF. The UGAs

were rea1ized with uA 741 operational gmplifiers using 100% negative

. - » I
“eedback (Fig. 2.4). The caﬂacitgrs were film/foil type with poly-

sterene as gielectric. The jLitch;s were CMOS analog swiﬁipes (RCA
40668). The clock rate used was 10 kHz%T=0.1 msec). The frequency
response chav@cte}istics for the third and fifth prder~f13ters are |
snaﬁﬁ/;; Fiés. 2.6(a) ;;d (c). The theorgtita1 responses, accounting
for the spectral shapings due to the sample and hold circuits (refer ~
section 2.6.2) are shown in Figures Z.B(Q)vand (d). The ex;ZFimental
results (0 o and + +) agree Vény ¢1¢§e19 withlthe theoretical curves
216(b) and (d). : 4 ' (

1 & ) N
2.7.3 Constant Delay NR-SDTF :

The des1gn of constant de1ay NR- SDTF described in Section 2.5.1

\\\mmﬁ tested for a ninth order NR- SDTF in the laboratory using discrete

L
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’ ~
. - capacitors, UGAs (realized from pA 741 OAs) and (;MOS;switches (RCK type
40668) . The'épacitaﬁces were chosen so that (with bON = CIN = 10 nF).

. 2.2/20, h, = h, = 3.3/20, h

1° " 2" " 375
~ 4,7/20 and h4 = 10/20.‘ The theoretical response with the Sa(w)

h0=h°=h8 -1/20,'h' = h h

spectral shaping included, 1s shown by the solid Hneljn Fig. 2.7(b). "~
The experimental points”(o o ) follow, veri 'clo'sely, the theoreticé]
response. The nominal respons;e {ignoring thé Sa(w) specfra1 shaping) .
»‘ is 'shown by curve (a) in Fig. 2.7. Comparison of Figs. 2.7(a) ‘and (b)
reveals that the effect of the-sample and hold circuits becomes more
noticeable at signal frequencies > f_/4. The en;or minimization
procedure, described'in section 2.6.3, was erqp\oyed to a?ﬁve at the
optimal set of capacitor ratios (h0 ~0,h = .257, h, =0 hgy= .358,

2

h4 = ,502, h5 6 7 = .129, h8 = ,04). The response

with éorresponding set of capacitors (with Cin

=.353 h. ~0, h

W

Coy = 10 nF) agree
. With theinominal response [fig. 2.7(a)] within an rms error of less
that 3%. The experimental points (+ + ) with this optimal set of

L

capacitors shows very good agreement with the nominal response.

!

28 CONCLUSION ~ :

A systematic approach for realizing sampled data filter
functions is proposed in this chapter. The realization uses the basic
building blocks DA-1, DA-2 and D-networks, realized from UGAs and/SCs.
R‘eaH‘zations of both NR-SDTF 4and REC-SDTF, of any order, have been

| illustrated. Realization of an important class of NR-SDTF, viz., ~
constant delay filters, t;as also been considergd. Some practical

considerations, namely, the sensitivity of the desired response to
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capacitance ratio errors and the effect of spectral shaping due to the

. sample gnd hold circu‘its on the desired response, have been discussed.

The theoretical .basis of an optim‘?zatjion al gor1tﬁm to minimize the
error between the desired and the realized responses due to the
spectral shaping of sample and hold circuits, has been discussed.
Nt;tnérical simulations as well as experimental results reveal that
substantial minimization of error can be achieved by using the |
indicated optimization procedures. Experimental results carried out on
a nmﬁrof_NR-SDWs show very good qgreemen't with the theoretical
results. The topology for a general BIQ-SDTF has been presented.

Since, biquadr?tic Afﬂters can’accompHsh a number of important

filtering f'un;:tions and also serve as important Q\uﬂding blocks in

. realizing high order filte¥s, it 1is of impaortance to investigate in

detail, the characteristics: of BIQ-SDTFs. Investigations on BIQ-SDTFs,
realized using the basic buflding blocks ,introduced in this chapter,

are continued in the following crlapte;.
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CHAPTER THREE

BIQUADRATIC S,AHPLED PATA FILTER
'REALIZATION

. \ ¥

3.1  INTRODUCTION _— ' . )

A set 6f SC building blocks has been introduced in Chapter 2.
Vsing these building blocks, schemes have been developed for realizing ,‘
any SDTF, "recursive or non recursive, and of any order. The ‘,;,‘;
realization of a'ﬁBIQ-Slﬁ)(TF, however, has béen only briefly discussed in . ,A;
the previous chapter. In this chapter, the case of the BIQ-SDTF is f M wE
considered in.detaﬂ . Towards this end, attent'ion 1ls restricted 4o the” . H SE\M
class of BIQ-SDTFs that simulate the popular analog biquadratic fﬂters (ﬁf};‘ o‘
(Tow pass, highpass, band pass, ‘notch) under the well- k nown b'i'linear ér.;
s+«+2 transformation. The bilinear transformation is chosen since 1t 7 L
offers the possibility of simulating the amplitude response of analog
filters with critical frequencies closest to the Nyquist frequ,ency’.“
Various practical aspects, such asﬂguaranteeing Tow sensitivity of ‘thme‘l .
realizations, minimization of the total capaéitance in the cirjcuits,'.: "'; :‘ﬁ; wﬁz

effect of the sample hold capacitors, effect of the stray and parasitic
capacitances etc., are examined. Finally, a step—by-steg design - |
pf‘ocedure, easily 1mp1ementéd in a compuj:er, is given. This procedure,
starting from vthe given analog filter specification, yields an SDTF

that (1) is'biHnearly equivalent to the g'i;ren analog filter, (i1) has

a very low sensitivity to the variations of capacitance ratios, (iii)

- uses minimum total’ capacitance and (iv) is tolerant of the various

parasitic capacitances in the circuit. Experimental results are given

»
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\
and thesel'agree very well with the theoretical predictions.

- 4 %
%

3.2 THE BIQUADRATIC SAMPLED DATA FIFLTERS
The BIQ-SDTF derived in section 4 of Chapter 2 is shown in Fig.

3.1 here. This network has a transfer function given by egn. 2.13

and a,, = C ‘
L 2D T/ (Cyp+ Cop)

The coefficients 330 A1ps Yy A hD can be related to the
parameters of the corresponding analog biquadratic transfer functions
provided the s«+z mapping is specified. Assuming the well-Kknown ’

i -1
bilinear transformition s = & 1=Z

, the various design formulae are:
1+2° '

‘shown in Table 3.1. For compactness, the following substitutions have ~~

_{been used: ' T

a=2T, Qp = a tan (mp/a) '»‘:’n = atan (w/a) o (3.,2an)
2 2 2, . . 2 |
F1 =5 + (u)p/Qp) 5+ wp , F2 =a + (wp/Qp) “a + wp (3.2b) |

ap* 2(a? - Gg) /Fys 35n = [a?- - (ap/Qp) a +{3§] / Fy (3.2¢)

where mp,'Qp are the pole frequency and pole Q of the analog filter and

wp," Gn( for notch filter) are the corresponding prewarped frequencies.

t
)

. which is repeated here for.convenience: - , -~
H(z) =hy (1+ amz'1 + aZNz':Z) / {1- %Dz'l + aZDz'z) (3.1)
- where b= [(1+ Con/Cay) (1 + Cn/Cip? T Ay = G /S
20" Caw'w - 210" Cap / (lop * Cpp) =

.
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TABLE 3.1

. f

DESIGN COEFFICIENTS OF BIQ SDTF BILINEARLY EQUIVALENT TO THE

AMALOG BIQUADRATIC FILTERS
™ "-\

4
AN
L 4
| Filter Analog . Sampled-Data Transfer Function
N ' S Type Transfer Coefficients* .
; Function -l .2 -1 -2 ks
H(z)=hy (1+a) 2" +a, 27"} /[1-0yp2" 48,0277 |}
‘\
‘o Po S 5
) 2 ' 2 - I
. . LPF HLP "’p/Fl HLP “’p/F2 2. 1
2 2 1
HPF Hyp °/F, yp @/F, -2 1
4
i Fy-20w /Q )s
1 pp
) Hap F, Hap 320 21/t Yagp
¢
S h (s2+w?)/F - (o2en2) F - 23] 1
(I RS Hy (8740p) /Py 2.2
. [ ™
n
* The coeffictients 40 3,p have already been shown {n eqn. 3.2(c) in
the text.
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3.3 SOME PRACTICAL CONSIDERATIONS 4
3

3.3.1 wp and Op Sensitivities

For a BIQ-SDTF, bilinearly eqivalent to an analog filter, the
normal 1zed (with respect to 2/T = Zfs) pole frequency ((;)p) and pole

are: |
Q(Qp)

op =/ [(1- ap * ‘20) / (1+ 2p * °ZD” (3.3)

4

and

Qp = /BT -2y + 2] (1 + 2+ app)] / [201- ayp)]  (3.4)

\ -

writing a; = ClD/CID’ a, = CZD/CID’ ag," COD/CID’ one has

alD=a1/(1+a3), azog az/(1+a3) (305)

1

At the present state of MOS technology, it is reasonable to assume that

the capacitance ratio accuracy is uniform if ‘the spreads are fot very

large, so }hat one:.can write:

Gy ¥ M /
a a 14 a
1 2 3 <.

After some algebraic manipulations, one arrives at:

Q Y ’ |
P.. p _ ol - aly G
eyl LRI (3.6)
. PP :

Similarly, one can obtain . .
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, ' !
':_E"—Q‘P-[QB—QZ)-Q]E‘- | o /(3'7.)‘
p . 4qQ2 7" PP e | o
. p ’ . .

\
In MOS technology I %l is quite small (.13 to 1%) so that a
very low sensitivity ope/rat'ion- can be easily obtained 1if one can,

maintain
C v o=l qi-dYee1-aD] <1 | (3.8)

. 80g2 P G A |

! PP - .
and ,

125 Q2 - |
B 4—-%2-[Qp(3-op) -] <1 o (3.9)
P

, ) |
t (0 ,0.) = - g% - . (3.9). T 2 0,
Le @(Qp Qp) Qp(3 ’ Qp) Q, ineqn. (3.9) hen at Qp 0

¢(Qp,0p) =3 Qp and it can be shown that ¢(Qp,gp) is monotonically
decreasing function of e, with a zero at Q, ~ 73(1 + 1/24 Qi - 1//170p)
~ /3 for 12 Qﬁ >> 1. Hence, for 12 le) » 1, ¢(Qp.op) > 0 in the range

0 « Qp < ¥3. In such a case the inequality in eqn. (3.9) reduces t

the requirement:

4 - c
vy

| 2 2. . 2
| ¢(Q¢,ap? 4 Q - opr(3 - Qp) )

b >0 {3.10)

This function ¢(Qp,Qp) has a minimum value of

L2 2,2 o . 2
- Wpmip =9l - (3 - 0)7/16] at G, = Q. = (3 -q))/B. The g, .. is

always positive in the range 0 < g_ < v/3, so that ¢(Qp,Qp) > 0 should

, P
.always be satisfied in the range 0 < Qp <« v¥3. The range Qp > /3 is
discarded since in that case one would arrive at fs/fp < 2 which is not

permissible by virtue of sampling theorem. Depending upon whether Qp

N



SR S
’ .' o a )
, 4

P

. 18 <1l or >1, the first 1r{equa11t9 leads to two lower bounds on

00y G, ) a5 (writ‘ingg = f/T)
- (8% - x%) /'(ex%8? o N/ (3.11)
Qp Ql’l "5 ﬁ -% B - B ! ’ ﬁ 'rp‘ | .
_ and .
‘ .
. ,.//‘,//./,
' G, xp (s’ - p2) /-(enzaz/fji}af“)ﬁf;;g (3.12)

- Al

G ,
range 2<p<x,

The quant':ity anzaz + ﬁ4 - 1:4 is positive' in the
making le negative over this range. Hence the 1nequai1ty in eqgn.
(3.12) {s. always satisfied in practice. With regard to egn. (3.11),
tl';e. quéntit_y &nzaz s 84 + 1:4 is positive in the range = <B<BC, zero at
'Bc = [l + %-/i? )1’/2 ~ 9 and negative for B>B,- Hence, care has to.
be exercised in selecting a £ (that is fs) only .in the range n<B<ﬁc S0

that the design Q. is > (, . -
. P 14 ,

Thus, finally, for 2‘fs/fp<1i and f /f >9, the only requirement
.is that 12 Qﬁ >> 1. For the range m«< fs/fp<9, Qp haé to be such that

2
°p>011.1" addition to being 12 Qp » 1. -

3.3.2 Effect of Sample Hold Capacitors - , : )

-

Each of the capacitors -C

xi* Cxpse++ modifies the input signal by’

the sample-hold (SH) function:

Hy () = [sinT/2)/(T/2)] expl-fT/2] PR B &)

~
.

e . . . PP P S B

[P S S L. et e o . e e . W

RS

[~
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- (1-1 2) over thg\:ntire frequency band. One will thus have

L e gy s sl

- L

' '§=1,2 and Sé(w) = Sin(wT/2)/(wT/2). A general approach to take these

ayx and'aJD > EJD [Sa(m)]zd -1 2y

_ Perturbations. irito account.will be to predistort the hy, 81N§ agps

through an optimization routine to yield the coefficients H Hys and

.. Dis so that the frequency reSponse 'of the BIQ-SDTF (with H Ni’ D1 as

_parameters) matches with the analog counterpart within a prescribed

\ error limit (say 5% rms) over the frequency_pand of interest. Such a

tecnniqug,has,aiready”beenAemployed'to compensate for the spectral
? -r~r*’”’”f””//shap1hg due to Salw) in some filter designs [39].

Fin 13.3.3 ug‘u- Capacitance Design

)

In MOS techno1o§y, designs that minimize the tota{ capacitance >
are.very attractive. Once the number of capacito?; is fixed by the
chosemn topology. one then has to minimize the spreads amongst the

v yarious capcitors. In the fo1low1ng, a scheme 1s suggested which would
min}mizegthe sum of the desfgn capacitors CIN’ ID' are QZN’ CZD in a
BIQ-SDTF. The C,s are ignored for-the time being since they can be
‘chosen Targe enough as long as they give the requireo SH opegpti;na
The eight~capc5tors 1n‘a.BIQ-SDTF are constrained by the five design
narameters'ﬁ,“Nl,Nz,Dl,Dz which are the numerical values_obtained after

b

v -
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predistortfon of the SDTF coefficients [hD’alN’*’ZN’alD’aZD (refer

Tab]e 3. 1)] to acconmodate 'the effect of the spectral shaping by the SH

' circuits. Thus, three capacitors can be chosen a‘§ equa1\ leaving the

v

pther five capacitors to take care of the five .constraints as below:

» < . .
.

-

: <10
e D0+ Co/Cpy) 0+ Cop/yplT ™ . (3.142)
, ) , .' ) ' '

a ¢
*
- . . . -~

Now, assuming a minimum unit capacitance Cu and assigning the number -

!

X1sXpsees 2S the ratio of the actual capacitors to the unit

capacitance, «one can obtain the sum [with b = H/(l H)J of the

. ”~ &

capacitances given by: 4

3 " ' ' . ’
» 8. 7 bxy(xgHxe) A Co T
. 121 cux1 = [--i-s—_—b-;-g- (1+N1+N?) + (# 1+Dz.).("5+x6) +.x2]cu ‘

Y,

-

o . . ] . 4 , ’ ) (3015)

where, we'have set:' :
Cin = X6y - Con by s Cyy = %3Cy 4 Coy = X4Cy» and .
.~ | ' .= P s |
Cip ® XsCy » Cop = Xgly » Cpp ¥ X9Cy » Cop = *gly

9

One can then pu{” = Xg = x, giving the minimum sum of the

capacitances as: «

~

2b , ‘
[m (1 + Nl + NZ) ""2(1 + Dl +D,é) +1] x Cu | (3.16)

OO

o e - ) . ) e %w»{swwa.wmf;mza&ww

e ——
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. et s
and*the various capaci tors as: '
Con = C1p = Cop = * &y B
' ; 'th = 15? X cu,‘éiN =Ny Cpys Coy = Ny Cpy - (3.17)
"y = 20, G, ‘Czo = 20, x ¢,

The. above scheme ;hall be called scheme I for minimum
capacitance design. It must be apparent from the above that since all
the capacitors have a positive value, one must keep b <1 an;i b>0,
requiring H o< %- .This.is,easi‘ly acr‘ﬁeved in practice by scaling ‘down
(if permitted) the gain of the analog filter. If, however, this is not
bossible, one cah arrive at a sub-optimum minimum by choosing only two
. capacitors of equal value. Thus one can set Xy = xs,‘and Xg = AX where

A 15 chosen 'to minimize the sum: -

. ¥ ~ |
‘ (1+N1+N;;/(f::)b - |
S, = [//////x ——— + (1404D,) (1)) x C, (3.18)

Ve

s ’
Ignoring 4he' trivial solution Sc = 0 for x = 0, one can get the optimum

S e B P \
[by setting e (Sc) = 0] as:

on b(b+1) (14N, +N,) .
N = b2 (3%19)

l+[J1+D2 \
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\
Again; one needs e 0 and b/(xo - b) > 0 for al1 the capacitdrs to be

positive. These two’inéqua]ities are satisfied if Ao > b and b » 0.
The condition b > 0 needs H < 1 while the first condition can be easily

achieved by taking: s

o : j/b(b+1) (14N, +8,) ' | ,
T A =b + TI5T5 (3.20)
e 1772 :

The set of capacitances correspond%ng to this optimum choice shall Se:
Con = Cop = X €, » Cpp =g X G, » Cpy = blI+ng) x €/ (ay-b),

CZD = 02(1+Ao) X Cy

This shall be referred to as scheme II of minimum total capacitance

design.

-

'3.3.4 Considerations Regarding Parasitic Capacitances

Considerations regarding parasitic capacitances are important in

deciding about suitable values for the SH capacitors and thgvun1t

capacitance Cu as discussed under the capacitance minimization_schemes

" above. Further, it is important to investigate the effects of the

barasitics on the frequency repsonse characteristics of the BIQ-SDTF.
. §

L 4
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In the circuit topology proposed, the most important parasitic

" components arise out o “the two series capacitances C,, and C,,. For
] o 1D N

" other capacitances, the bottom plates could be grounded (or switched to

ground or to the output of an UGA) thereby eliminating the effect of
the major pért (wéich amounts té ZO%KB?‘the respective nominal
capacitance values) of the parasitic capacitances: For CIN and CID'
the bottom plates should be o#%ented towards the voltage source (or the
output of the UGA), thereby reducing the efféct of the pa;asitics.
Further, a special switching arrangement can be made to ground both

plates of pIN and'CID during alternate switching phases. For the

capacitors clN’ ClD’ etc., the bottom plate should be so oriented that

they are connected to the output of the respecfive UGA (which works

1ike a voltage source) while discharging these capacitors at the

[}

-summing: junction. With all these, however, the parasitics associated

with the top plate of the capacitors due to the switches and’ the input

of the UGAs remain to be considered. Noth;ng much can be done to
eliminate all these parasitics, but a judicious choice of Cu and st
would make the effects of the parasitics relatively insignificantkfn\/,“
the frequency response of the filter. The resulting design may be
called a parasitic tolerant design. With tﬁé present day MOS /
technological processes, the stray capacitance from eaéh terminal of a*

0"15

switch to ground would be about 20 fF (fF =1 Farad) or less while

the parasitic at the input of a UGA would be of the same order of
/ . ’

-~
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magnitude or slightlybhigher (say, about 40 fF). Further, the
parasitics at the top plates of the capacitors,due to wiring and
interconnections would be 0.1% (or less) of the nominal capacitance

values. The DA-1, DA-2 and D-networks including all the important

parasitics are re-drawn in Figures 3.2(a)-(c). To keep the diagrams

tidy, all the parasitics have been lumpéd together and shown as CPis
(1=1,2, ...). 'Letting PCT, as the parasitic at the top plate of the
capacitor Cy due to 1ntgrconnections and PSw as the stray capacitance
from eith;r terminal of the switch Sw to ground, the lumped capac-
itanées (Cpis) at the various nodes of DA-1, DA-2 and D-networks can be
summarized as shown in Table 3.2. In this, the simplifying but
realistic assumption PS1 = PS2 = ... = PSw = PS has been'used. Also

only the parasitic capacitances that contribute to charge flow into the

.input node [marked X in Figs. 3.2(a)-(c)] of the UGA have been shown.

An expression for the transfer function of the BIQ-SDTF, in presence of
these parasitic capacitances, can be otained by solwing the CCEs around
the input nodes of UGA-1 and UGA-3 (Fig. 3.2(d) in the even and the odd
phases of the clock signal. The task is considerably eased by first
obtaining the voltages v. (n) [or v, (n)] and vy(n) Lor ve (m)] in
IN 1D 2D
terms of the voltages vs(n) [or vo(n)] by solving for DA-1 (or DA-2)
and the D-networks individually. The overall CCEs can then be readily
\3 )

solved. On performing the algebraic manipulations, according to the

above, one finally obtains:
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Figure 3.2: (a) ‘The DA-1 network with the parasitic-capacitances



4

sasue}joeded op3jseded 3Yyz Yjjm JA0MI3U 2-y0 BYl (q) :2°c 8anbiy

Ca

. I | -
[ fn i2d ' i
.m pl.m 8s LA 210 0 /b\m;m ._u |
-t e |
. ots - qt o Lo
j‘uﬁ‘ , . )
! h*h ‘ w.&u B \ ,
d Lex; .m. 0 AR L 5
—t /# i ‘ \—— 1 = ) \“—-II
218 LS - ~ . vs ar, ! _mrl.
i

N it 1 AR e - e

-

s



.

S@aue3jaeded opj)seded ay) ypM yaomjau-g 3yl (9) :g°¢ aanbjy

. et
e

T T . - | J
| |
- 4 au:u,T 1l ., L9
d . \ TR N
w - 5% | T o 95 -
| S == R Sl N R = Q)
® ! oo o / )
_ \ s Toxo
N e w LS|
\ m - m
/
8s LS A X 2s s
3 ) vi»\\‘llu\i.\\\.\
A?\.\ - 1]
e

AN

“oe -
Yo S

'17"“\:‘\ )

Y
v



TABLE 3.2

PARASITIC CAPACITANCES IN THE DA-1, DA-2 and D-NETWORKS

v ;
DA-1 Network DA-2 Network D Network
- . .
2 j - ) .
Cp1 = 3PS + PST, g Cp1 = 2PS + PSTyp 'Cpl = 2PS + PST,y
sz = 2PS + PSTyy sz = 2PS + PSTyp sz = 2PS,
Cp3 = 4?5 - Cpg = 3PS | Cpp =~ 2PS
. Cpp ~ 2PS
Cpu = 2PS + PSTy, Cpy ~ 2PS Cp3 = 2PS_+ PST,,
) Cps = 2PS + PST;y Cp4 = 2PS + PSTy Cp4 = 2PS + ij;zﬁ}or 20)
tps = 2PS + PST, 3 ’
.‘. *
£
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c C
} [1+A(z)c——zl+A(z)A(Z)t-2—N22]
H(z) = Hy tr ' 1 c;: -2 (3.21)

[1-A,(2) 270+ A(2) z
. 4 Cm Con . 27 Tipop
where the various pardmeters pertaining to egn. 3.é1 é}e shown 1in

Table 3.3 [see also Fig. 3.2(d)].

It appears that the effect’of‘the parasitics is to introduce
perturbations in the coefficients of the nominal (i.e., ignoring
parasitics) BIQ-SDTF in a way similar to the effects of the SH circuits.
It should be possible then to arrive at suitable values for the design
capacitances by subjecting the transfer function, including the effects
of the parasitics and the Sa(w) spectral shaping, to an optimization
routine and obtainiﬁg the necessary design capacitance values for any .
specific biquad desig;.' Towards this, the minimum circuit capacitance
would be taken as PS, which would then lead to suitable values for the
st and Cu' The value of Cu in turn would give the values of other
design capacitors (viz., CIN’ CID’ ClD etc.,) in accordance with the
minimum total capacitance design scheme. Two important criteria o
gujding the optimization routine are that, (i) the Cu value sﬁbu1d be
as close to the minimum technologically feasible value (0.5pF, for
example) as possible, while (ii) all the design capacitance values

should 1ie within the technological range (.5pF to 100pF).

The above ideas could be implemented as a computer aided design
algorithm. The salient features in developing this algorithm are

described below.
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° TABLE 3.3
PARMIETERS OF(THE TRANSFER FUNCTION OF THE UGA BASED
BIQUADRATIC FILTER WITH PARASITIC CAPACITANCES INCLUDED

Parameter E;pression

€1

Fl

(cp2 + cp3 + cp4 + Cps +Gyq) /(Cpy t Con?

€2 (Cpz * Cos + Cpy) / Cppp

€3 (Cp2 +Cog * Cog * Cos * Cpg +Cpp) /Gyt coﬂ)
cq [ (63 * Cog - Cay) / Cpy

s | %8/ Cun.

Xl(z) [n(z) / d(z)] where

z) « DN At
' Coitlon  T*ep Cyp*Cpp*loatlng
C1n*Con S1*Cp1 ‘
to ) )
IN “xI"pl "p3 AL
1+ ¢ c, Cpy + Coot
dlz) =1 - 2 . IN Al___p3 Z-l
L+ep Con* Con CxrtCpitlpattas

Az) |1+ ¢p) Al2) |

Aé(z) cxl + cp6 / [(Cx1 + cp6 +C




TABLE 3.3 [cont'd] .

B s It ko bl

Parameter ' Expression .
Ay(z) | (1 +eg) Ryl2)
€, (f:pl + EpZ + Ep3 + E:p4 . f:p‘9 +Cyy) / (Cop +'CID‘) .
eg (Ep3~+ Ep4 +Ty) /'(coD + Cp)
eq Epg / Cyop
Ry(z) [ (Cy+Cog) /T, +;6-p6 +Cop * Cpp) -.+&p7 - Gzl ,
Ailz) | (1 + 58) /(1 +eq)
¢
Ag Z‘3(z) (1 + eg) / (1 + 87)' ' L
’ED (C CQCCIEC ): (1+e )f.l-fe ) s
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I .
AN ALGORITHM FOR- A PA&mc TOLERANT DESIGN ‘

¥

The Cys are set equal (unity spread).

A querate1y Targe ratio values R1 = /PS and R2 =C /C are
<chosen to start with. ° : )

In1t1a1 design parameters for the ‘filter are computed (for given

heo Q f /f ) and a firsthand optimizat1on is done 1nc1ud1ng
the Sa(m) spectra] shaping alone If desired matching with the

prescribed frequency response of the nomian filter is not

attained (say within 5% rms error), the fs/fp ratio is increased’

from the initial value. This would reduce the effect of the
I 7 , £
spectral shaping by the SH circuits.

' -

" Successive optimizations are.done at decreasing values of Rl’

t

holding R2 fixed until a.failure in convergence is registered.

by o . v

The immediately preceding value of R1 is taken. The decrehent

in R1 is then sdpdivided and the algorithm repeated until a

mi“ih”?/fgzgi?SQ R; 1s reached. - i L .

1
c

The design capacitances are determined. The maximm ratio
- spread (SPnX) among them is computed using the minimum

capacitance design scheme I or II, as the case may be. If SPMX

&f

tirns out to be too large, making .some of the capacitors assume ~

values beyond the technolobgical limit'(say 100pF), the set of

[N
N
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Rys Ry and the capacitofs arrived at are rejected. In this

. ~ _case, étep f is followed.

4 . | A ‘ .
C , 7. A value of R2 higher than that assumed in Step 2 is taken and
’ K\\- ‘the algorithm repeated from Step 4 with this new initial value

of RZ' The initia]lv$1ue of R1 is takeﬁ to be the same as was

in Step 2,

. ) % : | ‘
¢ ) . R .
8. If the outcome of Step.6 is successful, the set of Rl' R2 and
. '~ . SPMX'is stqred and R, is decreased in small steps’ while steps 4

to 6 are repeated. The minimum practical limit of R2 is set to
uﬁity since no practical capacitance can. assume a value smaller

than C . . : ) ¥
i ,l- ’ o 1

8

9. Out of the various acceptable Rl,{Ré, SPMX sets, the one with
the minimum S = R1 + R2 + SQMX is chosen. This ensures that the .

final design is a.mjhiﬂﬁ% capacitance design.

Some additional features that should be incorporated into the
élgorithm are: (a) the ability to start with .a fresh set bf_Rl, RZ'
values should the»initia] Ehoice fail to give convergence or the
ﬁequireg accuracy in approximation, (b) the ability to increase the
limit of the maximum design capacigance spread should an initial choice
fail to yielq capacitances within the specified maximum spread value.

. ' . !

!
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STEP-BY-STEP DESIGN PROCEDURE

In 1ight of the above discussions, the following procedure may

be followed to arrive at a systematic design of a BIQ-SDTF that fis

tolerant of the parasitic capacitances and that minimizes the total

capacitance in the network.

I.

w

Decide upon the error (E%) that caﬁ be t\i::fted with respect to

-the nominal frequency response.

Obtain the minimum fs/fp that must be maintained th satisfy the

low sensitivity criteria with respect to the capacitance ratio

errors (Fig. 3.3). -

Prewarp the bandlimit frequency Wy (also W in case of a notch

filter) according to the bilinear transformation.

© i 4 ‘
Obtain the nominal coefficients hD, 31y* 3250 33p0 aéD of the

BIQ-SDTF using the formulaw 3.2(a)-(c) and Table 3.1.

4

=

Using the above fs’ predisfort the nominal BIQ-SDTF coefficiepts, .

to obtain the design coefficients ﬁ, Ql’

eees D

1

‘etc, If H is <

%, use scheme I of total capacitance minimization. If H > 1/2,

+ use scheme II.

Estimate the values of the parasitic capacitances that may be

\

“expected in the circuit layout.

“
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7. © Using the above values of the parasitics, fs’ the filter
parameters and the error criterion (E%) for the frequency
response, use an optimization routine to arrive at the optimai

set of values for C, and’Cx.

8. Use 'the ‘above values for a practical design according to
scheme [ or scheme II of the minimum capacitance design.
An alogorithm on the above lines has been prepared and used
successfully in practice. A flow.chart for the algorithm is shown in

Table 3.4.
3.6 NUMERICAL AND EXPERIMENTAL WORK
3.6.1 Numerical results t -

The optimization ;1gor1thm considering th;e péfas1t1c
cabacitances and including the capacitance minimization scheme was used
for a number of values of Qp (5, 10, 20, 50, 100) and fs/fp ratios (5,
10, 15, 20). The filters investigated were LP, HP and PP with a
normalized gain of‘ unity. Capagitancé valueg within the present day '
technological range (0.5 pF to 100 pF) was obtained in every case
(using PS = .02 pF). The rms error in“frequency response
characteristics was set at 5% and standard optimization routine based
on gradient methoc\i was used. Post optimization error. anal ysis we;s made
after increasing the various capacitance «Iues from the optimum by up

to 10%. The error in response was found to remain within the




TABLE 3.4 -~
[ FLOW CHART FOR THE PARASITIC TOLERANT DESIGN ALGORITHM ]

STAR

-~

i

USE GIVEN SPECIFICATIONS

(Refer: TABLE 3.1)

#1

Permitted
#3°

CHA”GE hA?

from #17 |

Not permitted

> ' f— from#59

. #4 :
\ COMPUTE NOMINAL CAPACITANCES AND
N / MAXIMUM CAPACITANCE SPREAD. SET

PERMITTED MAXIMUM SPREAD. SET
\ ERROR LIMIT (ECRIT)
L

* UNSUCCESSFUL
DESIGN 45

'Q g from#20
SET THE CONTROL PARAMETERS ;J,M,L,Kx
FOR THE ALGORITHM AND THE INITIAL
VALUES OF Rl (RVIN=C /C ), AND R2  [“¢oye
(R2IN=C,/C ) AND INITIAL INCREMENT

(DECREMENT) IN Rl AND R2
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TABLE 3.4 [ Cont'd.]
from #5,26,29,44,47,51,55 i
% l ’

SET OPTIMIZATION ROUTINE
PARAMETERS AND THE VARI-
ABLES OF OPTIMIZATION ,

_ 1), I=1,2,3. . .
to #8 X(1) from #
b from#17

#7

COMPUTE X(1),1=
1,2,3 . . FROM

hpsa1psazp

#10 #11¢

UPDATE X(I) AS USE THE OPTIMIZATION

X(I)=X(I-1) _L ROUTINE AND UPDATED

X(I) TO COMPUTE NEW
ESTIMATES OF X(I)

#12 ¥

Yes
to #32 | )

) No
#13

J=d+1

hrs
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TABLE 3.4 [ Cont’d. ]

from #14 l from #14
- #16

DECREASE X(1) IN PRESET
STEPS, INCREMENT KOUN 1
AND PRINT MESSAGES

"~ IS F>ECRIT?

to#38

to#7 .

#18 .

Yes

to#20

#19

PRINT MESSAGE ABOUT ECRIT BEING EXCEEDED
AT PRESENT VALUES OF THE RATIOS R1 AND R2

#20 " from#18

CHANGE (if permitted) ECRIT,AND PRINT
MESSAGE ABOUT CHANGE

. -t 0#5
' #21 from#19

) NoJ/’,,"’//E:::‘\\\\\Yes
| IS RI=RIIN? f
>

to#26

Yes

to#24



-9 -
TABLE 3.4 [ Cont’d. ]

l from# 22

froql#23

#26 #24

INCREASE R1 BY DRI,
INTRODUCE DR2 AND
INCREMENT M

l #25
to#8 No R2=R2+DR
#27 | from#22,46  #28 | #29
| | 0
SET R1 TO PREVIOUS R2=R2+DR/5 -
) VALUE AND SET ULIM . Yes .
(step#22 implies 3 #30 '
that the incre(de - PRINT MESSAGE ABOUT
cre)ment in R2 was PROBLEM WITH R2IN
already in effect) 1 AN‘D»EXIT
to#29
#32 fmm#z7 12

: ' COMPUTE SDTF PARAMETERS _
~ e . ‘ 3(n22N310°32D WITH
CURRENT R1 ,R2 VALUES

IS SPRXS UL TN >-NC

from#37

#35
K=K+1

M=0
to#481

to#36 .
*UNSUCCESSFUL DESIGN [

P et oA A 8 i ¢ emies A4 B P S
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#37
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l |
'II'ABLE 3.4 [ Cont’d._]
436 : &from#all

KK=KK+1

1

STORE PRESENT R1,R2 AND X(I) IN

AN ARRAY ( index KK)

#38

Toors
from#15 l

.STORE PRESENT X(1), PRINT X(1),

R1 AND RZ2

Yes

'IS =2017

|

#40
COMPUTE DESIGN Rl AND
R2 VALUES AS:
R1=R1+TOL , R2=R2+TOL
1:0!1*454-r
Yes
¥ #43 #44
R1=R1-DR1 R1=R1-DR2
) /

Yes_ No

to#6
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TABLE 3.4 [ Cont'd. ]°

S lfrom#46
— 7

from# 35 RI=R1+DR1,DR2=DR1/2
#48 M=M+1

Yes to#b

No to#50

#49 - : to#50
R2=R2-DR,R1=R1IN :
from#3d |

#52

Ja+]

to#51

#53

PRINT CURRENT ERROR
AND X(I),I=1,2,3.

' from#40 , 62,63 to#és

#45

COMPUTE ALL THE CAPACITORS
‘ _ WITH CURRENT R1 , R2

No

IS J 22017
from#48,51

#50 to#64 #55 Y
PRINT TERMINATION J=200

MESSAGE' FOR R2 | to#56 ‘ to#6

ot v MY B Tee e o e w e v - 3 aeteamates D T P Al e R gt e A el vy gt




_ TABLE 3.4 [ Cont’d. ]

Yes
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-

from¥50

IS KKs0?

/

#58

~ #57

AU

PRINT MESSAGE ABOUT TOO
' |LARGE SPMX (If -permi- -
tted) INCREASE ULIM BY

PRINT MESSAGE ABOUT
MINIM/M R1,R2,SPMX
\ &7

#60

No

to#60

No
(AU not permi tted)

l- from#SBl

ﬁ |

CHOOSE THE SET FOR MINIMUM
SUM = . R1+R2+ SPMX

J

r
e

*UNSUCCESSFUL DESIGN

IS SPMX > ULIM?

No

#62

4

PRINT MESSAGE ABOUT CON-
VERGENCE WITH MINIMUM
SUM SET

'

to#45



from#53
#63
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TABLE 3.4 [ Cont'd. ]

SET

R1=RI+TOL , R2=R2+TOL

#64

rom#54.

}

to#45

#65

#66

COMPUTE CAPACITANCE RATIOS
WITH DESIGN CENTRE R1 AND
R2 24

1

VALUES R1,R2,

PRINT THE CAPACITANCE

TOL

A

COMPUTE POST OPTIMIZA-

TION FREQUENCY

RESPONSE

AND RMS ERROR WITH THE
FINAL DESIGN PARAMETERS

‘
P

** SUCCESSFUL DESIGN

L oa B L = O S L. VN

.~

s 1 T T A

e




2t et r

- 96 -

prescribed limits. However, there was a tendency for th'q["é,’rror to

increase for variations of 5% or more from the optimal set of values.
The result of this investigation revealed that once a minimum set of
values of R1 and Rz' are obtained, increasing the values (up to about

S%) served to produce a better match with the specifications.

»

]

Figuré 3.3 shows the lower bounds (Q"l) on Qp as a function of
fs/fp to maintain the low sensitivity feature. For .a specified Qp (say,
Q1 = 5) the low sensitivity feature will be maintained for fS/fp(sr)
values between 2 and 8.7 and also for values of ¥ beyond 9.

Experimental tests were carried out with fs/fp = 10.

Figures 3.4(a)-(c) show few representative curves showing the
maximum design capacitance spread that is to be expected in a second

order bandpass BIQ-SDTF as a function of HBP’ Qp and 1‘5v/fp ratio. The

"scheme 11 of minimization of total capacitance has been used to comphte

the various capacitances.

N

3.6.2 Experimental Results \

A bandpass filter was designed with fs = 10 kHz for fp = 1 kHz,
QP

using Table 3.1. The experiments were carried out using discrete o

=5 and HBP = 10. The coefficients aps etc. were computed

capacitors (film/foil type with polysterene dielectric) and analog !
switches (RCA, type 4066B). Lacking the facility of IC MUS fabrication
facilities, the UGAs were realized using yA 741 0As with 100% negative

feedback as shown in Figure 3.5. In the preliminary experiment the

ol
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frequency response [ o © ] departs markedly from the prescribed
response [Fig. 3.6(a)] because of ignoring the Salw) spectral shaping
by the SH circuftsi Pre@istorting the parameters hD, gy 3o 31p°
3,5p using an optimization algorithm, as discussed in section 3.3.2, and
changing the. capacitances accordingly produced the response [ + + + 1,
which-is very close to the desired fesponse. The capacitances used
were in the range 1.68 nF to 18.45 nF. Thé design was repeated using
HBP = 5 and Cu = 1nF and the capacitance minimization scheme I yielding

capacitances in the range 1nF to 3.11 nF. The response was very close

to the idea) [Fig. 3.6(b)] and is shown by [ A 4 1].

Experiments were carried out to verify the theoretical
predictions using the optimization routine for a parasitic tolerant .
design. The value of PS in the circuit layout used was of the order of

47 pF. The optimal set of capacitors were aécording1y scaled up by an

- appropriate factor. The agreements with the'theoretica1‘responses were

. very satisfactory. <

3.7  CONCLUSION

A systematic procedure for realizing BIQ-SDTFs, bilinearly
equivalent to the popular analog biquadratic functions, has been given.
A criterion has been developed to choose the clock frequency that
yields very Tow sensitivity realizations.\FSchemes are proposed to
minimize the total capacitance in the circuit. An optimization
algorithm has been developed that makes the given design tolerant of -

the parasitic capacitances. The optimization is extremely efficient in

‘
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that th resulting design is relatively unaffected by the parasitic
capacitances even when the exact levels of the parasitic capacitances
are not known. Finally, the various practical considerations in the
design are’incorporated into a step-by-step design procedure.
Extensive computer simulations and experimental investigations using
discrete capacitors, CMOS switches and IC OAs show close agreements
with the theoretical anaﬁysis. Although the circuits were tested in
the laboratory using UGAs realized from OAs, the possibility exists of
constructing the UGAs using MOSFETs only. This would lead to
substantial savings in the substrate area in a large scale or very
large scale integration technology. Finally, the rea]izéi}ons have the
property that -the coefficignts in the numerator and dendé&nator
polynomials of the SDTF functions can be contrél]ed by independent
capacitance ratios. Thus, they are attractive candidates for adaptive

filter applications.

The main disadvantage with the present designs are the’need for
a large number of UGAs and capacitors, 4 and 14 respectively. A number
of designs already exigfs in the Titerature using only two OAs and a
reduced number of capacitors. Consequently, even though a UGA may
require much less area thaq an OA, the total substrate area needed for
the proposed SDTF may not be substantially less than thgt in an
existing design‘rea11zing the corresponding SDTF using two OAs.
However, if the number of UGAs is reduced to two and also if the number
of capacitors is made comparable to that in the two OA-based .

realizations, it is reasonable to expect a relative savings in the

total substrate area. This problem is considered in the following

/ .

chapter.
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CHAPTER FOUR

IMPROVED REALIZATION OF
BIQUADRATIC SAMPLED DATA FILTERS

4.1 INTRODUCTION

e

~ Designs of second order sampled data filters, bilinearly
equivalent to their analog counterparts, using UGAs and SCs have been
preserited in the preceeding chapter. In spite of the simplicity in the
methodology of the synthesis protedure, the proposed method has one
important drawback. It needs a 1arge,number of components (4 UGAs, 14
y capacitors, 34 switches) to realize the BIQ-SDTF. Consequently, the

expected reduction in the substrate area due to employing UGAs as

compared to OAs in existing designs may not materialize.

In this chapter, the previéus design philosophy is reQiéwed with .
an aim to further reduce the number of‘components. 1t is shown that by
using a new basic building block, viz., a composite delay and ad& (CDA)
network, a BIQ-SDTF can be realized employing only two UGAs and (at
most) ten capacitors[55]. These are about the same number of
compoﬁents used in SCF designs employing DAs as infinite gain inverting
amplifiers. In what follows, the operation of the CDA netowrk is
explained in section 4.2 of this chapter. The sensitivity of the ‘
design pole frequency (wp) and pole Q (Qp) of the resulting BIQ-SDTF 1is
studied in the same section. The analysis of the effect of the
parasitic capacitance is presented in section 4.3. By a proper choice

| ?". -

o
of the fbpo]ogy, a SDTF can be made insensitive to the parasitics

e e I o 201" s L
be e e
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associated with the bottom plates of the capacitors. On the other
hand, SDTFs using UGAs can not be made insensitive to the parasitiés
associated with the top plates of the capacitors. HoweQer, as has been
shown in the previous chapter, their effect on the rea1izat{bns can be
made negligible by an optimization procedure. In effect, the designs
"can be made parasitic tolerant. The philosophy of the parasitic
tolerant design for the improved BIQ-SDTF developed in this chapter 1;
described in section 4.4, together with a scheme to minimize the total
capacitance. A flow chart for the required numerical algorithm is also
provided. In addition, the effect of the offset voltage of £he UGAs “on
the realizations is examined in section 4.5. Guidelines are provided
to make this effect negligible and should be used wherever possiblq.

In cases where such guidelines become impractical, ugé of a
minimization algorithm is suggested and the considerations pertaining
to such minimization algorithm are discussed. Section 4.6 presents an
alternative realization of the BIQ-SDTFs that (1) are equivalent to the
bilinearly transformed analog counterparts, {ii) need fewer capacitors
than the design proposed in section 4.1, but (iii) have simiiar
limitations on reglizable Q; aﬁ? w values as those of canonic
realizations mentioned before[27]. Section 4.7 gives results of the
numerical simulations and experimental tests. The full potential of
the’ design presented in this chaptei can be realized oﬁly if IC MOS
buffers [32] are used in fhem. Since the author did not have access to
them, OAs were used for the realizations of the UGAs in the
experimental investigations. Experimental results show very good

agreement with theoretical predictions.
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4.2 ANALYSIS

4.2.1 Realization of BIQ-SDIF using Composite Delay-and-Add Network
Figure 4.1(a) shows the basic building block namely the
composite delay-and-add network for realizing the BIQ-SDTF while Figure

4.1(b) shows the clock signal of period T(=l/fs). Considering the
charge conservation equations (CCEs) around the input node(xl) of the

UGA for the switchiﬁg instants t = (n - %JT and t = nT, one would have

1 : - ,
(Cy + csl)vx1 (n) +C v Y, (n - ) -¢vn) =0 ’(4.1a5
1 o _ -
quvxl (n - ?J + CZ v (n-1) + Cs voz(n—l) =0 (4:1b)
where vsand Voo are the input signals to the CDA network. We hive used
n for nT. Replacing for“vx (n - %J in eqn. (4.1a) from eqgn. (4.1b)
1

~and since Vor(n) = v, 1(n) etc., for the UGA, one gets

Vorfn) = [Cy/(Cy + C )] ve(n)
* L0504/ (Cop (€ + €510 T vg(n-1)

+ [C4C1/(Cop(Cy + C1))T vgpln-1) | (4.2)

Ay = C3csl/((col(c1 + C.y)) and taking & -transforms on both sides of
egn. 4.2 we have
e - e -1 ,e :

V01 (z) = Alvs(Z) + A2 z Vs(z) + A3z V 2(z) (4.3a)

e _ . _ ' “
where Vy(z) =% [Yy(n)] » Y = s,0102 | (4.3b)

(I
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Eqn. 4.3 represents a 1inear sum of the different signals together with
their delayed versions and is the fundamental equation for the CDA
network. It is observed that the signs of the coefficients A, and (or)
Bf A3 can be easily reversed by reversing the terminals of c2 and (or)
of C5 during the “odd" phase (t = (2n-1)T/2 , n = 1,2,...). With the
basic equation of the CDA available, realization of a general BIQ-SDTF
is straightforward and is shown in Fig. 4.2: Omittiﬁg the argument 2z

for simplicty, we can derive, as above,

e _ e -1l.e -1, e
e _ e -1, e -1, .
V02 = Blv01 - Bzz V01 + BSZ VS (4.4b)

which gives

-1 -
A1 + Azz + A3B3z

1

2 i f
) . (4.5)

v ene =
0l'’s + BoA.Z

1 -B.A,z oPq

173
whére B, = C,/(C1#C o), By = CoCon/(Conl(CatCyy)),
By = cscsz/(coz(c4+ Csz))’ Eqn. 4.5 represents the BIQ-SDTF desired.

Assuming the well-~known bilinear transformation

5= %{1-2"1)/(1+z’1), one can identify A, = h A, =h

1 T Ngr A2 = Mpdyye

A = h Bl 3 % p and BZA3 = 3, where the parameters hD,

3°3 = Mpay,
ayps--- are given in Table 4.1 for-the five popular analog biquadratic

filters. The following definitions are needed :/3 use Table 4.1.

bn, wp, Qp: the notch frequency, pole frequency and po1e—Qp of the
analog biquadratic filter, respectively.
hA: flat gain of the analog filter.

f: c\\\lock frequency in the SC filter.
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. TABLE 4.1

» DESIGN COEFFICIENTS OF BIQ SOTF BILIMEARLY EQUIVALEIT TO THE
ANALOG BIQUADRATIC FILTERS

Filter Analog Sampled-Data Transfer Function
Type Transfer Coefficients* )
Function -1 -2 -1 -2
H(z)=hy (1+2),27 +a,,2 )/[1-&191 +§§Pz !
A hy 3N 82N
2 X
LPF HLP mp/F1 HLP ”p/FZ 2 ‘ 1
HPF My SE/F M, a2/F 2 1
Hp * /71 p2it2
- /' kY
an HBP(up/Qp)s/F1 HBP(up/Qp)a/F2 0 -1
Fo-2(w /Q.)s
1 p’p
APF Hp = ) Hap %20 a0/ %p Vagy
. 2 2 -2 2(a wz)
NOTCH Hy {s +up )/Fy (a *u )/F, S -1
2.2 '
a4y
n
e

* The coefficients a,, a4, have aiready been shown 1in egn. 3.2(c) in
10" 20

the text.

H
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a= 2fs
@, = a tan (w /a) , the prewarped frequency, x = p,n. v
- 2 2 T2 ~ ~2 -

= -+ + =
Fpo=s%+ o /Q))s +wy , Fp =" + (@/Q))a + wp/f\‘\\\\

T2 w2 N r2 e v =2
ayp = 2(a° - mp)/F2 , 8, = [a° - (wp/Qp)a + “p]/FZ . }

a
5

“p

and Qphggnsitjvities

relative accuracies in the cabEEithncg\ratios and hence can be kept
satisfied. In an earlier report [40] and a1so.in the previous
chapter, such relqtioﬁs fead to, a first-handdghoice of the clock
freqdengy to be used in the SDTF for a given.hA, wy and Qp. A similar
analysis is included here for the.case of the BIQ-SDTF proposed in this
. chapter. To start with, it can be ‘shown that the normalized (with
respect to 2fs) pole frequency an? pole Qp are related to ?oeff1cieﬁt§
‘of the BIQ-SDTF according to:.

" - -

¢

- R, = by/2f = /(1-ayp*an) / (1+a;pta,p) : , (4.62)
1§ - . ‘ "’.",ﬂ
Writing N = 1-a, +a,, and D = l+a,, +a,, one has , )
do " da,, - da. da,+da, o '
[ 'I ’ \J{
and \\5. ' ‘
/ ’ ' c,(#i ‘

R e - ’ N

§ i SRR o B p S D B A B AR - 8 AR

very low provided certain relations among the f{?EE;‘BEFEﬁEfEFE‘Ere‘---~_‘_‘ff‘

<» -
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WQ 1o Y - dayp . dapprdayy o dayy

) 57! * =1 .. (4.7
| % ’ ! N Ty .
where
'qm = L3 c4/(col(c1+cs'J1)(044(:52” / © {4.8a)
%20 * Ca%1C5%s2/(CarConlCy*esy) (C4*Cs))) L (4.en)

?

Writing @) = C)/C; 5 @y = Coy/Cy , ay™= Cy/C) , @y = C4fC;

& ) xg = Cs.‘,/c1 » @6 = Cg/Cy , agp = Cg/Cy » ag = Co/Cy 5 Onme has
“ayp = ’gla3a4/[a2(1+a1)(a4+¢5)) (4.9a) .
\ = . B ‘
. - gp = %jagrstp/(agaglliey Haghag)) . (asm)
It can be easily seen that
ba da | da da .
i 1“4 . 20,
dapp = Lo s, a Ay e gy T :
iwf

where the a1s' are to be inserted from the defining eqns. 4.9(a)-(b).
Since the capacitance ratio “accuracy in MOS technology can be easily

. controlled, one can assume that (d'i/“i)s are all equal for the various

a,s. Taking this value to,be dx/a, one has: dam = [am/(1+a1)] 9—:-and :
. 4 ~ 2 2. k-
da,p [azo/(“"l)] ~ On.noting that a, = Zop (l-Qp)/[Qp(lmp)*Qp],
- ra 2 2, . - , .
aZD; [Qp(l-*Qp)-Qp]/[Qp(l*pr)ﬂp] and hy = 1/(14,), one has finally:

¢

2,2 :
'.:L'hu‘ s S . Yagba)
V% QPZEQP(I*Qﬁ)*Q,pﬁ @ |
C 2 ' 2 o .
o .ggh hy Hp(mp)-aplﬂg(mf)mp] i C (a.10)
R a - .
‘ P 2,101 p)e ) , 7/ o
3 . ‘" |
N 7 Coa > ‘ T
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Since hD depends on the type of the filter, to proceed further,

cor;sider a specific case, viz., a bandpass filter (BPF) with hA = 1.
Then hD. = Qp/[Qp(lﬂg)mp] and the SC-BPF sha]lrhave a very low
" sensitivity in Qp and Qp if '
203(1-0%) : |
-1 < P__D 1 . (4.11a)

7 T
Qp[Qp(1+Qp)+Qp] - ,

2 2 |
[Qp(l’er)-Qp][Qp(l'*QP)+3Qp] 1

1
and if -1 <

7 Z 2
\ . [Qp(1+Qp)+Qp] ‘

\ Since Qp < 1 (for ap and hence the capacitance ratfos to have positive

values only), one has from eqn. (4.11a) (the left hand inequality being
trivially sat'lsf'ied), ) ' U

203 -

5
(—'B'T‘Qp

1+Qp) .

3

where we have ignored Qg with respect.to e and @_ with respect to

P
Qp(lmg). The inequalities in eqn. (11b) leads to (the right had

inequality being trivially true),

Qg ‘ < 3 '
[Qp(lmg)mplz 7 . b
i.e. _'QEE. ; "% 0 (4.12) °
o P “ -

One can plat the functions f, = [Zog‘/(l+0§)4]1/5 and

2 2 :
f, = /3 [Qp/(l"‘Qp )] which would give the lower 1imits Qxl and le for
" the realizable Qp values with respect to assumed values of f’:;/fp (which

f
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decides Qp). Accordingly, for a specified Qp;@one can chooge the
_ necessary fS/fp so that the inequalities are satisfied (i.e., Qp > Qx1
and Qp > le) whence the low sensitivity feature of the designed
filter shall be maintained. A similar analysis can be made for other
filter types.

Py

4.3.  CONSIDERATIONS ° FOR THE PARASITIC CAPACIT!NCES
' b
As in the realizations presented in the previous chapter, the
input node of a UGA being not at the virtual ground potential, the
parasitic capacitaéces that getilumpe& at this node together with the
network capacitances (Cl,c2 ... in Fig. 4.2) can substantially alter
the network response froh the desired one. The terminals of the '
network capacitances can be arranged such that the bottom plates of the
capacitors are either at ground or are switched getween the groLnd’and
a2 voltage source {or the output of the UGA) or between a voltage ssurce
& and the output of the‘UGA. Consequently, their effects on the transfer
Afunc;ion can be eliminated. However, the parasitics associated with
the top plates of the capacitors contribute to the CCEs such.as,in Eqn.
-—4.1.. These parasitics are primarily due to the switqﬁsg)and inter-
connections in-the SC network[25]. Numberiﬁg the various switches and
the nodes and writing Cpxi,j for the parasitic capacitance between node
J and ground due ta switch Xi, one can represent the network of Fig,

4.1(a) as in Fig. 4.3(a). In this one has Cpl = CPSZ’2 + CPS4’2, c
C

p2

CP3,4 * CPS " CPS50,6 * CPS11,60 Cpa T CPS13,6 + CPS

7,4° “p3 10,6 11,6 “p4 14,82
Cps = CP515’§\+ CP&lﬁ’g, Cp6 = CA + CPSZ,7 + CPS7’7 + CP313’7 + CP514’7

and CA is the input capacitance of the UGA. Note that in Fig. 4.3(a)

L

;=8

)
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only the parasitics that contribute to charge flow into the input node
Xq of the UGA are shown. The parasitics associated with the bottom
plates of the capacitors (shown by thick lines) do not influence the

CCE and, hence, are not shown. It may be noted that C_ . had the

: p6
contribution from the largest number of parasitic capacitances. This

represents the most pessimistic case. Itlis possible, in specific
cases, to combine a number of switches into a single switch, thereby
reducing the contribuation of the parasitic components to Cpﬁ‘ One such
alternative is shown in the network of Fig. 4.3(b) where is is required

that the coefficients AZ’A3 (eqgn. 4.4) have positive values only. One

can easily see that now Cp6 = CA + CPS + CPS7,6, C CPSZ‘2 +

2,6 pl ~

. . ¥* -
4,2 p2? Cp3. Cp4 merge into a single parasitic component Cp =

CPSG,4 + CPS7’4 and Cps = CPSIO,7 + CPS1

CPS while C

1.7+ Returning to Fig. 4.3(a)
and writing down the CCEs one obtains

[(1+e) ) (Lrey) e y(l-e )27 IV 8

= Ay (1w VoA, (1ogy )2 VErAy(1-e )27, (4.13a)
where the terms E1s €21 €3 and €4 are:
€ = (Cp1+cp5+cp6)/(cl+csl), gy = (Cp2+cp3+cp4+cp6)/(:01
e3 = (CogCe)/(CoplCi#Cey))s g = CofCy (4.13b)
'One‘can now write
R AR S L S (4.14)

‘which is of the form of eqn. (4.4a) and where now the coefficients Xl’

;2’ X3 contain the contributions due to the parasitic components as

S\
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follows: )

Ay = Ayf*ep)/Dygs Ay = Rpll-eg)/Byys Ay = A3ll-eg)/Dy,

And D11 = (1+51)(1+52)+53(1-e4)2-1. A similar derivation can be

carried out with regard to the network around the second UGA [Fig.
4.3(c)] and one gets:
1

2 e < -
V01+ B3z

_ e T - 1
Voe’ 1 Vol' BZZ

e
vs (41.5a)

where B, =B, (1+ec)/Dyy, B, = By(l-eg)(lteg) /Dy, By = Byll-eg) /Dy,

DZZ = (1+85)(1+56) + 57(1-88)Z~1 and €g» Egs E75 Egs Eq AT given
below:

eg = (cp7+cp11+cp12)/(ﬂc4+c52) ' _ | T
g = {Cpg*Cpo*ln10*Cp12)/Co2
e7 = Cp12ls2/ (Co1(Ca*Csp)).
g *\Co1z/Cspn
" gg =4Cp8/c5

On carefully studying the differences between the coefficients sets Al’ ’
AZ’ ...B3 and Kl’ Xé, ...53, one finds that the response of the network
will be very close to the nominal response (i.e., in absence of

parasitics) if the network capacitors col' C02 are chosen'very Jarge

relative to the parasitic components and also if the sum C1+csl and
C1+CS2 are large compared to the parasitic components. This

observation leads to a useful guideline as described in the next
section. ‘

PRV
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4.4  PARASITIC TOLERANT DESIGN OF THE BIQ-SDTF WITH MININUM

TOTAL CAPACITANCE

As noted above, the transfer function of the BIQ-SDTF, including

the effects of the parasitics, is: 4
e -1 -2
Vo1 A1‘“"2 + AgB 2 i
—— T(z) (4.16)
V& 1AB,z 7l + ABaz C \
s 31 3°32

\

To minimize the error between T(z) and the given analog filter '

response T(s) one can employ an optimization algorithm. Towards this,

let Col C F1 and C1+C = F2 = C4+Csz. The values of Fl’ F2

02 sl

‘;’/houlld be technologically feasible. Thus one may set F1 ~ 90 pF, F2 =

100 pf as initial values in the algorithm. Some important consider-

“ations now follow. It is recalled that the network capacitances must

. satisfy the basic constraints that exist between the nominal

coefficient vet Al’AZ"“Bl’ ...B3 and the coefficients of the BIQ-SDTF
after bilinear transformation of the prototype analog filter. Thus,
keeping col (:02 F1 and C1+C 1= 4+(352=F2, might cause the maximum
capacitance in the. circuit to exceed the maximum feasible technological
value (~100pF) or the minimum capacitance in the circuit may assume a
value smaller than the minimum achievable value (~0.5pf) of MOS
capacitors at the present time. Again, assigning Fl,t'-'2 the values
almost near the upper 1imit (~100pF) would make the total capacitance
value in the circuit quite large, requiring a large substrate area.
Thus, it is desirable that a scheme that yields a minimum total
capacitance circuit is associated with the optimization algorithm. It
may be noted that in ‘the BIQ-SDTF proposed above there is an extra

N

/

t
!

!

\\

12
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- be noted fhat since Ql = h
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degree of freedom with respect to the coefficients - the six
coefficients Al’AZ'A3’Bl’Bz'B3 are combined to yield the five
DN A2n 22 32p of the nominal BIQ-SDTF. It may also

AB, = hoa,,, AB A

¢ B2 = MpRpne Ay = hplyy AsBy =ayp. A
= 350, the coefficient A3 would be the most convenient choice to arrive
at minimum total capacitance design. One can set A3 =mayp where m > 1

(so that By = Ca/(Cy#Cyp) s < 1) andvletting C1+Csl = F, (constant) =

C4+C52 and col = C02 = F2 (constant), one can minimize the sum

« —reounia NN SR S VNVIC L SO

C1#C¢1#001#Co+Ca#C4+C o¥C o+ Cc+Ce with respect to m, obtaining the

1'"sl "ol "2
optimum value form as: '

mo= 1+ /(I-hD)(hD*raZD)/aw (4.17)

which can be easily computed. The‘Opimum ‘' puts the restriction that
hD <1 wh%ch translates down to a restriction on the flat gainh of the
prototype analog filter. If in any s.pecific case hD appears as > 1,
the flat gain of the analog filter (hA) has to be scaled down.
Extensive numerical simulation has revealed that the above restriction
is always satisfied' if one maintains hA =1, espe‘C'IaHy for low pass

and high pass filters. The nominal design capaci tors now assune the

"values: .
Cl = hDFl ’ CSl = (l'hD) Fl
hy 1agyl
= . .D IN
(:01 = F2 , C2 -——————Fz (4.18)
m_a..f -
_ o1p?2 - -
. l-hD '
C02 1F2
5B
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a h ') T
cs=-—-32—-F2 \ Cg =-——2————F2 (4.18)
am(mo-l) am(mo—l)

Since one has chosen F2 at-about the maximum feasible limit for the

technol ogy, one must now carefully consider the ratios R1 - hDI"lnI
‘ D

Mo3yp . _%2p. M.
R2 = —1—_% » Ry= ——(——naw - and R, = —r——n-aln - . If all of these
quantities are less than 1, eqn. (4.18)"can be applied to yield the
var'lolgs network capacitors. If, however, any one (or more) of these
four quantities (Rl,Rz,R3,R4) as'sume a value greater than 1, the
capaci tor C,; and (or) éoz have (has) to be scaled down by the
corresponding factor, thereby ensuring that the highest valued
capacitor 1n. the circuit does not exceed the technologically feasible
Vimit ( 100pF). The design optai ned from the above procedure yields a
network that satisfies the given error limit and has a minimum total
_capacitance relative to a specific choice for F1 and FZ‘ If the error
value y'!elded by the optimization routine appears 1ess than the
p;‘escri bed limit, one can subject the network to few more iterative
optimizations with successively smaller values for Fl and‘ F;. The ’
iterations ‘are terminated either (1) when the prescribed error limit is
reached (or exceeded) or (i) when the minimum capacitance of the
network equals (or becomes less) the minimum technologically feésible
limit. An algorithm with the above considera;ions is summarized in

Table .4.2.
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TABLE 4.2
[OPTIMIZATION ALGORITHM FOR PARASITIC TOLERANT DESIGN]

A} @

#

READ THE GIVEN ANALOG FILTER PARAMETERS

#2 )
COMPUTE THE BIQ SDTF [T(z) ]

PARMETERS hy,a1 >y > gp
\0 S o (Ref: TABLE 4.1) 3

SET

R= fs/m“‘p .(a suitable value)
MEAN SQUARE ERROR LIMIT,CRIT
"AND INITIAL VALUES OF THE
VARIABLES OF OPTIMIZATION
1), I=1,2, . . N

#4 g

SET
10PT=1, Fl=100 pF,F2=90 pF
CLIN= 0.5 pF

l to#5

PRGN CF TR < -3 SNSRI U EPVUUUOHIPUUI G, - P UK. oV R

b b e o st o
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TABLE 4.2 [ Cont’d. ]
from#4

#5

HINIMIZ% THE MEAN SQUARE ERROR F

1Tzl IT(s)l 1 OVER THE
IT(s)} '

REQUIRED FREQUENCY RANGE (FMIN,

FMAX). (Use parasitic dependent

parameters of section 4.3 and

the minimum total capacitance
:design scheme)

#6 o ! :

COMPUTE THE OPTIMIZED COEFFICIEN]S A}, . .

'By OF THE BIQ SOTF AND CONPUTE THE NET-

WORK CAPACITANCES. COMPUTE THE MINIMUM
NETWORK CAPACITANCE CMIN

47 '° ~
[ PRINT.THE RESULTS

IF CMIN>CLIM? -
AND F < CRIT?

#9

SET

Fi= Fy- 10 pF(say)
Fo= F,- 10 pF(say)
IOPT=I0PT+1

e

to#5

n
IR a

v M
¥ A
SN A, ] P
1y el
-
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VoZ = vx2'

where v 1, Vo, Fvosl = & {vosl(n)} , v
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4.5 CONSIDERATIONS FOR THE OFFSET VOLTAGE IN “THE UGAs

-

In the analysis of section 4.2.1, one assumed Vol = Yx1 and‘
In a practical UGA, this is not true because of the DC
offset vol tage v‘ that exists between the 1nput and output terminals
of the UGA. * Considering the offset voltage of the UGA we haveﬁan

equwalent block shown in Fig. 4 4. This gives, Vol = Yy1 * Vos and

vo“,2 = Vo t V.- Introduci ng. the above modif‘lcat'io,ns in ot{r" previous
analysis, one obtains (ref. eqn 4.4): , .
N I I S S DA © (4.193)
ol 1's 2 s 3 02 11 “osl ' j
. ~ ' 2
and v 5 =8v S -p, S ee 2 ey, (4.195)
02 1 01 2 ol 3 22 052 - -

Q{vosz(n)}] represent

the offset voltage components in-UGAL and UGA2, respectively,, and

- -1/2° .‘ ’
] -1/ . : |
C22 ‘_ 1 - (1‘81+ +|B3). z . . ‘ (4020b)
From eqn. 4.19(a)-(b), one f:an obtain (assumining V., ,= Voo, =V ).
v e % * . ' ) - ' y
ol _ - ;
o T TRl) = T@) T () : (a.21)
where
i 1 -2 A, a2
T(z) ()\1+A2 + A8z )/(1-A3811 + A8,z ") (4.22a)
and

¢ e = PSRN VPV S ¢ e o
N
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T | [(A ; z’; +c )/(1-A B,z 1+A B,z 2)] ji-: (4.22b)
os %/g? 11 I 372 . °
2 . . s

™~ i ‘
| Clearly, T(z) in eqn. (4.22a) reprifents the desired response while
Tos(z) is the perturbation component in the realized response TR(t).ﬁ ‘

\ .- In order that [Ta(2)| approximate the desired amplitude response
-[T(z)], one has to arrange |T(z)| >> |T  (z)|. This leads to
L : " .

e
vS

-1
3-22*

o

2> | (Agape " + Cy ) (Ayhy 28+ a8y (4.23)

Vos ,
% ) ’

-1 \ ) +)

A3 CopZ "+ Cyp.

=3

T
ApAsZ T + AgBaz

b

- =
If max max

, over the frequency range of

. ’ lnterest applying an input signal level |V | > r |V | would- T o

max.
accomplish |Tp(z)]| = |T(z)|. This can be done 1n practice provided '

a

sufficient s1gnak Tevel is ava11ab1e at the 1nput of the SCF and where
~obtaining a wide dynamic range of operation is not of importance.
Numerical simulations reveal that "na 1ncreases roughly in proportion .
) to the Qp of the circuit and decreases 1n'proport1on to the gain -
coeffi%ient hD (related to the flat gain hA of the'corresponding analog
filters)'of Ehe BI&-SDTF. Thus, wherever practioal, the SCF can be ‘ ad
& designed for a higher hA value than specified, to combat the perturbing
y effect of the offset voltage on the ﬁéa1j2eh amplitudé response.

/(\; N
N ) A 8

Vo 8
While the above guidelines.would aid making [Tp(z)] = [T(z)],

they do not provide exact solution. Moreover, these proceduFEs may not
be feasible in some cases, especially where the fiiter has to work from

a low level input signal (the front end of a receiving communication
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c1rcu1£, for example). The formulations ip eéhs. 4.20, 4.22 reveal
that exact compensation for the effect offnon zero v . is not éossib]e
in the pfoposed circuit because of the delayed component of Vos in the
coefficients 011,022 [see eqn. 4.20(a)-(b)]. In cases (especially for
high Qp circuits) where the quantity Tmax MY become rather large, a ‘
mofe acceptable solution could be obtained by minimizing the error
hetween the amp]%tude responses repre§ented by the net transfer

functgon TR(z) in presence of non zero v § and that represented by the

9 .
nominal transfer function T(s); on assuming an acceptable value of
max® for each design. An interactive optimization could be carried

out for successively smaller values of "n !

ax until the error between the

nomina]iand.the actual amplitude\responses increases'beyo“ the
’gggcified 1imit or the circuit capacitances fa11‘beyond practical
limity. —This procedure can be applied together with the method for
obtaii;ng a Barasitic tq1;rant design, as discussed earlier. This is

elaborated further in section 4.7.

J

4.6  SCF BIQUADS_ ?ILINEARLY ggylfALENT ‘TO UTHE ANALOG BIQUADS

AND REQUIRING A MINJMAL™ SET 'OF CAPACITAMCES

/ | - )/,

It has been pointed out in Chapter 1 that most of the ca&Eﬁ?é
SCF biquad structures proposed by other workers‘[15],[41],[26],[é7]
fail to simulate the bilinear s«z transformed biquadratic transfer
func;ion from their analog counterparts. An SCF, based on UGAs, is
shown in Fig. 4.5, which can simulate a general BIQ-SDTF. As will be
seen, this network can be bilinearly equivalent to its analog

counterpart, except for the notch filter. .The SCF uses at most six
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capacitors as compared with ten caﬁacitors reqdired in the circuit
presented in section 4.2.1. The circuit of Fig. 4.5 needs to be

preceeded by a sample and hold circuit to achieve the input condition

vg = z'l/zvg. Routine analysis yields:
e -1 -2
Voo a1b1[1+(m+n-2)z + (m-1)(n-1)z"°] ( )
= : 4.24
e -1 - -
Vs 1- (al+b1+a2b1)z + {a1b1+a2b1(n-1)}z

where a, =.C1/(C1+C2+C3), a, = C3/(Cl+c2+C3), by = Cl/(C4+Cs+C6)f
m CZ/CI’ n C5/C4. Ly «

In eqn..(4.24), the ¥ sign in the deonominator is to take care
of thé reversal of the terminals of the capacitor C3. The positive
sign is taken when the Fop terminal of 63 is grou;ded during the 'even’
switchiﬁg phase (designated by 'e') and the negative s?gn applies ;hen
the bottom terminal of C; is grounded during the 'even’ phase
(designated by 'e'). The bottom terminal of c3 is grounded for the’
realization of high pass (HP) and bandpass (BP) filters while the top |
terminal of’C3 is to be grounded for realization of the low pass (LP)
filter. For eqn. (4.24) to represent‘a BIQ-SDTF bilinearly equivalent
to LP, HP and BP biquadratic analog trqpsfer'functions, 6ne would need
‘the pair (m,n) to have the vaiues m=n,n=2forLP;m=0, n=0 for
HP; m =2, n =0 for BP. Further, a1+b1+a2b1 = ayps a1b1+a2b1 = °ZD'
and alb1 = hD. Since there are two independent capacitance ratios 4
(or az) and b, while three filter parameters wp» Qp and hA’ the
condition alb1 = hD often has to be relaxed (amounting to scaling of

the flat gain of the filter as mentioned before) to realize the

specified fp and Qp' Further, for the HP case, one encounters an .
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in a manner similar to that discussed earlier and is omitted here.
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additional restfiction, viz., prp

]ow'Qp'é;d low fp (relative to fs) values only. It may be seen that,

< fs’ limiting the realizations to

for the HP case, the network of Fig. 4.5 is identical with the network
|

! Q
reported in [27]: If bilinear equivalence is not required, the network

of Fig. 4.5 can be reduced to have only four capacitors as used in

: other canonic designs ‘[15],[41],(26],[27]. It may also be noted that

the given ﬁétwork will not realize a notch SC filter B{Iinearly

]
equivalent to the analog notch filter transfer runction.? ..

-~

The anaTysis for parasitic capacitances and the effect of the

offset voltages in the UGAs can be studied for the network of Fig. 4.5

wtil?

4.7 NUMERICAL AND EXPERIMENTAL RESULTS

4.7.1 Results of Numerical Simulations

v

The optiﬁization algorithm discussed above .has been tested

L)

extensively for SCF biquads (Fig. 4.2) withfop = 5,10,15,20,25 and

fg/f, = 5,7,10,15. Only moderate to Tow values of £/, we e used

since the application ofs<bilinear transformationé)ggether ith UGA
based desjgns should be attractive especially fo hibh {pple) frequency
of operation (lower fs/fp). Some results for a ba;dpass ff{ter
(SC—BPF) are presentgd. Fig. 4.6 shows the SC-BPF. Fig. 4.7 shows the
nominal response [curve (a)]‘and the actual response [turve (b)] that
would be obtained in the presence of the parasitic capacitances, for a

BPF with Qp = 10, fs/fp = 10 fs =.10 kHz and hA = 5,/ In the pr?sent
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Figure 4.7: (a) The ideal (solid line) and the experimental (with
optimal set of capacitors) responses of the SC BPF,
(b) Response without optimization for parasitic tolerant

design, .

(c¢) Normalized mean square error between the ideal and

the optimized responses




- 136 -

€

day state-of-the-art, processes have been evolved which lead to MOS
circuits with very low parasitic capacitances[19]. Also, the parasitic
capacitances can often-be estimated accurately [e:g., in self-aligned
silicon gate (SAG) process][17],[18]. The parasitic component at the
top plate of the MOS capacitors can be neglected, the parasitic
components from each node of the MOS switch to ground could be between

15 Farad)[7]. Theyinput capacitance of the UGA

10fF to 20fF (1fF = 107
would be of the same order as that of a MOS transitor. It may be
slightly larger if the input MOS transistors are made large to realize
a high DC gain and low noise amplifier. In unity gain buffers, the
input capacitance can'be reduced very much by bootstrapping{32]. In
the numerical simulations, we have assumed all the CPXi’js as equal and
equal to 20fF. The CA has been taken as 40fF. Also, though not
reﬁuired in practice, the parasitic component at the top plate of each
capacitor has been iaken as 0.1% of the nominal capacitance to yield a
worst case ana]ysi§..7The optimized response was expected to have an
rms error equal ?o or less than 5% over the frequency band fp S fP/Qp.
The frequency.increment was chosen as ~1/Qp so that as Qp is increased,
the resolution of the numerical computation was also improved. This is
necessary to avoid large errors with a coarse frequency increment for
highly selective circuits. Considerations were also paid towards
variations in the values of the parasitic components from those assumed
for the obtimizatipn algorithm. .If the parasitic capacitances in the
actual fabrication process are less than the limits assumed in the
analysis, the optimized sgt of capacitors should give the desired

responses within the prescribed error limit. If, however, the

parasitic components assume higher values, the design capacitances have
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to be increased. Now the random errors in MOS capacitors due to area

fluctuation and variation in the thickness of the dielectric (oxide

layer) are expgcted to lie well below 1% of the nominal capacitance

values[42]. While the ratio accuracy of MOS capacitors is 1ikely tor
be 0.1% or better, the accuracy in the absolute values of the
c§pacffbrs may be poorer. However, a value of 1% represents about the
worst case. Since the parasitic capacitances are an integral part of
the MOS circuit componénts, their variations should be of the same
order of magniiude. Thus, a conservative design ﬁpproach shall be to
increase the optimized set of capacitors by a certain factor and use
thesé values in practical design. Fig. 4.8 shows the maximum

capaci tance (Cmax)’ the maximum capacitance spread (SMPX) and total
capacitance (CT) needed for a nominal design with fP = 1kHz,

fs/fp = 10, h, = 5 and Qp = 5,10,15,20,255 This is obtained using the

.
,minimum total capacitance design scheme and F1 = 100pF, F2 = QQpF. The

curvés-in Fig. 4.8, designated by E §5MX and ET represent the

max’
quantities after considering the parasitic capacitances and subsequent

- optimization using a gradient method[37],[38]. A 2% post optimization

increment in the network capacitances has also been allowed to take-
care of the possible variations in .assumed values for the parasitic
capacitances. The curve E, represents the root mean square error (%)
that could be achieved by optimization and after a 2% increment to the
optimal set of network capacitors. The corresponding results for the
iterative optimizafion, discussed in section 4.2.3 (also refer to Table

*
4.2, 10PT = 1,2,..%) are shown by C-, SPMX", Cy and E,. of Fig. 4.9

max °’
. ] .
for the case wi;h fs/fp = 10 and Qp = 10, hA = 5. These results reveal

the feasibTiity of a set of practical network capacitances and ]
~ i
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Figure 4.8: The ‘nominal-(in absence of parasitic capacitances) and the .

optimized values of total capacitance CT('C'T), maximum capa-

citance cmax(tmax)’ maximum capacitance spread: SPMX(SPMX)

and the % rms error for the SC-BPF as a function of Qp L
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“

realizability o}‘the design\emp]oying a small substrate area in an
actual fabrig;tion process. The optimized set of cépacitoys, obtained
in each case were increased up to 5% and the results were found to be
within the prescribed er%orllimit and the capaci;ances"were within the
techno]ggica]1y feasible 1imits. Hence ; desiqn center could be’
established by making all the capacitors 2.5% hibher than the values
obtained after optimization. This set of capacitors will then pfeserve
the desired response'withih the limits of the error criterion even
though the parasitic capacitances could increase by 2.5%, from the
values assumed during the stage of optimization, due to an accidental

~ fault in the fabrication process.’ Tﬁe optimized responses were very
close to the ‘desired ones ﬂﬁd it would be difficﬁlf to distinguish
between the pair of curves. Hencé;’the normalized square error

- (eﬁ x 100) is shown.as curve (c) in Fig. 4.7. Thﬁ; corresponds to the
case hA =5, Qp = 10, fs/fp = .10 and the capacitance values correspond
“to the final stage of the iterative optimizations. Thus, this
represents the resuit for'a design that has the lowest total
capacitance. out of the various minimum total capacitance design \\\\\\\
corresponding to the Yariéus stages of iterative optimizations. Figure

" 4.10 shows the numerical result for the SC-BPF of Fig. 4.6 with the

* UGAs reaI{zgg from OAs and the.vOS # 0. The curve (a) and ip)‘
represent the ﬁérameter Fmax [ref. eéq@ 4.23] for the cases hA =1 and
é with fs/fp = 10 and Qpa= 5,10,15,20,25. _The curve for hA =1 is “f\\\
aTygys higher than that for hA = 5. This.indicates that the effect of
Vo Decomes worse (requiring higher level of input signal) for a

smaller value of the flat Qain hA’ Considering the case of hA =5 and

Q, - 10, it turns out that to obtain the desired response (Fig. 4.10a)
}
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.s'peciﬂe‘d error limit (5% fms). The resulting minimized lvs/’;osl /
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- ~ ;

within the 5% qns‘error, one needs |v /v .| ratio to be > Srmax’ viz.,

with v ‘-- *5 mv one would require |v | > 300 mv (r . ~ 12). This may

be considered to be a 'Iarge value of input signal and the error

* s

minimization algorithm, as discussed earlier, between the .desired

N i .
, amp11itude ;ﬁonse and the réspgnse by considering the non zero value

-of Vos was( applied. This has been done with_an initial value of -
. r'sd

Ivs/vosrgrmax and successively reducing this‘ ratio e(unt'l'l the rms

error between the des‘1 red response and the actual response including

the effectaof Vos and the parasitic capacitahces equals or exceeds the -

Patios (r)'are shown in curve (c) of Fig. 4.10. For the ncase‘ of

Qp = 10, hy = 5, F/F, = 10, one finds that a val &% > 2.6 would be

sufficient to attain the prescribed error limit. Compared‘with thé

~ unoptimized case, this represents a gain by a factor of ~23 which )

F

) should accordingly reduce the pre filtering gain requirement by .an

. ‘steps and the error criterion was'.found to be pre\s/

k
equal factor. Fig. 4.11 shows’ the optimized response expected with

]vS/vosl ='2.6 if the design is made with the optimized sét“of. :

capacitances obtained. The value of r (=2.6) was '1ncr§ésed in small

1.15r. This imp]ies that while -the mir_nhﬁum input signal/level must be

;Ivosl’ a-level between ;'I'vosl1uand 1.1§?|v05[’ would still minimize ;the

"effect of the offset voltage for the gat of design capacitances

corresponding“to the optimal yélue ;'of lvslvos | r'atu.

o
¥
-
n

4.7.2 Experimental Resuits R - é

N ‘ * .Jﬁ\‘ 4 . . I . . 2 1 : .
~ ™ Experimental tests were carried out-for an SC-BPF with fo =10

\g"h

up 'to about %

]
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’

kHz, fp = | kHz, Qp = 10, hA = 5. The parasitic capacitance in the
actual circuit layout was measured to be ~15pFIand’hence'a scaled up

version of the network'capacitors, arrived at by the optimization

!

algorithm were ‘used. The capacitances C1 = 5.1'nF, Csl = 25.5 nF,

C, = 22.? nfF, C, = ;1.3 nF, Col = 7.2 nF, C4 =°19.2 nf, CS2 = 11.44

3 02
nf, Cs = 22.9 nF and CG = 3.43 nF were realized using film/foil type

‘discrete capacitors, with polysterene dielectric, having +10%

"tolerance. The UGAs were realized with yA 741 OAs using 100% negative

feedback. The switches were CMOS (RCA, type 4066B) analog switches.

The offset controls in the OAs were adjusted to make v s = 0 and the

0
experimental data are shown alongside the Eheoretical éurVe (a) of Fig.
4.7. The close agreements verify the validity of thé parasitic
tolerant design method discusSed in the text. Next the circuit was
redesigned for minimal gensitivity to the offeset vo]tagé in the UGAs.

)

For this the offset controls in the OAs were adjusted to make Vool =

5mv for each of the OAs. “The capacitancés correspo;ding to ;n | )
optimized |v /v | = 2.6 which minimizes the normalized rms error, due
to non zero J;%, to below 5% were used. ‘Thélcapacitors were C1 = 20. .
nF, Cg .= 24,7 nF, C

nF, C

=_37.5 nF, Cy = 29:2 nF, Csz = 15.8 nF, C5 = 37.5

1 3

= 10.5 nF, Coy = 7.1 F and C_, = 31.5 nF+ :The experimental

6 ol
reSponsg'is shown alongside the expected éfsppnse in Fig. 4.11 and the
agreements are very gdbd. Using ‘a IVS/V°5(¥> 2.6, better agreeement-

with the nominal response [Fig. 4.7(a)] was observed. -This

" substantiates the method prpposed'above to obtain a parasitic tolerant =~

design which is also minimally affected by non .zero offset voltages in

the UGAs used to synthesize the' SC biquadractic filter.

-

P w
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4.8  CONCLUSION

‘ Improved designs of SC biquadratic fi{ters equivalent to the
analog biquadratic transfer function under the bilinear mapping between
the s and z domains are presented. The active device involved {s a
unity gain amplifier (buffer) and the number of capacitors needed is ) /
comparable to those needed in dgsign§ based on OAs used as infinite
gain amplifiers. The designs are bottom plate parasitic insensitive.
The important question of the parasitic capacitance associated with the
top platés of the network capacitors as the input of the UGAs has been
///é§;;;;2d in detail, and an algorithm to yield a paras?iif tolerant
design aldggbwith minimum total capacitance has been proposed. The g
effect of a non zero offset voltage in the UGAs on the realization; has
been stqgied and a method has been suggested to minimize this effect;
A design that needs very few capacitors and can produce general SDTFs
' “that are bilinear couﬁterpirts of the low pass, high pass and bandpass
analog functions has also been presented. The flat gain gf the analog
filter has often to be scalgd down in realizing these désigns and hence
such filters shall hav; a detrimental effectupn the signal to noise
power ratio as the ;1gna1 is processed by the f11tér. Because of a
lack of actual Més IC fabricatioﬁ facilities, thelUGAs were realized ’
. using OAs and de£a11éd experimental tests have been carried ot with’
discrete components. Extensive comphter simulations have shown that
" the filters resulting froﬁ the proposed realizations are'compaiib]e
. with the requifemenis of the‘current_lc technology. The experimental .
resulis show very good égreemepts with the numerically simulated

results. The proposed designs present a substantial, improvemént over
3 ' . R * * .

-~
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. the designs presented in Chapter 3. It is felt that if the
realizations are implemented in IC MOS technology, several attracthe
advantages‘:.over the OA realizations will be achieved, such as: reduced
subs ‘ate are:. a higher frequency range of operation, reduced DC power

"~ cohsumption and greater <ignal to noise power ratio at the output.

To realize the potential of high frequ‘ency operation of UGA"
based SCF designs, a meéhod is needed to account f}r,the frequency
dependence of. the UGA gain on the SCF realizations. In fact, it is
also desi r'ab1e'to(have such a method for the OA based realizations. In

. the following chapter, an elegant analysis technique is developed to.
examine the effect of the frequency dependent gain of either the U%/ or

§

the 0A on the performance of the SCFs.

/
/
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CHAPTER FIVE

. THE EFFECT OF FREQUERNCY |
+ DEPENDENT GAINS S
OF ACTIVE ELEMENTS
IN SC NETWORKS

5.1  INTRODUCTION

The trend fd;llowed by earlier workers 1n. the area of SC filters
was similar to that in the area of ,actimve RC filters, viz., the active
device (mostly an OA) in the SC network was assumed to be an 1deal.
element having an infinite value for its DC gain as well as; for its ,
gain-bandwidth product (GB). It was soon rea1.1zed that the finite ‘
values of the low frequency (DC) gain and the 6B product of the 0A have
a significant and drastic effect on the performance of an ‘act'l ve SC
filter as the significant frequency band of the filter and the
switc;\ing rate are increased. Early investigations in this direction
[43\], [44] concentrated on an important building block (viz., an SC
integrator) using an OA and a biphase clock signn] . The proposed
met‘ods were principally time domain approaches. Th'ls was. soon
extended to cover the case of SC b'lquadrat?c filters reaHzed us'lng )
OAs[45]. The above methods require sbiv‘ing a set of charge cc;nserv-

ation equations (CCEs) together with the differential equations (DEs)

Me aotive dévices dyring each phase of the clock signal. Further,

“solutions in consecutive phases of the clogk signal_ are related to each

i
{ -~

other by solving ‘a set of transition equations. l;"lnaﬂy. taking the
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Z -transforms leads to the sampled data transfer function as a function
of frequency [since ?- exp (joT), Q = the samp'led data frequency].

The approach becomes very 1aborious even for circuits of moderate _
complexity (say, a fifth o&r elliptic filter) in that the CCEs and
transition equations have to be written and solved for the entire
network on hand. It 1s', therefore, desirable to 1n§estigate the
possibility of having a method 1in which 'the frequéncy ‘
;ependent nature of the. active devices 1in the SC network can
be accounted for in a direct and simple manner. Towards this, the z-
domaink”indeﬂmte admittance matrix description of SC networks appears
to be a very useful tool. The indefinite admittance matrix (IAM) of £
passive SC networks can be assembled very easily, in fact, by simple
'lnspection'["ﬁ]. In the present chapter an analysis method{50] to take

into account of the frequency dependent gain of an active device (0OA,

. ugA for example), in an active SC network, using the 1M of

the passive part of the network, is presented. The case for biphase

clock signal is considered first, which is then extended to the
situation where a multiphase clock signal operates the SC network. The
basic philosophy of the method consists in identi fy1ng, around each
active device (AD) in the SC network, a subnetwork N, of the given SC
network N such that (1) N c%ﬂtains, apart from the Ab, only those
nodes that feed di rectl,v\ into the input node of the AD, during a given
phase of the clock :::‘igna'l , through switchéd or unswitched capacitor%
The subnetwork N 1s then analysed in the time 4

solving for the CCE around the, 1nput node of the AD and the DE that

relates the input and output node voltages of the AD. F*’rnglly, using

~‘E-'(trhnsfo§'mtion, constraint equatior{s aré obtained relating the input -
* ha ’ . Q\ . a

/I

. . . )
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node voltage of the AD with voltages at other nodes of Ns’ Such
coristraint equations are derived for every phase of the clock signal

and the procedure repeated for all the ADs in the network. The

L
- constraint equations are then used to modify the IAM of the passive SC

network, obtained by removing all the ADs from the,origina'l network.
This leads us to:'tﬁe IAM for the active SC network. Once the IAM for
the ‘active SC network is known, any desired response function can be
obtained by )vfo,utine manipulations on the IAM. In the following, the
general ana‘l;/'sis method is developed in Section 2 for an AD with a.

, finite low frequency gain and a finite bandwidth and for an SC network

" operated by'b1phase clock. In section 3, the method is illustrated by

————

\

e _known macromodél[44] The exper'lmenta'l resu]ts agree very well w‘lth .

taking three examples. In the first two, the ADs are OAs used as an
inverting amplifier. Two well-known parasitic insensitive circuits are.
analyzed to roeaI the simple and modular nature of the proposed .
ana]ytica'l procedure. In the third example, the method is applied to
the biquadratic sampled data filter (BIQ-SDTF) realized using UGAs as
discussed in Chapter 4. In section 4, the analytical procedure is 7
extended to the case where the SC network is o.perat’ed by a multiphase
clock signal. The procedure arrive& at in section 4 is illustrated
with a simple ciriuit (aﬁi fferential SC integrator using one OA). The
general analysis technique is then summarized .in a number of sequential
steps in section 5. Numer‘lca] and experimental results are presented in’
seét'lon 6. Since no MOS integrated circuit fabrication facility was
avaﬂab]e, experimenta'l investi gations have been carried ou% only for

non ideal OAs simu1ated using convent1ona’|IOAs according to a weH

T

the theoret'lcal predict*lons., e o . .

. .
l ; . i LY 1
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®

5.2 . ANALYSIS OF SC NETWORKS MNITH TWO PHASE CLOCK SIGNAL
5.2.1 Derivation of the Constraint Equations

Let us first consider an SC network N containing.a single active
device (AD). Extension to the case of multiple ADs in thé network are
pointed out later. We assume that the AD has a single input and a
single output node with a one pole model for the \;olfage transfer
fupction, viz., A(s) = @/(s + B} in the s-domain. We also assume that
the AD has a very high input impedance (ideally infinity) and a very
Tow ouput impedance (ideally zero). In the transfer function Als) of
the AD, B is the 3dB bandwidth of the AD, whilea = ap s the gain
bandwidth product (GB) of the AD with a Tow frequency (DC) gain of a,-
Let us now asgume that a subnetwork Ns has been properly jdentified
from N such that N (1$ contains the AD and (i{) 'al‘kiits nodes, other
than the AD input node, contribute to charge filow directly to the input
node of( the AD throdgh sw,'1tched or unsyitghed capacitors. To ~simplify
the analysis, we assume that NS is of the form shown in Figure 5.1(a).
It will -be seen later on that if NS contains additional nodes, they can
be easily accounted for. The node "a might, be a source node or an

intermediate node in N. 1In this section, we shall restrict our

attention to only SC networks oper:ated by biphase 61 ocks with a duty

ratio of unity. If T-is the clock period, then the instants of
switchiﬁg are at integral multiples of T/2 [Fig. 5.1(b)]. The interval
between two consecutive switching instants constitute a switching
phase. In SC networks co~nta1ni,ng\apract1ca1‘ switches, one can visualize

two distinct intervals of operation in a given swiiching phase. One is
a 8 * . A *

]

. .
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7

the transition interval It during which the circuit topology is in the

prqcess' of changing from that of the previous phase to that of the

.given phase. During this time, the switch resi stances are chang ing in

- an arbitrary but continuous manner from that of one state (say,

completely gy) to that of another state (say completely OFF). It is .
extremely di fficult to derive directly mathematical expressions for the
nodal voltages in an SC network during this, zﬁterva\. However, any
nodal voltage can still be assumed as continuoué over this time

interval, provided it doe's not happen to be an 1input node of the AD.

In such a case, the voltage at this node 'm1ght become di scontinuous due

to a large feedback from the output of the AD. We shall denote the
width of I, by . "

Consider now the switching phase defined by the closed interval
({n - %—)T, nT]. For this phase, I,C is given by the closed interval

[(n - -%-)T, (n - %_-)T + e:].. We can visualize the other interval, Ip,

‘within the switching phase as the closed interval [(n - %—)T +¢, NTJ.

For the next switching phase It and I_ are [nT, nT +¢] and [nT + ¢,

, P
(n + -%—)TJ, respectively. In any given phase, the circuit topology .1s
\\ \

"linear and time invariant over the interval Ip and consists of

_ completely closed (ON) switches, completely open (OFF) switches,

capacifors’ and ADs. Thus during Ip the network NS is 1inear and
consequently, a linear CCE can be written for the node p. For any
practical SC n'etwor"k, It <« Ip. Consequently, in our subsequent:
analysis, we shall assume ¢+0). o .

\

‘ ' N, "
Let us consider a giv"en switching phase (say even) definéd‘ over B
~ AN
! \ .
! ' /".‘x‘ﬁ'
“ i . P . //!/\ %

”

. ‘ .

.~
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[in - %)T,‘ nT]. Over the interval Ip for this phase, the 'voltage vp'(t)
at node p [Fig. 5.1(a)] can be expressed using the CCE as:

, {
vp(t) = alqvq(t) + alava(t) + quvql +BVar t Bl.pva (5.1a)

where

V., = vx(nT --}+ €), x= g,a,p and +0 (5.1b)

xI

-

The coefficients “1q’a1a’ﬂlq and ﬂlaare dete@ineg by ratios of

capacitances in Ns' The one pole mode! of the gain function of the AD {; .

yields the DE between the output and input voltages of the AD as:

‘dva .
at——+ Bvq = avp .y ) (5~2)

A}

Substituting for vp(t) from eq. (5.1), we have

\ \
dv ,
7 a - .
—Z+(p - cxalq)vq (-/aalava + “ﬁlqvql B Vay * aBlpva (5.3)

Y-
‘o

dt

)

Integrating eqn. 5.3 over the interval I é [t1 e (n - %)T + g,

p
t2 = nT] one has

. ' _ T
k.nT T K (nT = o +¢€)
- - #
vq(nT)e 1 vq(nT 7 ele'l 3 ‘,
' i k1t « kinT  k(nT =4+ €)p-
# = ay, J va(t)eldt+——[e1 -e'l Hi I*
. t Kk : .
1 . 1
[ﬂquqI ¥ BlavaI fﬂlp va] (5.4a)
.o ‘
ST )
where k1 -‘B,-- @a, \ . o {5.4b)

q N |
———— ' ) ’ I

In gi&ctice the AD may be a UGA or an imverti ng 0A, EXperience
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©

shows that 'in both of these cases, k1 > 1. ‘ .

At this point, a.few conments are in order. The existing‘\
methods of SC filter design implement ana'log transfer funct‘lons through
four types of s «+ z mapping, viz., (1) backward Eu'ler (1“1) forward
Euler, (i11) LDT and (iv) bilinear transfonnati,ons. Of ‘these, the
bilinear tranformatién can accommodate the highest cut off frequencies
reldtive to fh.e clock frequency [45]'and hence‘uis ‘the most popular.
Conside/ring the bilinear transformation, the entire fmah)g frequency |
spectrum (0 + ») is mapped into the samhp'led data frequénc‘y band from 0
to fs/'2~= 1/2'T. In order to preserve a given analog magnituéé
response, prewarping has to be em;)m_yed.* ﬂpwever, this'can be, done

only at a number of selected frequenc1es . Consequently, the prewarped

_transfer funct'\on can adequately represent the g'iven magnitude response

. orﬂy if the highest critical frequency of the fﬂter is not too ¢lose

i:o the Nyqui stllimit, viz., fs/z. * Numerical simulations using
biq'ua,drat'ic transfer functions, have shown ,clear'ly that tt'),mainta‘rm an
rms error of 16% or less over the frequenc_yu band of interest, “‘one’
requires f /fh > 5 where fh is*the highest cr'it1ca'l frequency of the

ana'log fﬂter‘ ,Thus, the interval of integration t2 - t -2- in eqn.

T 5. 4(~a) 'ls < Th/10 where Th = l/fh, s0 that va (t) can be assumed to be

changing very slowly over this interval (for circuits that so far have

been rea]ized)w-z /14[32]) Hence in j v lekltdt the |
; 1 klt

_variation of Va tt) can be ignored in comparison to that_of e

particularly since k, is >> 1. "This step is rigorously valid when -

1

. v(t) is a sampled and held voltage which is often the case in SC

v Ii’g .
"y circuits where the input source voltage is sampled and held.

H '
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L& %  In view of the’ aboye,” the ;1mgra1 on the rightchand side (RHS)
9+ of eqn. 5.4(a) can be expressed as: e . -
p N o
tzfv (£ eflfar = e IE, (012 . (5.5)
r 1 1 " ,' h , qvl
| Hence eqn.gp4 simplifies to: T
- | v(nt)»-v(nr-{,u)e"“*z”’ o |
AR : o .
‘ 1.1 ' T . :
. 1a T ~kqlor =€) - ‘ "
) o | '-;\T[va(nT) - Va(n&--z*"'ﬁ) é 12 "'A: | . '
- - ' - . ) . . " . " ’ ‘ . -
v T . . o
s a -kl( +€) ’ -
- ,T ‘
Writing A, = exp B-k; (3 + €)], one has ‘ , g‘
.o. ., » ' k ., * .‘
v T OB,V By N =t By V . = —_t v _(nT) ‘
1q ql la“al Ippl (1 -. A ) q
. B . . J ‘.
- - K.\ - ’ « :
. ’ 11 T la
J .- - v(nT-,-z-"'E)- - v_(nT) &,
- a(l xl) q - R EE 2
/ y ; N ) 3
‘ . x, A
: la’l T .
+ 1‘_Rva(nT -z te) (5.7)
a ’ 1 s 4 -
Substituting for the LAS of eqn. 5.7 in eqn. 5.1, one has
- ’ ‘k
| . L9
. | vp(t) '“1q"q(t) 1+ “lavag_?T) + ey vq(nT)
I b : ) - :
K,A a y S
: 1°1- la
o — T amte) = T
Loy TV q (" -.-2- e) : T, v, (nT) ,
(
- P
— *1a™1 T, :
Ry v (nT. - % 4 €) (5.8)

Mt N o
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anally, butting t =*nT and noting that v (t)v vriiaiaré\

v
]

continuous as e+°0, one has C»
. kT T
b(nT) Aq v_(nT) + Bq v (nT - 2) +. Capva(pT ) + Dabva("T - 24
. : - 4 (5.9a)
where A = exp (-k,T/2) .
. 1 ‘ " . ’ . S
i
A = Ty -8/ 0 - U /
Bep = /0= A] ey B R (5.9b) *
A -
C = - -—l—la—— = -D s
ap : 1= ap

In the above equations, the coefficients qu qu abe due to AD

output node q while Cap’ Dap are due to the intermediate node "a", _

.obtained from the original network N in the process of identifying the

subneiwork N . If N contains additional intermediate nodes, their
.

presence can be accounted for in a simp]e fashion by incorporating

merely additional coefficients in eqn (5. 9) similar to c ap"

Further if N contains additional ADs, subnetworks similar to N can be '

identified for each of the ADs. Analysis of these' subnetworks will

then yield equations similar to eqn. (5.9) for the voltage of the input

node of each AD. In passing, the‘silpIicity, modularity and genera1i;&
of eqn. 5.9 may be obsetved. Denoting the giuen phase as the even

phase and taking -transform on both sides of eqn. (5.9), we have

- eo ee eo f
v = + + 1]
p.(z) qpVq(z) quvq(z) Bapva(z) Bapva(z) (5 19a)
ee _ eo _ -1/2 Ao
where qu qu, qu _ z qu
, (5.10b)
ee _ . peo _ -1/2
Bap cap’ Bap z Dap

- -

B et - e Bbecn kAL

P S it tada s = 2 S
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In an analogous manner, one can write down a/ECE for the other

v

z\vphase‘{say odd) with its Ip 1nterva1 defined over [nT - T + ¢, nT - ?J
From the 'CCE, one can write, for (nT -T).« t« (nT - 24,

1 e ‘
(t) = q vq(F) + QZava(t) + 92qvql + BopVar * BvapI (5.}1&)
where “ih'“?a'BZq'ﬁZa’BZp are capacitance ggtios pertieent to the given
+ phase and now '

) Vep = Yy l(n - )T + €}, x = q,a,p.and e + O (5.11p)

*

Following an exactly ana]ogous,mefhod of analysis one shall arrive

finally at:

. ( ’ -
o : go0y % oe
Vp(z) qpVq(z) + quvq(z) apva(Z) Bapva(Z) | (5.12a)

£

where A% = [azqké - gfal / (1 - kz)\\

, - “gp
408 -1/2 _ﬁg_[?/a__a ]
. qp -\, 1q
\
g00 . _ 22 .
ap 1, C

Boe ;172 M %2
ap l-kz

Ay = exp(-sz/Z)
k2 =B - aazq ’ ,
Eqns. 5.10, 5.12 represenﬁ, in the frequency domain, constraints on the

voltage of the AD input node due to the presence of the AD in the



- biphase SC circuit. In ;ny frequency domn n anal'ysi,.'f;, these

. e - - \ e e e mamee e e, Y e e e

]

constra1nts have to be accommodated appropriately. For example,-

equiva'l ent circu‘lt method of anﬂysis due to Laker [10] can be utilized
3
a1ong with the above constraint to analyze small sized SC networks

X 4y
quite successfully. Howéver for large networks 1AM technique is more
convenient. In what follows, we shall sho_w how the constraint

equ{tions can-be used along with the IAM technique to predict the

‘effect of Ags with frequency dependent gains on 3 networks.. \

.5.2.2 Derivation of the Definiter Adwittance Matrix (DAM) for the

Active SC Network

/

Let us assume that the network N contains n nodes including the

nodes a,p,q of Ns‘ By "fo'llowing the method due to Moschytz and

. HSkenek[47], the IAM of the resulting passive network (Yp) can be

written down by inspection. The constraint egn. (5.10), (5.12) are
valid for specific topologies in the z;iven phases, viz., the topologies '
obtained with the switches either open or closed. Hence, before

—

incorporating these equations itn—the IAM, Y _ has to be modified by

P
using the principle of contractions due to switching[47]. Let us
denote. the resu'ltjing matrix by Ym' Assuming it is of order (m,m)

(after ‘deleting the grounded nodgs), Ym can be written in the form:

.
mman L — I S
N
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‘To account for the presence of the AD, we now have to substitute of V€
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. . i
~
[ 4 . '

lell ae-- petl qzct.--.me 10...... aooi potu qoountitmo

e ee _ee ' ee . eo
1. yll"yla"ylp"qu e ee g Yia* 'Ylp"qu"""

e ee ee’ ee _ee ’ eo

’ EO
a‘ yfl..yaa..yap.‘yaq . e L) .o- y apooyaq.con-Q

e ee _ee '
p . ypl l‘.ypa. yppD ypq - . }’ LR ] ._O ypa. .ypp. .ypq. - 00
e ee ee _ee _ee , eo
". ? - 'yql. Iyqa. .yqp. .yqq > o . N LN ] -8 yqal yqp. 'yqq. o0 800
© m® ; , (5.13)
:o oe _oe Oe « 00 '
1 yll"yla'fyﬁ"qu ce  we .e yla"ylp"qu““”
o _oe oe 0 " 00 00
a y lbiyaa. yap..yaq . 8 L 2 o e y y p yaq......
o oe oe Oe 00 00
P ypl‘ 'ypa ypp"ypq .o \ oo ypa' 'ypp ypq ......
» .
o oe oe e ~ .. 00

srss 00000

The different entries of Y are functions of (i) the capacitors _

in the é:ircu‘it, (i1i) the clock rate (fs = 1/T) applied to the circuit,
and (iii) the sampled data variable z. ‘Consider now a row in egn.

(5.13), say the) a®th row. This corresponds to the equation

TR, eeye, eee eese, €00, €00, €00, ' "
Tg= o aaVatYaplpt ilqvq Voty, Voty, V+ ... (5.14)

ty aa'a Yap'pYaq'q

sse y

p

and V° from eqn. (5.10) and (5.12). We then have

p.

e, ee ee o€, eo ' L
Ia "'+(yaa ap-yap pyap)va+ - .

-
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Sim&larly,'the equations correspohding'to other rows in (5.13) have fp

be modified.
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+(yee+Aee EE oe eo

qpY apap”ap’Y q

80+BQO ee db EO

Yaa™apYap’ apyap d

OO 00 eo)v

eo
+lyy +Aqv’ap A ap’ Vg

+.-¢ 2

k4

n"

(5.15)
- 4 ﬁ;

M
<

s

Further, we note thatidthe rows corresponding to qe aqq q°5§

v

are redundant since they correspond to the‘even aWd odd phases of thefw?

current from the output of the AD which behaves like a voltage souifgu

These rgys can, therefore be discarded.

active SC network is obtained as fofiows.

(1)
(i1)

a,
the elements of p . p columns multiplied by appropriate funqtf%ﬁs pé

o
de1ete the rows corresponding to q°, q° in Y.

add to the elements of a , q s a° q co\umns,

Consequently. the

DAM~ of the -
N 3 ,“‘4""
MRS

.
B ' »
T "’l Yoot

AL
DN BN
R4
N T el
. 5

\1

.:1‘?

\
- u‘ T

obtained from eqns. (5.10) and (5.12). For example, the new ?%’o QVQtQ&w;

element, ye: of the IAM shal be given by

- o80
Yaa

(iii) -

0 ee 00 eo
" Yaq *-Aoap * Aap’ap

.

delete the e]ements correspondfng to p , p cdiqpns. C;H
o e *ﬁv' e ’

N

(5.16)

The presence of other AD is accounted for by fo]]oﬂing a similar

procedure for each of the ADs.

any other network function of interest can be derived from 1f..

-

Once, of course, the IAM is obtained,

It may be observed that the only piece of information needed in ~

the proposed method of analysis are the passive IAM and the constraint

equations,‘both of which are derived separately over the I

e OPWRIRZ R R

P

intervals
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of the two phases. At no stage do we require any information on the
state of the circuit in the interval of transition Ii' Consequent‘l&, a
time domain ,aha'l,ysis over It is not needed as were in the methods

proposed by the others. Co.

& >

5.3 ILLUSTRATION OF THE METHOD

Three examples are -mow given to §1lustrate the amalysis tech-

nique proposed above. The first circuit is the well known stray insens-

itive SC integrator[44] describe[d by Martin and Sedra and the second is

a stray insensitive SC b1quadrad‘1c filter introduced by Laker and

Fleischer[49]. In both these circuits the active devices are OAs, used

ras inverting amplifiers. The third example is the SC b1quadrhtl'lc

l\

‘filter, proposed in Chapter 4, where the active devices are the UBAs.

"5.3.1 An Inverting Stray Insensitive SC Integrator

-

As has been pointed out above, the AD in this cage is ap OA
having (say; a finite low frequency (DC) gain of -h; and a finite GB
value of B. Thus, in our formulations above, we have to use a = -B and
B = B/Ao = W the usual relation for the 3dB frequency.of the OA.
Consider now Figure 5.2 which shows the SC intégratoi with the nodes
numbered ... a, p, G, ... In the even phase {(n - %-).T.ﬁ' t < nT} the
CCE 1s | "

where (as in eqn. 5.1), v_. = vx(nT -;-+ £), x = a,p,q and e+0. In

xI
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T44] the signal source voltage Va( t) was assumed as sampled and held

(SH). With this, va(t) =V, Thus,

vplt) = [C/(Cy + gl = [p/(Cy + Cp) vy + vy

(5.18)
Comparing this gquat1o'n with eqn. (5.1), one has
%0 " C,/(Cy +Cy), Blg ™ 1 “1a =07 F1a Ppp =1 (5.19)
Further, as in [44], we assume fo‘r the OA, A(s) = -B/s,that is, w. = 0.

This gives, from eqn. (?.4b), kl = “lqg = 8(32/((:1 + Cz), and

Ay exp{-B t-l-—;z-c;-})}. Since this circuit contains only one OA, Y;(z)

can be expressed as in eqn. (5.10a), whence from (5.9b) and (5,10b) we
w obtain |

C C «C
eo _ 2 2 71 - 2 Ty
hop ™ Tty U8 oy 2 VL-exeld o o)
aee . _,-1/2 jee

qp ap ‘ S (5.20]
ee _ . _ €0 oo
Bap 0 Bap .

Similarly, for t‘he odd phase /{(n-l.)T <« t<(n- -;-)T} ",-one has the
CCE '

I
&

_VI)

Cz[vp(j:) - v-q(t)] = Cz(va q

(5.21)

which leads to @pq = 1o Boq ™ ~1s-Bpp = - Proceeding as above ‘but

using the relations pertaining to odd phase we can put Vg(z) d1f~ect1y
in the form of eqn. (5.12a) where

Azg = -[exp(-B7/2)]/[1 - exp(-BT/2)]

A:; =: z'llzexpi-BT/Z)/[l - exp(-8T/2)]

\

(5,22a)'

[N e Y



o0 » -exp(-BT/2)/[1 - exp(-BT/2)]

qp

oe

Bap

The 1AM of the passive part of circuit in Fig. 5.2 is given by

ae
a¢ [o
1% o
2% o
p€ |0
q® |0
5¢ {0
a° 0
1° |o
2° |[o
p® |0
q® |o
5° |o
where 61 =

. - 164 -

= z'llzexp(-BTIZ)/[l - exp(-BT/2)]

f
i
'

qo 56
0. 0
0 0
0 0
-, ©
¢, o
0 0
0 0
0 ©
0 0
-C,

., o
0 o0

('5.22a)

(5.22b)

Allowing for the switch contractions and discarding ground nodes (5e,

T e AR R




- 165 -

as ,
- . -
2 , o ‘o .
e -~ ~
P as! 2 G G
—_— .
wr e - ~
€ o .o -, G _(5.29)
T 0 c i c, -C
e 2 2 2 2
& 0, c ¢, -C c
TR 2 2 2 2

o

Inserting the constrajnts as given by eqns. 5.1ba, 5.12a, 5.19 and 5.21
.in 5.23, one has the DAM (YF) for the circuit as

q® ¢ .

r— . N X © |
e ee eo0
a qucl _ qucl L

~ ‘ 5.24)
e ee oe, poy eo oon
P -C 'cz"qu‘Cfcz)*qucL ;-t:2+)\qp((:1+(:2)+quca
0 ~ . a.8en oe eo’, 00
-t + -C,+ +A

p N r:2 quc2 qu C, c2 quc2 qpc2 ]

e,we _
vq/va A12/A11

row and jth column. On calculating the cofactors, one gets

b1 - ekl V2 ok ak2y
E = —.-—/ -1 -(k +k ) (5-258) w
(1-z" %) [1-kz-le~'*17%2 7]
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" /
: c ' C
where' k) =8 —210 ky =B, ko=t
1*% 1*2

"

Eqn. (512&) is the same as the re_sh1t obta{ ned by Martin and Sedra.

¢

5.3.2 A Second Order Parasitic Imsensitive SC Filter

" SC band -pass (BP) filter shown in Fig. 5.3[49].~This filter will also |
~be considered Tater on, for experimental investigations: It may be
observed that Fig. 5.3 represents.a milti-OA, viz., a two-0A circuit.
To apply our analysis technique, we shall now assign the subscript.'i'

(1 =1,2) to any quantity_ associated with the 1*" 0A. Thus the

”ﬁs;raint eqns . (5.10) _and (5.12 )\would appear as ‘ | .
v:1 ?"331‘(21*"331 V&*%ﬁ? v§1+sa§§’ Vo | | " (5.26a) “w/ ‘
where " - v ‘ , - |
3t = expl-ky 4T/2)
K4 = Bio1qit™ei g | i
Agi = ;[a1q1;»11+1/A°1]/(1-k1?) - (5.26b‘)
ASH ‘=°1'1/2[¢1q1+1m°,mu/u-x”n )
Bapi = -uairy g/ (144
Bapt = 7' Cagapyyllioagy)
and | dj .

e = e TR BB X

As a second example, let us. consider a well-known second order

L S

a

=4 pnl N O .o e o el e e s T o S - e
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g
' ' 4
o . 00,,0 e oe e
. vpi ’ : quvqi quiv Bap1 ai+Bap1va1 A
o | { . . (5.27a)°
where - 4 o N\ ¢
Koy T BySaqiter > S
qu1 . = ‘[azq.‘ 2.‘+1/A°i]/(1 )‘21) . (5.27[))
Bipi = paihpy/(1ohp)] : Ny
Y A . .
i . -=1/2 .
Bap'i = z ag%ikﬁ/(l-kz,i) .- 3 >

Considering the subnetwork:N , ar‘,dynd OAl of Fig. 5.3 we have from the

CCE at the OA input.node, for the even phase {(n - %—)T < t<af

: ‘(5.28)
' /
-E-.Lv -cc+cdv ,-—rlv‘ +V | LS
; Cey qll ,csdl Q21 ' C§1 inl = “pll
/wher:e CS,U" Ca*Ep*C +Cy*Cy anj Ve = vx[(n - -2-)T+e], X=q;,qp, N, Py | )
7 and e+0 ) ' '
One can write = e e o g |

101 = 170510 %101 = (Cc¥CqM/Coys ppy = Caflq

« Pig T T %q10 Pra1 T - %1a10 Pap < Ca/Csy
Bypr = (Cg*Cp*CeCyiCy)/Cyy - . (5.28b) "

«

AN

e g
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4

.<(~e

ee e
vpl A .Y

€0 ,,0 ee ,€e eo
= +
ap1q1"Pqp1Yq1*Bqp1¥q2 Bqp

where the different coefficients A

When, using eqn. (5.26), one has

v o '
- 169 -
o .,.ee ,e _.eo ,0
1Vq2*°1np1V1n*°1np1V1n (5.29a)
ee ,e0
qpl’ qul ... can be obtained using

J
eqns. 5.26(b) and 5.28(b) with i = 1. In particular:

ee _
N Bapt = “rart11/(1A,

' n€0 - _l/2ee

Bapl _-Z R qul

ee -

Cinpt = “m*11/ {12y
: S

eo - _-l/2.e€

Cinpl -z cinpl'

)

) (5.29b)

W

Simflarly, from the CCE in the odd phase {(n-1)T < t< (n - T} for

OAl, one has

c .
' 1 d
V., (t) =—v , (t) + —
' pl 1
]

where CS

V2!t - ¢

c
1y

s2

tcd

-—y

csZ q21 * vplI

{5.30a)

qll

re

C1 + Cd', One can write .

“2q1 = ©1/Cs2» “2a1 = Ca/Cs2r Paqr = “2q17 P2a1 ™ ~¥2q1 (5-300)

Hence, as before, we can cobtain

+BOO

Vo, =
qQp

00 ,,0 oe e
pl qulv +A v

ql “qpl "ql

where th ntities A%,
e quantities A,

and (5.27b) with i = 1.

no¢ |
qpl

o .08 ,e :
lvq2+aqp1vq2 (5.31)

.. etc. can be obtained from (5.30b)k
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For 0A2, considering NsZ’ one can obtain from the 0CCE':;L in the

even and odd phases

'()CZ ()ce ()czf e \(s )
v t) = v ,(t) + v t) - v - v + v .32a
p2 Cs3 q2 cs3 "In CsB q21 csB inl p2l

4

and

—

Vpalt) = Vgalt) = Vepy + ¥ppp, ([T < t < (n - PT (5.32).

’ wh)ere Cs3 = (22 + Ce +6f

‘ Thus

1 q2 { Co/Cs3s @102 = Co/ls3s Biga = 91920 Plaz = ~1a2
/
(C, + Cy + CE)/Cgy (5.33a)

s ]

B1p2

and

apq2 = 1s Bagz = ~1s Bypp = 1 (5.33b)

Using eqns. (5.33a) , (5.33b), (5.26), (5.27) (with 1 = 2) one can

. ' e ]
easily obtain the expressions for sz and sz.

Consider now the BP.fi'ltér with the OAs removed. We can obtain .

~ the IAM of the paésive part by inspection. After the switch

contraction operations o;} the IAM and eliminating the ground node,"we

can derive the DAM, Yp of the passive part of the circuit as below: .

»
. - A - - -
- R TP B A I (e o mrbotioires SOOI S A, AR .
Jemile L oulew . . ICE NS .
’ N ‘ '

P AT g ey




o,

A 3 VIE 8 RIr e o

4
. o . <
¢ 0 - . 0o 0
0 .uu..,mu 0 .Huu . 0
NUI\_\ o NU‘*vU vol c -
0 - Ps- 3y 0
. \
o | .
0 0 0 0o %
2y 390 C- 0 0
-0 Iy o Ty- 0
0 By P o
0 , - Py 253 %-
0 o 0 0 0
o’! ot o* of - dt
* -
’ A

 (epg"S)
Nm . 0
33- Ty
Nm- o
0 RS
0 0
€%, 0
0 Iy
Nu- i 0
0 S
mul 0
mN,H mn .

\
2. o
0 -
Nm+vw vM|
" Py- P3.12
0 9-
2. 0
0 Ts-
29:P24%9  (Po9)-

/

(Pa+9)- 15,

s Afwe e Reain

O S
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where, ¢
- O v A
cs3 - Ce+Cf+C2, Cx = -2 CX., X = 1,2,b,C,d,f ’

We can then insert in egn. (5.34a) the constraint equatioﬁs (c.f. egns.
5.25, 5.27 with 1 = 1,2) derived above for the two OAs. The resulting

DAM of the active BP filter can be expressed in the form:

1 5 7 1°. s 7°

1 RZVEE ZER Y 91@ Jig e |

L YR /Y SR 7 YRR PV RN PR 21

12 Yor Ye3  Yeq Vs Jsg  sg (5.35)

1° Yoo Y, Yea » Yes  Jes S69

4° 3’71 973 974 S'76 978 ‘ 979

12 1901 Y103 Y04 H0,6 Yo,18 V10,9 ’

where

! ¥i1 = Yiﬂ*cﬁﬁpl ’12*B§;Y15 N
Yi3 ® y13*B§§1y12+933i¥17+A23291s4AZ§z¥j,Io |
Yia = YigthopY12hgp1Y 17 (5.36)
Ji6 = Y16* Tp¥12Bape¥is _ | )

“ eo 00 eo 00
Yig = Yig*Bqp1Y12*Bap1Yi7 rqp2Y 15 Aqp2Y1, 10

. eo 00
Yig = Yig*hgp1YiotAgp1Yi7

e e e . —— e m—




-173- -

In egns. 5.35 and 5.36, 91j répresents an element of the modified DAM
corresponding to the.element ¥ij in 5.34, which is changed after
inserting the constraint equations. The row designate i spans the rows ¢
1,2,5,6,7 and 10 in eqn. 5.34 while the column designate j spans the
columns 1,3,4,6,8 and 9 in eqn. 5.34, '

Note that in the renumbered columns of (5 35) the numbers

0 40 e ) o
1,5,7, 1° 9,7 correspond respectively to V1n, YqZ’vgl’ V1n qu, ql
Invoking the S/H restrictions for the input, used in [49], we shall .
. Jml/2,e =
hove<31n =z vin' Further, by virtue of Vin(t) Vinl in the CCEs,
ee €0 . p€0
one would have Cinp] C1np1 0, Bapz 0 Bap2 Usiog fheso facts,
one can reduce the matrix in egqn. 5.35 further by adding column 1°
1/2 '

multiplied by z™ to column 1 and discarding column 1° and row 1° and

row 1° thereafter. The result is a 5 by 5 matrix, say YF' The vo]tagé
transfer function is given by

He®(2) = _ﬂ_.= 1z where 4, 1s the (1.J)th

v'in TR
Substituting expression for the various cofactors, one can

cofactor of YF‘

obtain the analytio expression for Hee(z).

At this point one may observe that if an analytic expression is
not required and only numerical results are wanted, then one can
computerize the entire process once the constraint equations around

e o ! "‘

each OA have been derived.



- 174 - .
5.3.3 A Second Order SCF Based on UGAs

As a third example of app11cat10n of the analysis method, we
consider a SC BPF using UGAs as developed 1n Chapter 4. This is a
.network (Fig. 5.4) containing two UGAs and the subnetworks (Nsl’ st)
are outlined by broken 1ines. Consider Figs. 5.5(a)-(b) which show the
network topoﬁbgies pertaining to the 'even' and 'odd' phases of the
clock signal in Nsl (around UGAl) including the relevant parasitic
capapcitances lumpe& according to the'princ1p1es discussed in Chapter.
4, Similarly, Figs. 5.5(c)-(d) show the top"%gies'during the “even"
and "odd" phases in the subnetyork Ng (around UGA2). Now considering
Fig. 5. S(a) the CCE around the 1nput node of UGA1 in the even phase

[(n - EJT < t < nT] is given by

"pl"" = a3a1vs(t) * B1a1Vs1 * Brx1Vxl (5.37a)
where :

@121 = C1/Csumy

Biay = -

lal T1al (5.37b)

lel =1

and  Cqyyy = Cy *Cgy *+ Cpy + Cpy

Recalling egn. (5.2) and recognizing that for UGAl g = Bl’ the

bandwidth and « = @, B, where ¢ , 1s the DC gain (~1) of the UGA, one

would have

dv
ql . |
3t T B1Val T ®®1a1%s * 9Brai¥st * *P1aVxl

e - B e L e LA SR .t ey e -y i Wngy
N :

I S ™ Y “ .
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whicqﬂpnhso1v1ng, as before, will give for Qpl(nT), the expression
)

k4

A ' A.,L '

11 11711 1
v_.(n) = A, ,v_(n) - v (n) + v.(n - %)
1 11 _ s - s Z

P .S 1 11 Lll ’ h
\k//a | (kyq / @)L

11 11 11 1

+ = v _. (n) - v .(n - )

_ 1 . _ 1 Z

'1 L11 q 1 L11 q

b

_ where

. ' - ( : o -
'kk,/f;h T %ja1

kyg =By

and Lip-® exp(-kllT/Z) ‘ (5.40)

Taking gz—transforms on both sides will give

V§1 = Bfﬁvz + Bfgvg + Affvgl + Aigvgl o (5.41a)
where -
€€ - _ ®1a1-11
11 T .
¢ 1 Lll i ) e
eo _ ,ee_-1/2
By = -By32
(5.415)
e _ 1
11 —
1-14; 2
-
eo _ _ ,ee -1/2
A1y = - Atz

13

Considering, again, the‘CCE around the input node of UGAL during the
"odd" phase [Fig. 5.5(b)] [nT -T <t < (n - %JT], one shall have

i

- . et hw b R W omoens e we =
- -
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Figure.5.5: (a),(b) The subnetworks around UGA1 during 'sven’' and

‘odd' phases respectively
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vpl(t) ®9q1 ql(1:) + Bquvqll + Vil (5.42a)
where
%oq1 = Ca/Csume
Paq1 © *1q2
Coume = C3.* Gy * Cpa + Cpy
“Combining eqn. 5.42a with the DE of the UGA, one has
dv
1 =
—d-g_+ (B) - epq1®)¥q1 = *(BoqrVqrr * Vpur’ (5.43)
Using ky; = .B1 -'aaqu, Loy = exp(-kZIT/Z), one will have
(k +a, ) K
) 21/a ~ “2q1 _ 1, _ 2l/a )
(5.44)
- 'Taking % -transforms on both sides
) i
o _ poeye |
00 _
where Ajy = (1/“01 - “2q1L21)/ (1 - L21)
RS = - —l—-- THaq) 21 '
21 a1 - “2ql I“‘IT“ (5.45b)
For UGA2 one can carry out a similar procedure to obtain
e _ ,ee e AG0 |0 ee e €0,,0
vp2 Als qu + Ajp qu + By, vq1 + Blzvq1 (5.46)
o _ ,00 0 A0€ (@
Vo2 = Az Va2 * Az Voo (5.47)
where
k12 = By

AR BD e s ool * e . . P e . -

1)

~ F A T R gL SV s e T 3 - SR
e e e e .
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Figure 5.5: (c),(d) The subnetworks around UBA2 during 'even’ and

'odd' phases respectively
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f Loy exp(-klZT/Z)

Age . d 1

12 T - oo .

-lyegy . : (
. - h.ee _ ee \ -1/2 . |
Mz = P12 Loy 2 : (5.48)
\ R

ee _ \

B12 " gt Y - ) :
e -1/2 . o ‘

eo _ e
Bip = -Bjp 2

@122 = Ca/Csymz |

=C +C

Csums = Ca * Cs2 * Cpg * Cap

In egn. 5.48, B2 is the bandwidth of UGA2 and a0 is the low frequency
gain of the UGAZ. The parameters in egn. 5.47 are given by

=B B

‘ Koo = Bp - aay0ps @ = ugoBy

L22 = exp(-kZZT/Z)

00 _
Aos = r(lag, = ¢y o) Lo / (1 - L,,)
22 " %2 T %2q2' 22 22
agq2 = (G5 * Cg) / Coyya R
\
,\\v
Eqns. 5.41a, 5.45a, 5.46, 5.47 are the constraint equations in the

Coumg = C5 +Cg + Cop + C7 +Cpg + C g+ Cpy

p P9

+ t-domain which are to be used in the IAM for the network on hand in the ~

same manner as before. The details are omitted to avoid repetition. '
o)

\ < . “ u '\

* P s e W metge s e T - R Y YT YT ol

Sl w aampren ey

—




~

- 18l -

“~

5.4 EXTé;;IOI TO, THE CASE OF MULTIPHASE SC NﬁTHbRKS
\ | ;

'In this section, the above analysis technique is extended to the
case of SC networks operatéd by a multiphase clock éigna] and
containing ADs of f1n1té’(DC) gain and f;nite bandwidth.' Multiphas
clock s%gna1s have been used in SC networks based on OAs [25],[511,[|52]
to eliminate a number of non ideal effects (e.g., parasitic |

capacitance, offset voltage due to c16ck,feedthrough) associated with

switches and capacitors. The analysis technique proposed in this

section is expected to be useful in this regard.

3
© ’

5.4.1 Analysis B - v

: P .
Let us consider an SC nétwork N containing.a number of ADs,

switches and capacitors, operated by an M phase clock signal of
: Y o

P
=1 !

We first set out with the time domain part of the analysis. For this,

durations t,, 1,, ... with a fundamental clock period T =

one has to identify around each AD (say the ith) a subnetwork (say Nsi) i
such that N_.(i) contains the input and output nodes of AD, and (i1)
p]l;th%_other nodes of Nsi contribute to charge flow direét]y to the

input node of AD1-through switéhed or unswitched capacitors. “For

convenience of understanding, one may represent N51 as in Fig.5.6(a).

+In Fig. 5.6(a), the nodes a,b, ... are the collection of intermediate

n6des,"p1 and a4 are the input and ouput nodes of ADi. A typical
sequencsapf,the M phase clock signals is shown in Fig. 5.6(b). During -
edch clock phase, say phase 1, of duration Ty» ONE can identify the

transitionisubiniervaT e and the phase sub interval Ip as shown in Fig.

v



R R

- .

e R

¥

R T i e

=~ -
- 182 -
-
- o
»
&~ -
‘J
I ! { I

jwa'T bT?

¢

" Switched and/or .

- Unswitched Capacitor

Networks

N ) ’ L 4
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5.6(c). Abcording to our previous discussions, Ip is the sub interval
when a linear CCE can be written down with regard to‘the voltages at

the various nodes in Nsi' | '

\

clock phase of duration T with the phase

: ‘ L-1

intérval defined over (nT-T+ ] T,is nT-T+ Z ;) [see Fig. 5.6(b)].
e

Over-this interval, the voltage v T(t) at the input node Py of AD1 can

Consider now the LEM

be expressed using the/fCE as:

(i)(t) = a(i) (1) (t) + z a(i) (1) (5.50)

a iYL (B *E PiL kLI

i In the above, the superscript (i) represents parameters pertaining to

th

the subnetwork Nsi around the i~ active device. The subscript j in Z

represents all the intermediate nodes in N . while the subscript k in.

1 ‘represents all the nodes in Nsi (i.e., the intermediate nodes as

well as the input and output nodes Py» G5 of AD,). Further,
Vil = vk(nT - T+ Al)’ with 4, = ) T, + € and e~0, represent the
initial values of the node voltage(s) in N51 at the onset of phase L of

the clock signal.. For compactness we shall represent:
2 a(i) (1)(t)

ty = 0T-THy, £y =ty L Vi = Ay vy (t)
and }.B By Vs
kL.vkLI iL 1FI

k

e

where A1L’ BiL are row vectors and ViL(t)’ ViLg are column vectors,

corresponding to the subnetwork Nsi around thg/{:; th

of the clock s1gna1 As before, we shall assume a first order gain _

(1) . :
function. A(s) = wyi/ls + mci) for the 1*" AD where wey 1s the

AD and the L~ phase

— B e = E e

PRSP 7~ S TR L Tl SR, Lot hya B . R A S o - v D Y R s e i LA S

MR s L
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bandwidth of the AD and Wi =@

i = %i¥cq where «_. is the low frequency

’

oi
gain. The above gain model leads to the DE

(1) .
dv ,
L (1) _ (1)
—a%_+ wc*uvql Wy g pL (6.52)

This, combined with eqn (5.50), leads to

1

g (1), (1) ~ o~ ~ _
+k. T L A TR S LA TAR TR ‘ (5.53a)

1) (1)
where kL =g -wt_iaqL

Egn. (5.53a) can be solved over the ir{:cerval (tl, tz) defined in eqn.

(5.53b)

(5.51N)‘as was done for the case of an SC network operated by a.two-

phase clock signal. Thus under the assumption that each component in

ViL is relatively stationary over the phase interval (tl,tz) compared to

its associated exponential function, Yone shall have

7
4

L (1) NG
T . . L, (1)
Ll)t.i[l'}\L ] wt.i[].")\l- ] .
Al i)
S S Mt v (5.54)
1_}‘(1) i,lL (1) l,L-1 .
L A 1A,
o
where we have used vx -1 =V (tl) = q,1 and e+0 and x“)

= exp( k“) ). Writing § = t, in eqn 5.50 ahd using eqn. 5.54

one then shal.l have -

Ve, (1), (1) A

(i) i%qL M 1 m
y = \'} - [ - ]v
Reall 1_41) ol m - Q,L-1

!
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' L () ° x. (1)

L ML Ve  +—btt g . (5.55)
(i b (n bt '
1A

Let us assume now that clock phases are of equal duration, 1’.e.,’
i
Ty ST T eee T T oae. =TS T/M. In that case, one can take

% -transform on both sides of eqn. 5.55 and have

(1) (1) -1/M (1)
v L(2) = A LV, L (2) + A1 2, VYgL- (z)
-1/M . :
+ tL,L vi,L(Z) + tL,L-l 2V, -1 — (5.56)
, . /—"‘"//
where V, (z) =%[vx(nT)]
VX,L(zi =Z v, nT - (M-L)t}] =% Lv, (nT - MME-T)]
X = p’Qni Y
- 1 (1) (1) (1) °
01 .,
) | ‘
A - ..ﬂ:___ 1 -~ a(”] : (5.57) . '
L,L-1 %‘,, 0y qL
'K K(i) / ,
iL"L
T, , & e = -T
L,L () L,L-1

It may be remarked that by virtue of the periodicity of the clock

phases, L-1 is equivalent to M when L = 1. It may be mentioned that if

.th

a certain element (say the j~ element in Vi L) is a sampled and held -

voltage, one would have Vs |_(z) My L-1(z) making the )
corresponding elements to cancel out in the expression for 'CL Lvi L(Z)

+ ZTL L 1\I1 Lo l(z) in egn. 5.56 (because f 'CL L1 DY ean. 5.57).

. Chins vgr ot om wAee ke e s x wn sveememwr wenes R voar e s, Lo St )
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Reverting finally to the scalar notations as in eqn. 5.50, one

can write
(1) o al1) y(4) (1) (n . -1
V l_(z) AL L V L(z) + AL L- 1Vq L-1 (z) z

L m : -
-1/M
4 | , 1

' L

where § covers all the intermediate nodes in Nsi' Eqn. (5.58)

E - * represents the con;traint equation that exists between the node voltage
at the 1npdt of the 1th AD and the voltages at other nodes of the

th

subnetwork Nsi during the L™ phase of the clock signal. Similar

expressions can be arrived at for each of the clock phases and for all

‘ v

' the othér subnetworks around all other ADs in the active SC network.

This would complete the time domain part of the analysis for the entire

SC network at hand.

As was the case with an SC network with biphase clock, the rest

-of the "analysis for the multiphase case is rather straightforwapd and -

. follows very much in the same manner with the only difference that the
... multiphase indefinite admittance matrix (M-IAM)[531 descritpion of the
passive part of the SC netwbrk is to be employed now. "The entire
( analytical proceduré can be easily understood by considering a simple

- . network and is illustrated in the following section.

ey
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Figure 5.7 : (a) An OA based differential 1ntegrator operated by
g a two phase: c'lock (b) The OA based DI operated by~

a four phase clock
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5.4.2 Illustration of the Nethod for a Four-phase Differential

. Integrator

Consider Fig. 5. 7(a) which shows a d'lfferent'ia1 integrator (DI).
WNith a two phase clocking scheme the vol tage transfer function of the
c1rcu1t remains sensitive to parasitic capacitances. If, howe:rer, a
four phase clocking scheme is used as in Fig. 5.7(b), the vohgge

transfer function, with ideal OA is given by

' -1
e S S .
T, z

o

which is insensitive to parasitics. It is immediately apparent that

this DI with a 4-phase clocking scheme may serve as a useful building

block for realizing second order transfer functions which are parasitic

* insensitive as well as canonic so far as the number of capacitor; are

concerned. We shall, however, restrict our analysi's to the DI itsel f
when the OA has a finite DC gaint‘ A01 and a finite gain bandwidth

product value w t1°

The DI s a typ'ip:ﬂ example of a si_ng;le 0A cir"cuit., There is
only one subnetwark and its parts during the various clock phases
relevant to writing down the CCEs are as shown in Figs. 5.8(a)-(d).
Considering these networks successiveﬁ, one can write down the
following CCEs: )
Prase 1: (n-1)T <t < (n- PT

'CZVpl(t) - szql(t) - cz‘vpu.+ cz"qu =0
or Vorlt) = v (e) = v F vy : ~ (5.60p)



Fre b 53 e APAOPYY, PEATE T s 2

- 190 -

(2),(b) and (d)

Figure 5.8 : The sub.network topo]oﬁej? in the DI during the
| four phases of the clock ; (a),(b) and (d) for
phases 1,2,4 and (c) for phase 3

T R AR A g s ham s bt S B P f
’

R L e W PO



-

o — R RORNT AR Y

- 191 -

Phase 2 . (n - -i’-)T p t < (n - %-)T /
vpz(t) = qu(t) - Veer + Vool )‘ (5.60b9)
Phas; 3: En - %—)T <t < (n- %—)T

Cl[vp3(f) - "p31] = Cz[vq3(t) - vq31] - C_z[vq31 - vaI]
or | vp3(t) = aq3vq3(t) + Bq3vq31 + B;3vp3l (5.60¢c)
where aq3 = Cz/((:1 + Cz), Bq3 = '“q3’ ﬁp3 =1
Phase 4: {n - %—)T <t<nT

a(t) =V (E) = v+ vy (5.604)

In writing egns. 5.60(a)-(d), we have omitted the superscript (1) for

f 1

~

simplicity.

On comparing the various CCEs above with the general form (eqn.

; (1) (Y .3 < .
5.50), one can visualize that the part g o VL F A“_v”(t) is

aabsentlin all the eqns. 5.60(a)-(d). Now using the one pole modeN for

" ‘the gain function of the OA (used here as an inverting amplifier with

positive input terminal grounded), viz., Als) = —(Adlwcl)/(s*""cl) one

can arrive at the following constraint equations:
- 1 ' .
Vp,l(Z) = Al,lvq,l(Z) + A1’4z ¥ Vq.4(z) ’ ]

1
v ,(z) =A2,2Vq,2(z) + Az’lz_ T Vq,l(Z)

p,2

’ 1 (5.61)
Vp’3(z) = A%’3Vq’3'(z) + A3,22 T Vq,z(z)

1
Vp’4(z) = A4’4Vq’4(z) + A4"3z T vq’3(z)
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where

ALyt =(hg + UA,) 7 (1-ng) A1’4 = M(121/R5) / (1-))
(6.62)

Ry g -(Ngtl/Ag) / -rg) o Ay g = M(1+L/7A 1) / (1-h,)

Az 3" -(x3aq3+1/A01) [ (1-1j), A3 o " x3(aq3+‘1/A01) / (1-3)

LY =(ng*tl/Ay) 7 (1-hg) Ay 3 = Ml1+1/A ) [ (1=ny)
and

W,

cexp e L {141/ )] =3, =
Apexp b= forld TR T Ay

| (5.63)
T .
(aq3 + l/Aol)]

W
. t1
Ay =exp [- T
Eqns. 5.61-5.63 are the outcome of the time domain part of the
analysis. The IAM of the passive part (i.e., on removing the OA) of
the circuit in Fig. 5.6(b) can be written down by simple inspection in
the manner already suggested[53]. After allowing for the switch

ground node(s), the definite admittance matrix of the SC circuit

becomes as Y,» shown in eqn. 5.64. In this we have used 6, = C,/s

- _o-1/8
sz

numbered 4 and 5 in Y correspond to nodes ‘p' and 'q' in our

Gx and x = 1,2. It may be pointed out that the nodes
analytical formulae. Also the node groups for each phase of the clock

signal have been clearty distingui shed‘ in eqn. 5.64. This makes it
easy to apply the constraint eqn. 5.61 to Y, to obtain the final

B e A Y MERs 4 e Ten¥lma g ek s =

4

. cobtract'lons and elimination of the rows and columns corresponding to -

*
- T e s G T s et i bR R R
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DAM(YF) of the active SC network that contains an OA with finite DC
gain and finite ga%n bandwidth value. The modified matrix Y is shown
in egn 5.65 where the. modified elements (because of the constraint
equations) have been designated with 3 hat (") on top of it. Taking
any- given ro; {say the row for ngde 4 in phase 1) one can easi1§ §ee'

that:

=

S -1/4
-6 P Ap 16 ’}3'-24 =0, Yo5 = Ay 32

Y02 S, and

A _ ' _1/4 . ’ —
Yog = 32 - Rg 4 Sp - Ay 42 G

2

The other elements of YF\can be similarly found out. The voltage

transfer function [Vs’l(z) / V1,1‘Z)] is given by A12/A11 whel"e,Ai‘j is

the cofacggr of the %ih row and jth

column of Ye. It is easy to see
that once the parameters LI STR have been determined, the rest of

the analytical procedure can be easily computerized for numerical

- simulations. /

5.5 STEP-BY-STEP: ANALYSIS PROCEDURE

In order to aid systematic application of the technique

‘&eve10ped in this chapter, the analysis p}ocedure is summarized below

in a number of sequential steps. ’

(1) . Identify the subnetworks Nsi (i = 1,2,...) around each

AD in the original SC network N.

(ii) Set up the CCE for the input node of the AD for a given

1]
©
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. pha§e (say, L) in N,.
\

. . \‘
?' ' . (1i1)  ldentify Fhe coefficients QgL E5L0 BrLe = etc., in
' the CCE in terms of the ratios of capacjtances in the

~ - LY
circuit see eqn. 5.50 .

(iv) Obtain the parameter hti) through k{i) using the given

‘, equations.

) Obtain ﬁﬂi& constraint equations for this given phase

) 4 ~ ~
rﬂkf‘ , yielding the coefficients AL,L’ AL,L-l’ CL,L, CL,L-l"’
etc. '
" N . !
" (vi) Repeat steps (iii) through (v) for other clock phases in

. (1) (1)
Nsi yielding the parameters M4l 0 kL+1 ’ A|_+1,L+1 4

... etc.
(vii)  Repeat steps (ii) through (vi) for other subnetworks
sts (j#1) around all other ADs. ’ o

. ' (viif) Obtain the passive part of the given active SC network
by removing all the ADs. From the IAM of this passive
network (M-IAM for M phase clock), obtain the DAM after
allowing for node contractions due to switching and
elimination of ground nodes.

A8

(ix) - Apply the constraints arrived at in step (vii) to the

{ -

i i «Wiwwmﬂmﬂ%mkw kA
< PN
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‘Figure 5.9: Macromodel for aﬁ 0A with finite dc gain ( Ao )
' and -finite gain-bandwidth ( B ) value Ry
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DAM in step (vii) to modify pertinent columns.  Sub-
sequently, éliminaté the columns corresponding to the AD
input node(s) and discard the rows corresponding to the
AD output node(s). This gives the final reduced DAM
'(YF) of the activeﬁscinetwork.

(x) Subject Y¢ obtained as above to standard matrix
operations to obtain the desired network function (e.g.

voltage transfer function, transfer 1mpédance etc.).

5.6  RESULTS
5.6.1 Experimental Investigation with OAs, Discrete Capacitors and
Switches ‘ - |
The circuit of Fig. 5.3 was‘experimenta11y investigated in the
laboratory using discrete capacitors, CMOS switches (RCA 4066B) and
pA741 Op.Amps. The caﬁacitors were polysterene film/foil type with +10%
tolerance. The experiments were carried out of Qp = 5 and 25, A° = 100
and 1000, and GB of 35.6kHz, 106kHz with fp = 1000:-Hz and fs = 10,000
Hz. The finite DC gain and GB(s) were simulated using the macromodel
shown in Fig. 5.9. Results were also taken for the typical values of
' \A°(~105) and GB(~1 MHz) for the OAs using the OAs themselves in the
circuit instead of the macromodels. The results corresponding to
Qp = 25 are shown‘in Fig. 5.10. The 5011d curves show the theoretical

results while the symbols e ,0,B O  + represent the experimental

values (ref. legend for the symbols in Fig. 5.10). The experimental

PR k) Q“_.!,;;’_l_.'_ - MEs 32 . -
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results are in very good agreement with the theoretical values,
results are in very good agreement with the theoretical values.
S1ight1y smaller values for the resonant frequencies and the resonant
gains are observed experimentally compared with theoretical values.
This is 1ikely to be due for finite values Sf the ON resistances of the'
switches whigh were not accounted for in the theoretical analysis.
Also the finite GB va]ues were lowe;ed successively with A0 = 1000 to
observe the point where the circuit becomes unstable. The experimental
B/wp ratio when the circuit starts oscillation (at a frequency = fp) ‘
was observed to be about 18, which was quite close to the theoretically
predicted value of 15. It may be observed that with such low values of
B/wp, the ratio B/ans becomes small and hence some of the assumptions
used in the theoretical analysis {e.g. g <« Ip in Section 5.2) may
not be fuin justified. This may account for the difference 1n.the
numbers 18 and 15. ‘ ,‘

. The theoretical analysis for a multiphase SC network developed
above were verified by taking the four phase differential integrator
circuit illustrated in Section 5.4.2. The OAs were pA 741, the
‘capacitors (61 = 2.7nF, C2 = 10 nF) were polysterene film/foil type
with +10% tolerance. The OA of finite DC gains (100, 1000) and finite
gain bandwidth values (11.7 kHz, 23.4kHz) were simulated using the
model of Fig. 5.9. The clock rate was 10kHz. The ideal response
/[curve (a)] in Fig. 5.11 corresonds to the nominal values of 50(~105)
and GB(~1MH2) of the OA and was realized by replacing the macromodel by
the OA itself. The solid curves in Fig. 5.11 repreﬁent the theoretical
responses as obtained by numerical simulation. The experimental points.
are shown by the symbols @ ,o0,x,4+ (see legend in Fig. 5.11). 1t is

( .

'
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Figure 5.11: Responses of the DI noet:w‘ork‘operated

by a four

’ phase clock and containing a"non 1dea1 0A

Rt T SR,



- 202 -

/
Al

observed tnet the experimental points closely agree with the
theoretical results. It may be remarked that substantial error from
the 1dea1 response wou]d occur when the DC gain of the OA 1s very poor
( x X , A = 100) . As regards the finite GB value of the OA, Fig.
5.11 shows that this response approaches toward the ideal when the GB
value increasesl(with Ao fixed at 100). A1§o for modeeete GB values
(23.4 kHz and above but 5ma11 DC gains, the‘responses show noticeable
departures from the ideal, mainly at low frequencies ( y 500 Hz).

S

5.6.2 Numerical Investigafion on UGA based BIQ SDTF

An UGA in.practice may have two important deviations from its
ideal behaviou}, namely, the DC gain may not be unity (such as because
of body effect in MOSFETs) and the bandwidth is usually finite.
Experimental tests using UGAs in SC networks are meaningful on]y‘if
they are carried out on SC networks implemented in MOS IC technology,
or at the very least, if MOS UGAs are available. Since neieher
monolithic MOS IC fabrication facilities nor MOS UGAs were available,
no experimental work with practical UGAs were carried out. It was,
however, considered worthwhile to investigate the bandwidth capab111ty’
(in relation to the pole frequency) of an UGA based BIQ-SDTF as )

compared with the same filter realized using OAs where the UGAs are

also realized using OAs with 100% negative feedback. It can be easily

| shown that UGAs so realized will have a DC gain slightly less than

unity (ao = 1/(1+1/A°), A, the DC gain of the OA) and a bandwidth
s1ightly larger (Bs, = B(1+1/Ao), B the GB of the 0OA) than the GB of

the OA. In actual fabrication, however, the UGAs can be expected to

[ T - N oot . T e Asseumwn WML
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have bandwidths much higher than the GBs of OAs using similar
technological processes. The UGA baseB.BIQ-SDTF was the bandpass
fiTter of Fig. 5.4 while the corresponding OA based network was chosen

to be the one shown in Fig. 5.3. This lattér network was found to have-

. superior perfqrmance characteristics among a number of stray

insensitive SC bandpas§ filters[50] (SC-BPF) as regards the effects of
finite DC gain and finite GBT;§1uesrwe?e,qonperned. For the UGA based
SC—bPF, a parasitic tolerant design was first’ obtained by using an
optimization algorithm as discussed in Chapter 4 of this thesis. This
par£s1t1c tolerant circuit was then tested for the effect of finite OC
gain and finite bandwidth of the building blocks (viz., OAs) for the
UGAs. The two categories of SC-BPF§ were compared for the highest
possible bandwidth capability (maximum mp/B ratio) as a function of
design Qp values of 5, 10, 15, 29 and 25 whjch could reproduce the
giveg (analog) response function within a prescribed error limit. The
error limit was set at 5% rms over the bandwidth of (fp tfp/Qp) of the
bandpass filter. Figure 5.12(a)-(b) show the maximum bandwith ratios,
(viz, wp/B) abbreviated as BWR, thaﬁ could be achieved in the UGA
(realized from OAs with 100% negative féedback) and the OA based SC
BPFs respectively as a function of st thh‘an rms error less than {or
equal to) 5% over the significant bandwidth (fp tfp/Qp) of the filter.
It may be observed that while the UGAs have nearly the same bandwidth
as the GB of the OAs (the DC gain was set at Ao = 104), the BWRs

available in the UGA based designs are about 1.5 times larger than the

BWRs available with OA based dé%igns. Thus the bandwidth capability of

these UGA based filters could be about 50% higher than the

corresponding filters designed using OAs. In a practical fabrication

i

¢
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*
process, where UGA; could perhaps be realized to.have bandwidths much
higher than the 0As under sjmi]ar technological constraints, the UGA
based SCFs would have significantly higher (perhaps 3 or 4 times) h
bandwidth capabilities compared with OA based SCFs and yet offer
similar performance standards against a specified amplitude response

function.
5.7  CONCLUSION

A method is described to take into account the effect of the
finite DC gain and gain bandwidth Broduct of the active devices on the
response of active SC filters, operated by bi-phase as well as multi-

phase clocks. The method is principally a frequency domain method and

uses the indefinite admittance matrix (two phase or multiphase IAM) of

the passive part of the SC network. The interesting features of the :::::;;
proposed analysis methods are: (i) the time domain analysis that is '

required is carried out only for simple subnetworks separately around

each AD in the SC network. Further,‘no analysis is required for the

jnterval of transition between the consecutive switching phases. (i1)

The method is modular and general in the sense that, for more than one “

active building block, a similar analysis is repeated for any number of

ADs in the circuit of any topology. (ii1) The method can be

implemented by using the IAM for the passive part of the SC network.

This, in most cases, can be done by simple inspection. The simplicity

of the time domain analysis required, the modularity and generality of

the technique presented, the ease with which the IAM of a passive SC

network can be obtained and -anipulated?to incorporate the constraints
/

[

41
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imposed by the presence of the ADs in the circuit and finally, the R
attendant versatility of an admittance matrix formulation should render |
the proposed technique very attractive. A step-by-step formulation of
the procedure is decribed that should help utilization of tﬁe method as ‘ ’
I well astomputerization of the aﬁa]ysis procedure. The analysis :
technique has been illustrated by ?xamining SC networks operated by F .
two phase as well as a four phase clock signal. The analysis method
has also been used to estimate the bandwidth capabilities of two second
N - order SC bandpass filters, one designed with OAs and the other designed
- with UGAs. Detailed eiperimentg] investigations, using discrete
capacitors, CMOS switches and conventional 0As, have been carried out
in a number of cases. The experimental results are in very good

agreement with the theoné%ica] predictions.
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CHAPTER SIX
CONCLUSTONS

6.1 SUMMARY

Research work in the area of SC filters (SCFs) has been exten-

sive in the recent past. The majority of design and analysis efforts

on SCFs has been concentrated on realizations using OAs. Realizations

using UGAs have received relatively less attention. The popularity of

—

0A baséd designs are, perhaps, due to the large volume of work existing
in the area of active-RC filters which are mainly based on OAs. How-
ever, if the entire filter is fabricated on a monolithic chip in MOS
technology, the possibility exists of significant savings in substrate
areas for designs that use MOS UGAs over similar designs using OAs.
Other consequent potential benefits for UGA\ based realizations are
expected to be less DC power consumption, wider operating bandwidth and
higher signal fo noise ratio per active device co;npared with similar
designs using OAs. In thi§ thesis systematic and efficient synthesis
procedure for the design of sampled data transfer functions (SbTFs), '
recursive or non recursive and of any or‘der,’ dsing UGAs, have been
developed. Biquadratic SDTFs (BIQ-SDTFs), bilinearly equivalent to
their analog counterparts, have been given special considerations. For
BIQ-SDTFs, procedures have been proposed that yield designs comparable
to OA based realizations. Further, these designs minimize the total ‘

‘capacitance in the circuit as well as the effect of the offset voltages

of the UGAs. Also, the designs are tolerant of the various parasitic
capacitances in \the circuit. Finally, an elegant method has been

———
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proposed for examining the effect of the frequency dependent gain of
the active device, UGA or OA, on SCF realizations.

Towards this end, a systematic approach for realizing SDTFs 1is
first introduced in Chapter 2. The proposed designs are based on a
number of building blocks such as delay and add networks etc., realized
from UGAs, switches and capacitors. Realizations of both nonrecursive
SDTFs (NR-SDTFs) and recursive SDTFs (REC-SDTFs) are illustrated.
Realization of an-important class of NR-SDTF;-viz., constant delay
filters, has also been considered in some detail. Several practical
considerations, namely, %he sensitivity of the desired responsé to
capacitance ratio errors and the effect of spectral shaping due.to the
sample gnd hold circuits on the prescribed response,-arée discussed.
The theoretical basis of'an op}imization algorithm to minimize the
error between the prescribed and the realized responses is developed.
" The design parameters obtained from the above optimization analysis are
used in practical designs of both nondrecursive and recursive sampled
data filters. Finally; the topology for a general BIQ-SDTF is

introduced in this chapter.

Since biquadratic filters can accomplish a number of 1mportanﬁ
filtering functions and aiso sérve as 1$portant building blocks for
rea1iziqg high order filters, a detailed investigation of this case is
pursued in Chapter 3 of the thesis. |

It is well known that bilinear transformations yield the lowest

possible ratio of clock frequency to the cut off frequency of the
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filter (theoretical minimum 1imit being two, by Nyquist's theorem);
Consequently, a s}stematic procedure forlrea1izing BIQ-SDTFs bilinearly
{equiva1ent to the popu1ar ana1og<Piquadratic filter functions 1is
déve1oped in Chapter 3. Appropriaté analysis leads to a criéerion that
allows us to choose a clock. frequency that yields very low sensiiivity
realizations. Schemes that minimize the total capacitance in the |
network have been suggested. .A most d%fficult problem to deal with in
UGA’based rea]ization of SCFs {s the effect of parasitic and stray
capacitances on the nominal response. Careful layout can make the ‘
design insensitive to the parasitics associated with the bottom plaf%s
of the network capacitors. However, the strays f:&qurasitics
a;sociated with the switches and the top plates of capacitors remain a
vexing problem. An optimizat}bq\a1gor1thm has been proposed}wh}ch |
makes the given design tolerant of the various stray and'parasitic
capacitances to the extent that a given response is met within a
specified error 1imit. A post optimization analysis has been 1nc1uaed
in the optimization alogrithm so that the resulting response is .
rélatively unaffected even when the levels of the par;sitic and stray
capacitances are not known exactly but only within a statistical
variance. The various practical considerations in the désign are,
finally incorporated in a step-by-step procedure. Extensive computer
simu]at%oné and experimental investigations using discrete capacitors,
CMOS switches and pA 741 OAs (to realize UGAs) show close agreements

with the theoretical analysis.

While the methods proposed in Chapter 3 are simple, systematic

and effectivé, their main disadvantage is the requirement of a large
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nuﬁber of components (switches capacitors and UGAs).. A number of OA

based designs which use on1y two OAs and much fewer number of

capac1tbrs are already available in the literature. Consequently, even
| though‘an UGA may require considerably less substrate area than an OA,
.the net substrate érea demanded by the propsed BIQ-SDTFs may not be

substantially less than in an existing OA based design. Clearly then,

an UGA based design would be more attractive only if the number of UGAs .

is reduced to two and the number of capécitors is made comparable t&

that in the two OA based realizations.

Chapter 4 of the thesis pursues these objectives. This chaéter,
in particular, presents significantly improved designs of SC
biquadratic‘fi{térs equivalent to the analog biquadrat%c transfer
functions under the b{1inear mapping between'the s and z domains. The
number of UGAs employed are two and the number of capacitors are at
most ten. Thesé are about the same number of actiye devices and
capacitors used in comparable desibns based on OAs used as infinite

- gain amplifiers. The problems of parasitic andJStray capacitances

- associatéed withwfhe top plates of the network capacitors as well as the
input of -the UGAs have been considered. Aﬁ*a1goritﬁm to yield a .

parasitic tolé}gnt design along with minimal tot$1 capacitance ha; been

proposed} The effect of the finite non zero offset voltage in the UGAs
on the response of the SCEs has been studi;d and a method ﬁas been
suggested to minimize this effect. Further, a design that needs.far
fewer than ten capacitors and can produce a ge;eré$ SDTF that are

bilinear counterparts of the Tow pass, high pass and bandpass analog

functions has been proposed. However, the flat gain of the analog -
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filter has often to be scaled down in realizing these designs and hence
such filters may have detriménta1 effect on the signa]lto noise power
ratio as the signal is prbcessed by the filter. Also in certain cases,
such designs have to be restricted to realizations having low values of
fp/fs ratios, thereby offsetting the primary advantage 97 realizing an
SC filter related to its analog counterpart py bjlinear transformation.
Extensive computer simu]a?ions héve shown that the filters reku]ting
from the proposed realizafion are compatible wfth the requireﬁents of

the current IC MOS technology.

To realize the .potential of high frequency operation of UGA
based SCF designs, a method is needed to account for the frequency
dependence of the UGA gain on the SCF performance. Only a limited

L]

amount of results in this area is available in the existing literature.

Thus, an e]egént analysis method is developed, to examine the effect of?:

"the frequency dependent gain of an active element on the performance of
tﬁe SCFs, in Chapter 5. In particular, the proposed method takes into
d gain bandwidth product

account the effect of the non ideal DC gai
of the active element in an act{ve SC network. In)practice, the active
component can be either an OA or an UGA. The popular single pole model
has been assumed for the gain function of the active device. First,
the casé for biphase clatking signal is analyzed and then the method is
extended to cover,SC networks “operated bx my1t1phase clock signals.

The proposed method is principally a frequency domain meqpod,,as

opposed to the existing methods that are principally time domain

techniques, and uses the indefinite admittance matrix of the passive SC -

network. The attractive featuresapf the proposed analysis method are:

I

-

1

1
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(i) the time domain analysis is carried out for simple subnetworks
separately around each active device in the SC network for each -phase
of the clock signal; (1;1) the method is modular and general in the
sense that for more than one“ active component, a similar analysis is
repeated for any number of the active components 1in ﬁhe circuit (111)
the method is applicable for a circuit of any arbitrary topology; ("iv)l
the metr;od can be implemented by usi nE; the IAM for the passive part of
the SC network. The simplicity of the time doia'lnfana'lysis required,
the modularity and generality of the technique presented, the ease with
_ which the IAM of the passive part of a given SC network can be obta.ined /
and manipulated to incorporate the constraints imposed ’by the presence

of the active components in the circuﬂb: and finally, the attendant

versatility of an admittance matrix formulation should render the

propose«i technique very attractive. The analysis technique is

summarized in a number of sequential steps and is illustrated by -

" applying to a number of practical circuits which use OAs or UGAs as the

.active building blocks. The bandwidth capabilities of second order

bandpass SCFs designed using OAs and UGAs are estimated using tie

prOposed analysis technique. Experimental measurements have been

conducted using OAs with finite gain and gainban&width values,

sjmul ated using a macromodel. . The resu]t; show very good agreements

*

with theoretical predictions.

1

. @ R - )
6.2 SCOPE FOR FURTHER WORK - Y
Further work to extend the results obtained in this thesis can

be carried out in several directions. Some of the possible directions »

N
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are discussed in what follows:

(1)

\

(i1)

In the experimental work undertaken to verify various .
theoretical predictions about UGA based biquadratic SDFTs, the
UGAs were designed usin§ conventional OAs with‘un'lty negative
feedback.” This was done because a fabrication facility of MOS
integrated circuits was not available 'tg the author. The \
fullest po;enti al of the various results reported in the thesis
is possible to realize only if MOS buffers are used for the UGAs
and the entire circuit is fabricated utilizing monolithic MOS

technology.

*

N I

h . s, =
While the realization of BIQ-SDTFs using UGAs and SCs has been
proposed in this thesis to a level where it requires about the

same number of active devices (UGAs) and capacitors as in

. corresponding designs usi‘ng‘ OAs as 1nvert1;|g amplifiers, it

appears possible to economize further in the number 01;‘
capacitors. This has been ‘revealed in Chapter 4 where it is
shown that it is pos.sibJe to realize BIQ-,SD_TFs using as-few as
four to six capacitors. However, the realization of SC notch
filters bilinearly equivalent to the analog notch filter
transfer function has not been possible. Also, the low pass,
high pass and bandpass filters using this new.topologyg are

sometimes restricted to realizations that need scaling down of

. the flat éain and requiring operations at a greatly reduced pole

frequency relative to the clock rate. This situation demands

more critical investigations.
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{111) While an elegant method for analyzing the effects of the DC gain

(iv)

(v)

and gainbandwidth product values of the OA (or UGA) in an active

SC network has been proposed, its potentials have not been

adequately exploited. Thus, the -given method could be used to .

realize designs (based on either practical OAs or practical

UGAs) that are optimal with regard to bandwidth capabilities for

a given set of filter specifications and given gain-and

gainbandwidth parameters for the active element.

In developing the analysis method mentioned in item (i1i) above,

the fnput and output 1mpedances of the active element have been

"assumed to have the jdeal values (theoretically infinite and

zero respectively). Consideration of these impedances vfor the

activg element would make the analytical procedure more involved

but more practical. Also, the slew rate of the active element
(OA or UGA) has not been taken into-account. This would perhaps
restrict the appHéabi 1ity of the analysis metﬁg{to clock rates
which are not too close to the gain bandwidth of the active
eIement. The present analysis method should be fairly accurate

for clock rates up to about ome-fourth of the GB of the active

element. For clock rates higer than this, the non idealities as

mentioned above (in addition to non ideal gain and GB values)

{ : .
are to be taken into consideration.

y - B

A number of optimization algorithms has been developed in the

. course of the various investigations in the thesi s. It appears

worthwhile to make a’nAeffor't to incorporate t\;ese ai, gorithms

1 .
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together with the analysis method for non ideal gain and GB of

the active components in developing a comp]eté numerical
algorithm leading to a compuer aided design and analysis package
which could be useful in many practical cases (e.g., in a

manufacturing industry).

In conclusion, it is hoped that the results reported in this
thesis of the 1nvestig£t10ns carried out by the author will be useful

to others interested or doing research work in the area of design and

)
implementation of switched capacitor filters.
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