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ABSTRACT

In te g ra te d  c i r c u i t  S w itch ed -C ap ac ito r (SC) f i l t e r s ,  

and, in  p a r t ic u la r ,  SC bandpass f i l t e r s ,  a re  im p o rta n t in  

modern analogue s ig n a l processing systems, e s p e c ia lly  fo r  

te lecom m unication  a p p lic a t io n s .

C onventional design techn iques fo r  SC bandpass f i l t e r s  

lead  to  unacceptab ly  la rg e  capac itance  r a t io s  when the  

r e la t iv e  bandwidth, B, is  les s  than 10%. For B<1%, they  

have an a d d it io n a l problem o f ve ry  high s e n s i t iv i t y  o f the  

response to  cap ac itan ce  r a t io  e r ro rs . Th is  has been 

overcome by using SC N -path  f i l t e r s ,  but N -path  f i l t e r s  

s u ffe r  from poor dynamic range.

Th is  th e s is  p resents  a l t e r n a t iv e  SC design techn iques  

fo r  B<10% and B<1% bandpass f i l t e r s  which overcome the  

problems o f la rg e  cap ac itan ce  r a t io s  and h igh  s e n s i t iv i t y  

o f th e  response to  cap ac itan ce  r a t io  e r ro rs , thus making 

th e  c i r c u i t s  a t t r a c t iv e  fo r  in te g ra te d  c i r c u i t  fa b r ic a t io n ,  

y e t p ro v id in g  good dynamic range. Key elem ents o f the  

approaches a re  ( i )  an a n a ly s is  o f capac itance  r a t io s  in  SC 

biquads le a d in g  to  th e  concept o f an optimum low va lue  o f 

sw itch in g  frequency which m inim ises such r a t io s ,  ( i i )  the  

developm ent o f novel a t t r a c t iv e  decim ator and in te r p o la to r  

c i r c u i t s ,  based on polyphase networks and s p e c i f ic a l ly  

designed to  r e je c t  th e  r e s u lt in g  unwanted a l ia s  and image 

s ig n a ls  in  th e  bandpass f i l t e r  systems, ( i i i )  th e  proposal 

o f S in g le -P a th  F req u en cy -T ran s la ted  (SPFT) systems which 

a llo w  a B>1% SC f i l t e r  to  r e a l is e  an e f f e c t iv e  B<1%
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response, thus o b ta in in g  accep tab le  capac itance  r a t io s  and 

s e n s i t iv i t y  w ith o u t s a c r i f ic in g  dynamic range. 

Dem onstration systems w ith  r e la t iv e  bandwidths o f 2 .4 % and

0.48%,  and r e je c t io n  o f a l l  a l ia s  and image s ig n a l 

components up to  300KHz and 364KHz, re s p e c t iv e ly , a re  used 

as examples. Measurements made on d is c re te  component 

models confirm ed th e  approaches, in te g ra t io n  f a c i l i t i e s  not 

being a v a i la b le .

F in a l ly ,  th is  th e s is  presents  some s p e c u la tiv e  work on 

another type o f system combining th e  bas ic  ideas o f N -path  

and SPFT systems, which is  aimed, p r im a r i ly ,  a t  the  

r e a l is a t io n  o f u l t r a  narrow bandpass responses (B<0.1%).
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1.1 INTRODUCTION AND GENERAL AIM

Modern s ig n a l process ing  systems fo r  analogue  

f i l t e r i n g  a p p lic a t io n s  in  th e  au d io -freq u en cy  range (DC to  

20KHz) can be re a lis e d  using one o f th e  th re e  m ajor 

a rc h ite c tu re s  shown in  F i g . 1 . 1 .  A f u l l y  analogue f i l t e r

(a )

ttTt tT JUTL JUUITL /\ ypTjpn t t ^ t
(b)

\ j ,

(c)

F i g . 1.1: S i g n a l  p r o c e s s i n g  s y s t e m  a r c h i t e c t u r e s  for
a n a l o g u e  f i l t e r i n g

(a) An al o g u e ;  (b) Digi ta l; (c) S a m p l e d - d a t a

system employs a c o n tin u o u s -a m p litu d e /c o n tin u o u s -tim e  

f i l t e r  (o r s im p ly , co n tin u o u s-tim e  f i l t e r )  r e a lis e d  in  

M e ta l Oxide Semiconductor (MOS) technology and which is  

co n tin u o u s ly  tuned by means o f an a u x i l ia r y  c o n tro l
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c i r c u i t ,  as shown in  F i g . 1 . 1 - a  [ 1 . 1 ] .  Th is  is  re q u ire d  due 

to  poor accuracy o f tim e  constants  o b ta in ed  using  

in te g ra te d  MOS c a p a c ito rs  and MOS tra n s is to r -s im u la te d  

r e s is to r s .  F i g . 1 . 1 - b  shows a t y p ic a l  d i g i t a l  f i l t e r  system  

which employs a d is c re te -a m p litu d e /d is c re te - t im e  f i l t e r ,  

fre q u e n tly  implemented using a d i g i t a l  s ig n a l processor 

to g e th e r w ith  a n a lo g u e /d ig ita l  and d ig ita l /a n a lo g u e  

co n ve rte rs  [ 1 . 2 ] ,  and which a ls o  comprises two s im p ler  

co n tin u o u s-tim e  f i l t e r s  a t  th e  in p u t and a t  the  o u tp u t of 

th e  system. The ty p ic a l  a r c h ite c tu r e  o f an analogue  

sam pled-data f i l t e r  system, i l l u s t r a t e d  in  F i g . 1 . 1 - c ,  

comprises a c o n tin u o u s -a m p litu d e /d is c re te -t im e  f i l t e r ,  

implemented using e i th e r  C h arg e -T ran s fe r Devices (CTD's)

[ 1 . 3 ]  or S w itch ed -C ap ac ito r (SC) c i r c u i t s  [ 1 . 4 ] ,  and a ls o  

two a d d it io n a l in p u t and ou tpu t co n tin u o u s-tim e  f i l t e r s .  

Whereas CTD tra n s v e rs a l s tru c tu re s  have th e  advantage o f 

much h ig h e r o p e ra tin g  speed, SC c i r c u i t s  r e a l is e  re c u rs iv e  

s tru c tu re s  more e f f i c i e n t l y  and w ith  b e t te r  perform ance  

than CTD's,  and are  u s u a lly  p re fe r re d  fo r  au d io -freq u en cy  

f i l t e r i n g  a p p lic a tio n s  [ 1 . 5 ] .

Over the  past f iv e  y e a rs , analogue sam pled-data SC 

f i l t e r  systems (o r s im p ly , SC f i l t e r  systems) have 

g e n e ra lly  y ie ld e d  th e  best s o lu t io n  among such system  

a rc h ite c tu re s  fo r  r e a l is in g  h ig h -q u a lity  lo w -c o s t  

In te g ra te d  C ir c u it  ( I C)  au d io -freq u en cy  f i l t e r s ,  fo r  th e  

fo llo w in g  main reasons [ 1 . 6 ] - [ 1 . 1 1 ] , [ 1 . 3 ] :  In  comparison 

w ith  f u l l y  analogue f i l t e r  systems, they have g re a te r  

p re c is io n  o f th e  frequency response, w ith  b e t te r  l i n e a r i t y
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and a ls o  b e t te r  tem p eratu re  s t a b i l i t y .  SC f i l t e r  systems 

a ls o  have h ig h er o p e ra tin g  speed, low er power consumption, 

s m a lle r  s iz e , s im p le r hardware and u s u a lly  much lower cost 

than d i g i t a l  f i l t e r  systems and, in  a d d it io n , a re  fre e  from  

am plitud e  q u a n tis a tio n  e r r o r s . The fa c t  th a t  SC f i l t e r  

systems can be implemented in  MOS techn o lo gy , a llow s f u l l  

in te g r a t io n  on a s in g le  s i l ic o n  ch ip  in  co n ju n c tio n  w ith  

d i g i t a l  c i r c u i t r y  to  form complex VLSI systems (Very Large  

S cale In t e g r a t io n ) .

E a r ly  research  on SC f i l t e r  design techn iques has been 

p r im a r i ly  concerned w ith  SC lowpass f i l t e r  systems, 

p a r t ic u la r ly  fo r  a p p lic a t io n  in  PCM (P ulse Code M odu la tio n ) 

te leph on y  systems ( e . g .  [ 1 . 1 2 ] - [ 1 . 1 8 ] ) .  Some o f the  SC PCM 

f i l t e r s  which have s ince then been c o m e rc ia lly  produced 

have e x c e lle n t  perform ance [ 1 . 1 9 ] ,  which dem onstrates th a t  

th e  techn iques a v a ila b le  fo r  th e  design o f au d io -freq u en cy  

SC lowpass f i l t e r  systems have a lre a d y  achieved a h igh  

degree o f m a tu r ity . SC bandpass f i l t e r  systems, on the  

o th er hand, have a p o te n t ia l  fo r  a p p lic a tio n s  in  many o th er  

Telecom m unication systems [ 1 . 2 0 ] - [ 1 . 2 6 ]  as w e ll as in  

Speech Processing systems [ 1 . 27]  , [ 1 . 28]  b u t, fo r  reasons we 

s h a ll  come to  in  th is  C hapter, the  design techn iques  

c u rre n t ly  a v a ila b le  show a v a ry in g  degree o f success 

depending on th e  d i f f i c u l t y  o f th e  f i l t e r .  The aim o f th is  

th e s is , which we s h a ll  d iscuss more f u l l y  la t e r  on, is  to  

study new design techn iques fo r  au d io -freq u en cy  SC bandpass 

f i l t e r  systems w ith  narrow and ve ry  narrow r e la t iv e  

bandw idths, which a re  s u ita b le  fo r  in te g ra te d  c i r c u i t

19



2 0

fa b r ic a t io n  in  v iew  o f th e  s t a t e - o f - t h e - a r t  o f MOS 

te c h n o lo g y .

The background m a te r ia l to  support th e  tre a tm e n t o f SC 

bandpass f i l t e r  systems in  th is  th e s is  w i l l  be g iven  in  th e  

rem ainder o f th is  C hapter, and in  Chapter 2 . H ere, we s h a ll  

in tro d u c e  th e  b as ic  c i r c u i t  aspects and p r in c ip le s  o f 

a n a ly s is  and design o f SC f i l t e r s  whereas in  Chapter 2 we 

s h a ll  be concerned w ith  th e  p r in c ip le s  o f o p e ra tio n  o f SC 

f i l t e r  system s. m ain ly  from the s ta n d p o in t o f th e  system  

design techn iques to  be proposed in  th is  th e s is .

1 .2  SWITCHED-CAPACITOR FILTERING

1. 2 . 1  SC r e s is to r

The approach o f SC f i l t e r i n g  implemented in  MOS 

technology is  a t t r ib u t e d  to  F r ie d  [ 1 . 2 9 ]  who, in  1972,  

showed th a t  an analogue sam pled-data r e s is to r  could be 

r e a lis e d  using th e  c i r c u i t  o f F i g . 1 . 2 - a .  Th is  sim ple  

c i r c u i t  co n s is ts  o f one c a p a c ito r  C and two sw itches S1 and

(c )(a ) (b)

AO S1

v,

S2
— E J — 0 2

io ----- Oi=CV, Q^CV^r

—  r  k v j  JV̂ r \  r  “ ■

r  * 1 1 AOrCtVi-V,) T
1  2 2' *5  J 1

•q
1 o-

v’l

—AAfV
tl/CFs)

•1/F«

_r

“ i

J"~ Phase 1 

]_ Phase 2

Phase 1 
high

Phase 2 
high

F i g . 1.2: (a) S w i t c h e d - c a p a c i t o r  r e s i s t o r  and (b) op er at io n;
(c) E q u i v a l e n t  a n a l o g u e  r e s i s t o r



S2 c o n tro lle d  by two p e r io d ic  n o n -o verlap p in g  s w itch in g  

waveforms, r e s p e c t iv e ly  w ith  phases 1 and 2. As shown in  

F i g . 1 . 2 - b , in  each p e rio d  T = 1 /F e th e  c a p a c ito r  C is  

a l t e r n a t e ly  charged to  r when 1 is  h ig h , and to  V2 , when 

2 is  h ig h , y ie ld in g  a packet o f charge AQ=C(V^-V2 ) which  

flo w s w ith  th e  p o la r i t y  in d ic a te d  in  F i g . 1 . 2 - a .  S ince th is  

o p e ra tio n  is  repeated  every  1 /F  seconds, th e  average  

c u rre n t flo w in g  from te rm in a l 1 to  te rm in a l 2 w i l l  be

( 1 . 1 ) Iav
c ( V v 2)

(1 /FS)

T h e re fo re , under th e  assum ption th a t  th e  sw itch in g  

frequency is  much h ig h e r than th e  frequency o f th e  in p u t  

and o u tp u t s ig n a ls , th e  above sam pled-data c i r c u i t  

s im u la te s  an analogue r e s is to r  connected between te rm in a ls  

1 and 2, F i g . 1 . 2 - c ,  whose e q u iv a le n t re s is ta n c e  va lu e  is

( 1 . 2 )

1 . 2 . 2  MOS o p e ra tio n a l a m p li f ie r s

SC c ir c u i t s  d id  not re c e iv e  much re c o g n itio n  u n t i l  

la t e  1976,  when th e  f i r s t  m o n o lith ic  MOS O p e ra tio n a l 

A m p lif ie r  (OA) w ith  in te r n a l  compensation became a v a i la b le .  

In  th is  manner, a m p li f ie r s  could be in te g ra te d  on th e  same 

s i l ic o n  ch ip  w ith  th e  sw itches and c a p a c ito rs  [ 1 . 3 0 ] .  The 

DC g a in  o f such OA, about 50dB, was ra th e r  modest in  

comparison -with t r a d i t io n a l  b ip o la r  OA's,  but th e  low power 

consumption (~150mW) on th e  one hand, and th e  sm all d ie



area  ( - 0 . 787mm2 ) on th e  o th e r hand, showed g re a t p o te n t ia l

fo r  in te g r a t in g  on a s in g le  s i l ic o n  ch ip  h igh  order f i l t e r s

re q u ir in g  many OA's [ 1 . 3 0 ] .  T h e re a f te r ,  MOS OA design

techn iques using both n-channel-MOS (NMOS) and

complementary-MOS (CMOS) te ch n o lo g ies  improved ve ry

r a p id ly ,  which c o n tr ib u te d  to  a g re a t e x te n t to  th e  success

o f SC techn o lo gy . For example, th e  f i r s t  IC  SC f i l t e r s

dem onstrated in  p ra c t ic e  ( in  th e  l a t e - 1977) employed one

[ 1 . 3 1 ]  or two [ 1 . 3 2 ]  NMOS OA's w ith  75dB DC g a in , power

consumption o f th e  o rd er o f 13mW and occupying about

0.398mm^ d ie  area  [ 1 . 3 2 ] .  I n  the l a t e - 1 9 7 9 ,  CMOS OA's fo r

th e  f i r s t  g e n e ra tio n  o f SC lowpass PCM f i l t e r s  achieved

w ith o u t too  much d i f f i c u l t y  a DC g a in  o f 85dB, w ith  about
o5mW power consumption and 0.106mm d ie  a rea  (5pm l in e

w id th ) [ 1 . 1 2 ] .  Modern CMOS OA's consume as l i t t l e  as 0 . 5mW
2 .and occupy a meagre 0.047mm d ie  area  (4pm l in e  w i d t h ) ,  

which makes i t  p o s s ib le  to  in te g ra te  as many as 40 -50  OA's 

on a s in g le  s i l ic o n  ch ip  [ 1 . 2 4 ] , [ 1 . 2 5 ] .  The dynamic 

perform ance o f such CMOS OA's i s  t y p ic a l ly  70-80dB DC g a in , 

about 4MHz u n ity  ga in  bandwidth and 500ns s e t t l in g  tim e , 

which is  adequate fo r  most a p p lic a tio n s  o f SC f i l t e r s  in  

th e  au d io -freq u en cy  range [ 1 . 3 3 ] , [ 1 . 1 1 ] .

1 . 2 . 3  SC in te g ra to r  and tim e  co nstan t

The o r ig in a l  approaches fo r  the  design o f SC f i l t e r s  

co n s is ted  o f re p la c in g  th e  r e s is to rs  in  a c tive -R C  f i l t e r s  

by t h e i r  SC e q u iv a le n ts , w h ile  keeping th e  c a p a c ito rs  and 

th e  OA's o f the o r ig in a l  c i r c u i t s  [ 1 . 3 1 ] ,  [ 1 . 3 2 ] .  The bas ic  

b u ild in g  b lock o f th e  a c tiv e -R C  f i l t e r s  was th e  M i l le r

2 2



in te g r a to r  ( e . g .  [ 1 . 3 4 ] )  shown in  F i g . 1 . 3 - a  whose tim e

co n stan t trc i s d e fin e d  as

( 1 . 3 )

Th is  c i r c u i t  is  u n s u ita b le  fo r  d i r e c t  in te g r a t io n  in  MOS 

techno logy because th e  accuracy o f th e  tim e  co nstan t is  

ra th e r  low and, b es id es , i t s  im p lem enta tion  consumes a 

la rg e  a rea  o f s i l ic o n  [ 1 . 7 ] , [ 1 . 1 1 ] .  In s te a d , an e q u iv a le n t  

SC in te g r a to r  may be o b ta in ed  by re p la c in g  in  F i g . 1 . 3 - a  

th e  in p u t r e s is to r  by i t s  SC e q u iv a le n t in  F i g . 1 . 2 ,  le a d in g  

to  th e  c i r c u i t  o f F i g . 1 . 3 - b .  The SC in te g r a to r  tim e  

co n stan t t sc ob ta ined  from ( 1 . 2 )  and ( 1 . 3 )  i s

The accuracy o f th e  SC in te g r a to r  tim e  co n s tan t, t y p ic a l ly  

between 0.1% and 1% [ 1 . 7 ] ,  depends on th e  accuracy o f th e  

cap ac itan ce  r a t io  C^/c w hich, as we s h a ll  d iscuss in  the  

n ext S e c tio n , is  determ ined e s s e n t ia l ly  by geom etric  

aspects o f th e  c a p a c ito r  a re a s . As a r e s u l t ,  th e  va lues  o f 

th e  SC in te g ra to r  tim e  constants  a re  a ls o  ve ry  s ta b le  w ith

( 1 . 4 )

R Cf Cf

( a ) ( b )

F i g . 1.3: (a) A c t i v e - R C  M i l l e r  i n t e g r a t o r
(b) SC i n t e g r a t o r
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re s p e c t to  tem peratu re  v a r ia t io n s  and ageing [ 1 . 7 ] ,  [ 1 . 1 1 ] .  

The sw itch in g  frequency Fg can be d e riv ed  from a q u a r tz -  

s ta b i l is e d  o s c i l la t o r ,  and i t  has such a h igh  p re c is io n  

th a t  i t  is  u s u a lly  considered in v a r ia n t .

The sw itch in g  frequency p lays  an im p o rta n t r o le  in  th e  

o p e ra tio n  o f SC f i l t e r s  in  g e n e ra l, s in ce  i t  p rov ides a 

sim ple means o f changing th e  va lues  o f th e  tim e  co n stan ts , 

w ith  constan t cap ac itan ce  r a t io s ,  thus moving th e  frequency  

response along th e  frequency a x is , i . e .  band-edge frequency  

p ro g ra m m ab ility . C onversely , th e  va lu e  o f sw itch in g  

frequency is  im p o rta n t because i t  a f f e c t s  th e  va lues o f 

cap ac itan ce  r a t io s  fo r  g iven  tim e constants  o f th e  SC 

f i l t e r s .  U s u a lly , i t  is  d e s ira b le  to  adopt low va lues o f 

sw itch in g  frequency fo r  reducing  th e  va lues o f cap ac itan ce  

r a t io s ,  in  o rd er to  im prove t h e i r  accu rac ies  and to  

m inim ise the t o t a l  s i l ic o n  area  re q u ire d  fo r  

im p lem en ta tio n . Th is  is  p a r t ic u la r ly  re le v a n t in  c r i t i c a l  

a p p lic a t io n s  o f SC f i l t e r s  w ith  high s e le c t iv i t y ,  such as 

those considered in  th is  th e s is ,  where th e re  is  an in h e re n t  

problem o f la rg e  cap ac itan ce  r a t io s  and h igh s e n s i t iv i t y  o f 

th e  frequency response to  cap ac itan ce  r a t io  e r r o r s . O ther 

im p o rta n t im p lic a tio n s  o f th e  choice o f sw itch in g  frequency  

are  re la te d  to  th e  design o f th e  complete SC f i l t e r  system, 

in c lu d in g  the  co n tin u o u s -tim e  f i l t e r s .  These im p lic a tio n s  

w i l l  be discussed in  Chapter 2.



1.3  IMPERFECTIONS OF SC CIRCUITS

1 . 3 . 1  Grounded p a r a s i t ic  capac itances

The o p e ra tio n  o f SC c i r c u i t s  is  a f fe c te d  to  a g re a te r  

or to  a le s s e r  e x te n t by p a r a s i t ic  capac itances which are  

as so c ia ted  w ith  th e  MOS sw itch es , c a p a c ito rs  and OA's 

[1 . 7 ] , [  1 . 9 ] , [ 1  . 11 ] ,  as shown in  F i g . 1 . 4 .  The e f f e c t  of  the

Control
o

Bottom
plate

°—1— IF

Top
plate

■o

aoscJ^
0.20?“

Ĵ aoooi c 
^ “ ao2c

X

T
Analogue switch MOS capacitor Amplifier

F i g . 1.4: P a r a s i t i c  c a p a c i t a n c e s  of SC c i r c ui t e l e m e n t s

p a r a s i t ic  capac itances which a re  connected to  ground is ,  in  

g e n e ra l, to  m odify th e  cap ac itan ce  r a t io s  in  SC c i r c u i t s  

and thus to  a f f e c t  t h e i r  accuracy. Some grounded p a r a s i t ic  

capac itances  a re  n o n lin e a r , and th e re fo re  may a ls o  produce 

s ig n a l d is to r t io n .  Th is  is  th e  case fo r  th e  p a r a s it ic  

capac itances  o f th e  MOS c a p a c ito r , which a re  p a r t ic u la r ly  

im p o rta n t because t h e i r  va lues  may be ra th e r  h igh  and a ls o  

ve ry  dependent on th e  fa b r ic a t io n  process. T y p ic a l ly ,  th e  

v a lu e  o f th e  b o tto m -p la te  p a r a s i t ic  capac itance  is  in  th e  

range 5% to  20% o f th e  nom inal capac itance  v a lu e , w h ile  th e  

range fo r  th e  to p -p la te  p a r a s i t ic  capac itance  va lu e  is  o f 

th e  o rder o f 0.1%-2% [ 1 . 7 ] , [ 1  . 11] .
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In  o rder to  m inim ise th e  e f f e c t  of  th e  grounded 

p a r a s i t ic  capac itances in  SC c i r c u i t s  th e  top  and bottom  

p la te s  o f the  c a p a c ito rs  may be arranged as shown in  

F i g . 1 . 5 ,  fo r  th e  case o f th e  SC in te g ra to r  considered

F i g . 1.5: SC i n t e g r a t o r  w i t h  TSC b r an ch

be f or e .  In  th is  way, th e  o p e ra tio n  o f th is  SC c i r c u i t  w i l l

be a f f e c t e d  on ly  by th e  sw itch  p a r a s i t ic  capac itances C ^

and C ^  and by th e  to p -p la te  p a r a s i t ic  capac itance  Cp^

w hich, e s s e n t ia l ly ,  m odify th e  e f f e c t iv e  capac itance  va lu e

C o f th e  SC branch. The e f f e c t  o f th e  la rg e  b o tto m -p la te

p a r a s i t ic  capac itances has been e lim in a te d  by connecting

these p la te s  to  ground (c a p a c ito r  C) and to  th e  low

impedance ou tpu t te rm in a l o f th e  OA (c a p a c ito r  C ^). The

p a r a s i t ic  cap ac itan ce  C  ̂ is  charged perm anently by th e

in p u t v o lta g e  source, and, th e r e fo re , i t  does not a f f e c t

th e  perform ance o f th e  c i r c u i t .  The p a r a s it ic  capac itance

Cpf. is  a ls o  harm less because i t  is  connected between ground

and th e  v i r t u a l  ground o f th e  OA ( i n f i n i t e  g a in ) and thus

is  never charged. In  o rder to  ta k e  in to  account the  e f f e c t

of  th e  p a r a s it ic  capac itances  cp 2 » c p 3  an<̂  Cp4 ' we can use

a new cap ac itan ce  va lu e  C' o f th e  SC branch such th a t

C'=C-C 0-C _-C . .  However, s in ce  th e  va lues o f th ep2 p3 p4 '



*

p a r a s i t ic  capac itances  can no t be p re d ic te d  e x a c t ly , they  

may im p a ir  th e  accuracy o f t h is  SC in te g ra to r  and, in  

g e n e ra l, o f SC c i r c u i t s  using t h is  type  o f SC branch, which 

is  known as th e  Togg le-S w itched  C ap ac ito r (TSC) [ 1 . 3 5 ] .  

N e v e rth e le s s , TSC branches may s t i l l  be employed whenever 

t h e i r  e f f e c t  on th e  o p e ra tio n  o f SC c i r c u i t s  can be 

n e g le c te d .

A s o lu t io n  to  e lim in a te  th e  e f f e c t  o f th e  above 

p a r a s i t ic  capac itances  is  to  consider th e  P a r a s i t ic -  

Compensated Togg le-S w itched  C ap ac ito r (PCTSC) branch shown 

in  th e  SC in te g r a to r  o f F i g . 1.6 [ 1 . 3 6 ] .  As we saw b e fo re ,

27

©■ o

F i g . 1.6: SC i n t e g r a t o r  w i t h  PCT SC b r an ch

th e  p a r a s it ic  capac itances  C and C c do not a f f e c t  th epi  p5
o p e ra tio n  o f th e  c i r c u i t .  The p a r a s it ic  cap ac itan ce  C ^ is  

a ls o  un im portant because in  phase 1 i t  is  charged to  th e  

in p u t v o lta g e , and, in  phase 2, i t  is  d ischarged  to  zero  

v o lta g e . For th e  p a r a s i t ic  capac itances c p 3  and Cpij ,  i t  

can be shown th a t  t h e i r  e f f e c t  is  e lim in a te d  by a mechanism 

o f compensation re q u ir in g  [ 1 . 3 6 ]

( 1 . 5 )  . . . ^ 3

'p 4



In  th is  case i t  s u f f ic e s  to  ensure th a t  th e  p a r a s i t ic  

capac itances  are  matched, ra th e r  than having to  know t h e i r  

ab so lu te  va lues as be f or e .  In  p ra c t ic e , however, th is  

renders th e  la y o u t o f such SC c i r c u i t s  ra th e r  c r i t i c a l  and 

thus PCTSC branches are  employed on ly  when th e  accuracy of 

TSC branches is  inadequate  ( e . g .  [ 1 . 3 7 ] ) .

The SC in te g ra to rs  shown in  F i g . 1 . 7 - a  and i n  F i g . 1 . 7 - b  

[ 1 . 3 8 ]  co n ta in  SC branches, r e s p e c t iv e ly  known as To gg le - 

Switched In v e r te r  ( TSI )  and Open F lo a t in g  R e s is to r  (OFR)

[ 1 . 3 5 ] ,  whose e f f e c t iv e  capac itance  va lues are  not a f f e c t e d  

by grounded p a r a s it ic  ca p ac itan ces .

o

( a )

F i g .1.7: SC i n t e g r a t o r s  i n s e n s i t i v e  to g r o u n d e d  
p a r a s i t i c  c a p a c i t a n c e s ,  (a) TSI b r an ch  
(p os it iv e i n t e g r a t o r ) ;  (b) OFR b r an ch  

(n eg at iv e i n t e g r a t o r )

In  g e n e ra l, in  o rder to  design SC f i l t e r  c i r c u i t s  which are  

in s e n s it iv e  to  grounded p a r a s i t ic  capac itances i t is
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re q u ire d  to  s a t is f y  th e  fo llo w in g  c o n s tra in ts  [ 1 . 3 9 ] :

1.In each switch phase of an SC circuit, the nodes of the 

circuit must be connected to ground, to the virtual ground 

and output terminal of the OA's, or to the input terminals.

2. A p la te  o f a c a p a c ito r  must never be sw itched between 

v i r t u a l  ground and e i th e r  an in p u t te rm in a l or th e  o u tpu t 

te rm in a l o f an OA.

The SC in te g ra to rs  in  F i g . 1.7 a re  commonly designated  

p a r a s i t ic - in s e n s i t iv e  SC in te g r a to r s .  In  s t r i c t  sense such 

d e s ig n a tio n  is  ac cu ra te  on ly  when r e fe r r in g  to  th e  grounded 

p a r a s i t ic  capac itances  considered in  the  above d iscu ss io n . 

O ther p a r a s i t ic  ca p ac ita n ce s , such as those asso c ia ted  w ith  

th e  c o n tro l te rm in a ls  o f th e  analogue sw itch es , a ls o  a f f e c t  

th e  o p e ra tio n  o f th e  SC in te g r a to r s ,  m ain ly  w ith  re s p e c t to  

th e  DC o f f s e t  v o lta g e  and harmonic d is to r t io n  [ 1 . 4 0 ] .  I t  

has been found th a t  such e f f e c t s  a re  c r i t i c a l l y  dependent 

on th e  c h a r a c te r is t ic s  o f th e  sw itch in g  waveforms o f th e  SC 

in te g r a to r s ,  and can be s u b s ta n t ia l ly  reduced by adopting  

a p p ro p r ia te  sw itch in g  schemes [ 1 . 4 0 ] .

1 . 3 . 2  Accuracy o f cap ac itan ce  r a t io s

In  th e  so c a lle d  p a r a s i t ic - in s e n s it iv e  SC in te g ra to r s ,

in  F i g . 1 . 7 ,  th e  accuracy o f th e  tim e  constants  is

e s s e n t ia l ly  determ ined by th e  r a t io  between two cap ac itan ce

v a lu e s . The cap ac itan ce  va lues  in  an MOS IC  depend on the

areas o f th e  corresponding c a p a c ito rs  and a ls o  on th e  ox ide

cap ac itan ce  per u n it  a re a , C , as i l lu s t r a t e d  in  F i g . 1.8

[ 1 . 7 ] , [ 1 . 1 1 ] , [ 1 . 4 1 ] .  For sm all c a p a c ito r  areas ( e . g .  A1f A2 
2<2500pm ) we can assume th a t  Cqx

29

is  un ifo rm  and hence the
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F i g . 1.8: G e o m e t r i c  as pe cts  of MOS c a p a c i t o r s
and c a p a c i t a n c e  ratio

ca p ac itan ce  r a t io  is  determ ined by th e  r a t io  

between th e  areas o f two c a p a c ito rs , i . e .  a=A1/ A 2 - The 

accuracy o f sm all c a p a c ito r  areas,  and th e re fo re  t h e i r  

r a t io ,  is  a f f e c t e d  by edge e rro rs  due m ain ly  to  un iform  

undercut (o v e r -e tc h in g ) and, to  a le s s  e x te n t, to  random 

edge v a r ia t io n  (mask de f e c t s ,  p h o to lith o g ra p h ic  

in n a c c u ra c ie s ) ,  as i l lu s t r a t e d  in  F ig . 1 . 9 - a  [ 1 . 4 1 ] , [ 1  . 42] . 

In  p r a c t ic e ,  such e rro rs  im ply a minimum c a p a c ito r  area  in  

an IC  SC f i l t e r  o f t y p ic a l ly  about 400pm [ 1 . 7 ] ,  because 

below th is  l i m i t  th e  accuracy degrades c o n s id e ra b ly . One 

remedy fo r  m in im is ing  th e  e f f e c t  of  edge e rro rs  in  MOS 

c a p a c ito rs  is  to  in c re a s e  t h e i r  a re a s , in  which case th e  

e rro rs  due to  cap ac itan ce  ox ide v a r ia t io n s ,  F i g . 1 . 9 - b ,  

become la rg e r  [ 1 . 4 1 ] , [ 1 . 4 3 ]  . Large c a p a c ito r  areas a lso  

in c re a s e  th e  t o t a l  s i l ic o n  area  re q u ire d  fo r  im p lem entation  

w hich, in  tu rn , reduces th e  y ie ld  and in creases  th e  cost o f
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Fig. 1.9: (a) Edge e r ro rs  in MOS c a p a c i t o r s
(b) O x i d e  t h i c k n e s s  v a r i a t i o n

m an u fac tu rin g . Hence, th e  maximum ac cep tab le  c a p a c ito r

area  in  an IC  SC f i l t e r  is  l im ite d  t y p ic a l ly  to  about 
2

40000pm [ 1 . 7 ] .  For th e  range o f c a p a c ito r  areas between
2 2400pm and 40000pm , th e  accuracy o f cap ac itan ce  r a t io s  

v a r ie s  between 0.5%-1%, fo r  la rg e  r a t io s  ( e . g .  50<a<100) ,

and can be as low as 0.1%,  fo r  r a t io s  c lo se  to  u n ity  

[ 1 . 4 1 ] , [ 1 . 7 ] .
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1.4 TIME-DOMAIN ANALYSIS OF SC CIRCUITS

The SC c ir c u i t s  th a t  we s h a ll  cons ider in  th is  th e s is  

c o n s is t, in  g e n e ra l, o f th e  in te rc o n n e c tio n  o f s im p le r SC 

s u b c irc u its  w ith  th e  s in g le  a m p li f ie r  s tru c tu re  shown in  

F i g . 1 . 10,  com prising a number o f feed fo rw ard  and feedback  

branches w ith  sw itched and unswitched c a p a c ito rs .
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F i g . 1.10: G e n e r a l  s i ng le  a m p l i f i e r  SC s t r u c t u r e

The s w itc h e d -c a p a c ito r  branches may op era te  w ith  un ifo rm  

two-phase sw itch in g  schemes, i . e .  two sw itch in g  waveforms 

w ith  th e  same d u ty -c y c le 1 and w ith  th e  same sw itch in g  

p e rio d , as in  th e  p rev ious SC in te g ra to r s , or th ey  may 

re q u ire  a r b i t r a r y  m u ltiphase  sw itch in g  schemes w ith  

d i f f e r e n t  d u ty -c y c le s  and even d i f f e r e n t  sw itch in g  p e rio d s . 

In  e i th e r  case, i t  is  d e s ira b le  to  o b ta in  th e  t r a n s fe r  

fu n c tio n  o f such s in g le  a m p li f ie r  SC c i r c u i t s  in  a

1The d u t y - c y c l e  of the sw i t c h i n g  w a v e f o r m  is the time 
when it is high rela ti ve to the s w i t c h i n g  period.



*

s tra ig h tfo rw a rd  manner, e . g .  sim ply by in s p e c tio n  o f th e  

feed fo rw ard  and feedback branches, and o f th e  sw itch in g  

scheme. Th is  w i l l  be i l l u s t r a t e d  by means o f an example.

The SC c i r c u i t  g iven  in  th e  example o f F i g . 1 . 1 1 - a  

co n ta in s  one unswitched c a p a c ito r  branch in  th e  feedback  

loop o f th e  OA, and th re e  feed fo rw ard  SC branches, which we 

considered in  p rev ious c i r c u i t s ,  o p e ra tin g  w ith  a r b i t r a r y  

sw itch in g  waveforms. I t  is  conven ient to  in t e r p r e t  th e  

o p e ra tio n  o f each SC branch in  two phases: in  th e  sam pling  

phase. th e  s w itc h e d -c a p a c ito r  is  connected to  th e  in p u t  

v o lta g e  source; in  th e  charge t r a n s fe r  phase, th e  

s w itc h e d -c a p a c ito r  is  connected to  th e  v i r t u a l  ground o f 

th e  OA. Such mechanisms o f o p e ra tio n  o f th e  SC c i r c u i t ,  as 

w e ll as th e  o th er mechanisms o f charge s to rage  and v o lta g e  

h o ld in g , a re  i l lu s t r a t e d  by means o f th e  waveforms o f th e  

in p u t v o lta g e , th e  c a p a c ito r  vo lta g e s  and th e  o u tp u t 

v o lta g e  shown in  F i g . 1 . 1 1 - b .  S ta r t in g  w ith  th e  TSI branch  

w ith  c a p a c ito r  C^, we have th e  fo llo w in g  sequence o f 

sam pling and charge t r a n s fe r :

A t th e  beginning o f the  sam pling phase ( s lo t  1 ) , i . e .  

a t  t = t * ,  c a p a c ito r  Ĉ  charges in s ta n ta n e o u s ly  to  th e  in p u t  

v o lta g e ; d u rin g  the  sampling phase, th e  v o lta g e  across C1 

fo llo w s  th e  in p u t v o lta g e ; a t  th e  end o f th e  sam pling  

phase, i . e .  a t  t = t “ , th e  c a p a c ito r  samples th e  v a lu e  o f 

th e  in p u t v o lta g e  a t  th a t  in s ta n t ,  thus th e  sam pling  

in s ta n t  occurs a t  the  end o f th e  sampling phase. The

2 Time slots ■ or simply slots, de s i g n a t e  the time 
tervals when the sw i t c h i n g  w a v e f o r m s  are high.
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F i g . 1.11: I l l u s t r a t i o n  of t i m e - d o m a i n  o p e r a t i o n
of SC ci rc ui ts
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in t e r v a l  o f charge s to rag e  occurs from t = t 2  to  t = t ^ ; a t  

t= t^  ( s lo t  2) d ischarges to  zero v o lta g e  y ie ld in g  a

packet o f charge AQ^=C^-v ^^^ 2  ̂ t r a n s ^e r r e ^ in to  th e  

feedback c a p a c ito r  w ith  th e  p o la r i t y  in d ic a te d , thus the  

in s ta n t  o f charge t r a n s fe r  occurs a t  th e  beg inn ing  o f th e  

phase o f charge t r a n s f e r . The in c re m e n ta l v o lta g e  produced 

a t  th e  ou tpu t o f th e  a m p li f ie r  by th is  SC branch is  g iven  

by

( 1 . 6 - a )  . . .  Avi ’  ( c ^ V V

S im ila r  o p era tio n s  occur fo r  th e  TSC branch w ith  c a p a c ito r  

C£ d u rin g  s lo ts  3 and 4; a t  t= t ^ ,  th e  in c re m e n ta l o u tp u t 

v o lta g e  produced a t  th e  ou tpu t o f th e  a m p li f ie r  is  g iven  by

( 1 . 6 - b) Av, Cf /*vi ( t6 )

W ith re s p e c t to  the  OFR branch w ith  c a p a c ito r  , the  

sw itc h in g  phase is  such th a t  th e  o p e ra tio n  o f charge  

t r a n s fe r  in  s lo t  5 occurs a t  th e  same in s ta n t  t= tg  as th e  

charge o f C^, thus y ie ld in g  an i n i t i a l  increm ent 

Av^=- ( C3/ C ^ ) . v ^ ( t g ) o f th e  a m p li f ie r  ou tpu t v o lta g e ; the  

f in a l  increm ent o f th e  a m p li f ie r  o u tp u t v o lta g e  is  ob ta ined  

a t  th e  end o f s lo t  5 y ie ld in g

( 1 . 6 - c ) Av„ = - [ _ l . V i( t 10 )

A t th e  beginning o f s lo t  6 th e  c a p a c ito r  d ischarges to

zero  v o lta g e . In  s lo t  7, th e  o u tp u t c a p a c ito r  s to re s  th e
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v o lta g e  at. the  ou tpu t o f th e  a m p li f ie r  and holds th a t  v a lu e  

u n t i l  a new s lo t  7 beg ins. Hence, du rin g  two consecu tive  

in s ta n ts  t= 0 + and t= T ” th e  o p e ra tio n  o f th e  SC c i r c u i t  is  

describ ed  by th e  in p u t-o u tp u t eq u atio n

( 1 . 7 )  . . . V Ts>-vo(°> = Cf ri (t2> - ( ^ } V i (t 10 '

which can be expressed d i r e c t ly  in  terms o f f r a c t io n a l  

powers o f th e  d is c re te - t im e  complex v a r ia b le  Z as 

[ 1 . 4 4 ]  , [ 1 . 4 5 ]

(1.8) ... (z-i)-vo (Z) fl z^/Ts 
Cf

t6/Ts
Cf

— -Ztl0^Ts .V± (Z) 
Cf J

The term  in  th e  le f t -h a n d  s id e  o f th e  above eq uation  

rep res en ts  the p e r io d ic  in c re m e n ta l v a r ia t io n  o f th e  ou tpu t 

v o lta g e  o f th e  SC c i r c u i t ;  th e  terms in  th e  r ig h t-h a n d  s id e  

re p re s e n t p e r io d ic  im pulse sampled s ig n a ls  corresponding to  

th e  sam pling o p e ra tio n  o f th e  SC c i r c u i t ,  and which can be 

determ ined sim ply by in s p e c tio n  o f th e  SC branches and o f 

th e  corresponding tim e s l o t s .  F in a l ly ,  th e  d is c re te - t im e  

t r a n s fe r  fu n c tio n  H(Z)  o f th e  SC c i r c u i t  in  F i g . 1 . 1 1 - a  is  

expressed as

( 1 . 9 ) H(Z)
V z> _ J_ v^z) ' cf • ci2

t2/Ts
"C2Z

t,/T
s-c3ztlo/Ts

Z-l

I t  would have been e q u a lly  c o rre c t  to  express th e  

eq uation  ( 1 . 7 )  and th e  subsequent d is c re te - t im e  eq uation

( 1 . 8 )  in  terms o f sequences o f samples a t  th e  in p u t and a t



th e  o u tp u t o f th e  SC c i r c u i t  [ 1 . 4 6 ] , [ 1 . 4 7 ] .  Th is  suggests  

th a t  we can consider th e  o p e ra tio n  o f SC c i r c u i t s ,  w ith  the  

id e a l  assumptions considered be f or e ,  p a r t ly  as the

o p e ra tio n  o f an in p u t sample c i r c u i t  fo llo w e d  by an id e a l  

d is c r e te - t im e  processor w ith  d is c re te - t im e  t r a n s fe r

fu n c tio n  H(Z)  [ 1 . 4 6 ] , [ 1 . 4 7 ] .  The sample and ho ld  e f f e c t  o f 

th e  ou tp u t s ig n a l w hich, we should n o te , does not appear in

( 1 . 7 )  or  i n  ( 1 . 8 )  and th e re fo re  i t  does no t appear in  ( 1 . 9 )  

e i t h e r ,  corresponds to  a co n tin u o u s-tim e  f i l t e r i n g

o p e ra tio n  a t  th e  o u tp u t o f th e  SC c i r c u i t .  The

in te r p r e ta t io n  o f such an e f f e c t ,  as w e ll as o f th e

im p lic a t io n s  fo r  th e  d is c re te - t im e  o p e ra tio n  o f SC c i r c u i t s  

have both to  be examined in  th e  frequency-dom ain , which we 

s h a ll  do in  th e  next C hapter.

1 .5  DESIGN METHODS FOR SC FILTERS

Because o f th e  abundance o f design methods fo r  SC

f i l t e r s  th a t  a re  a v a i la b le  in  th e  l i t e r a t u r e ,  many o f them 

having s im ila r  fe a tu re s , i t  is  sometimes d i f f i c u l t  to

decide which method should be chosen fo r  a p a r t ic u la r

a p p lic a t io n .  One p o s s ib le  way o f lo o k in g  a t  th is  problem  

is  to  adopt a "top-down" s tra te g y  in  which we consider  

fundam ental op tio ns  w ith  re s p e c t to  ( i )  s t ru c tu re  o f th e  

f i l t e r  ( i i )  d e r iv a t io n  o f t r a n s fe r  fu n c tio n  and ( i i i )  b as ic  

SC b u ild in g  b lock fo r  im p lem en ta tio n .

1 . 5 . 1  F i l t e r  s tru c tu re s

S ta r t in g  w ith  th e  s tru c tu re  o f th e  SC f i l t e r ,  we can 

co nsider th re e  m ajor c a te g o r ie s , namely re c u rs iv e  d i g i t a l



d ire c t - fo r m , cascade, and la d d e r s tru c tu re s . D ig i t a l  

d ire c t - fo r m  SC s tru c tu re s  comprise SC m u lt ip ly ,  d e la y  and 

adder c i r c u i t s  which a re  in te rc o n n e c te d  in  a re c u rs iv e  

s tru c tu re  ty p ic a l  o f d i g i t a l  f i l t e r s  [ 1 . 4 8 ] .  Such 

s tru c tu re s  a re  ve ry  s e n s it iv e  to  cap ac itan ce  r a t io  e rro rs  

and a ls o  to  sw itch  tim in g  e r ro rs , both o f which a f f e c t  

m ain ly  th e  perform ance o f th e  SC m u lt ip ly  and d e lay  

c i r c u i t s .  Furtherm ore, re c u rs iv e  d i g i t a l  d ire c t - fo rm  SC 

s tru c tu re s  re q u ire  a la rg e  number o f OA's fo r  

im p lem en ta tio n , and th e re fo re  a re  no t a p p ro p ria te  fo r  

r e a l is in g  h ig h -o rd e r  SC f i l t e r s  w ith  h ig h -p re c is io n  

frequency responses.

Cascade s tru c tu re s  using SC b iq u a d ra tic  se c tio n s  

(b iquads) y ie ld  a sim ple method o f d es ig n ing  SC f i l t e r s  

( e . g .  [ 1 . 3 5 ] , [ 1 . 4 9 ] - [ 1 . 5 2 ] ) ,  and a re  p a r t ic u la r ly  

a t t r a c t iv e  because o f t h e i r  s u i t a b i l i t y  fo r  custom and 

semi-custom  SC f i l t e r  design ( e . g .  [ 1 . 5 3 ] ) .  A lthough th e  

s e n s i t iv i t y  of cascade SC biquad s tru c tu re s  is  too h igh fo r  

r e a l is in g  h ig h -q u a li ty  SC f i l t e r s  [ 1 . 3 5 ] ,  i t  is  s t i l l  

ac c e p ta b le  fo r  many p r a c t ic a l  f i l t e r i n g  a p p lic a tio n s  which  

do no t re q u ire  h igh  accuracy o f th e  frequency response. 

Th is  is  th e  case fo r  some o f th e  SC bandpass f i l t e r  systems 

d escrib ed  in  Chapter 5, which employ such n o n - c r i t ic a l  

cascade SC biquad f i l t e r s  in  c o n ju n c tio n  w ith  h ig h -q u a lity  

h ig h - s e le c t iv i t y  SC f i l t e r s .

By adding feed fo rw ard  and feedback branches to  an SC 

cascade s tru c tu re , i t  is  p o s s ib le  to  reduce th e  s e n s i t iv i t y  

o f th e  SC f i l t e r  response [1 . 3 5 ] , [ 1 . 5 4 ]  a t  th e  expense o f
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much more e la b o ra te  design tech n iq u es . Even so, fo r  

c r i t i c a l  f i l t e r i n g  a p p lic a t io n s , th e  s e n s i t iv i t y  o f th is  

typ e  o f SC m u ltife e d b a c k  s tru c tu re s  is  no t as low as i t  is  

p o s s ib le  to  ach ieve  w ith  th e  type  o f s tru c tu re s  considered  

n e x t .

The most w id e ly  used lo w -s e n s it iv i t y  f i l t e r  design  

techn iques are  based on O rchard 's  o b serva tio n  th a t  doubly  

te rm in a te d  LC f i l t e r s ,  u s u a lly  w ith  a lad d e r s tru c tu re ,  

designed to  have maximum power t r a n s fe r  a t  th e  passband 

lo ss  minima fre q u e n c ie s , have ve ry  low s e n s i t iv i t y  o f the  

frequency response w ith  re s p e c t to  v a r ia t io n s  o f t h e i r  

nom inal component va lues  [ 1 . 5 5 ] .  Th is  le d  Orchard to  

suggest th a t  a c lo se  s im u la tio n  o f th e  t r a n s fe r  fu n c tio n s  

of such an LCR p ro to ty p e  f i l t e r ,  a t  th a t  tim e by means o f 

a c tiv e -R C  c i r c u i t s ,  would a ls o  p reserve  th is  d e s ira b le  

p ro p e rty . The same p r in c ip le  has been g e n e ra lly  a p p lie d  to  

th e  design o f lo w -s e n s it iv i t y  SC f i l t e r s  which, from a 

conceptual p o in t o f v iew , have la r g e ly  b e n e fite d  from th e  

v a s t amount o f knowledge a v a i la b le  in  th e  c o n te x t o f 

a c tiv e -R C  f i l t e r s  ( e . g .  [ 1 . 3 4 ] , [ 1 . 5 6 ] , [ 1 . 5 7 ] ) .  SC f i l t e r  

s tru c tu re s  based on th e  s im u la tio n  o f LCR la d d e r p ro to ty p e  

f i l t e r s ,  which became known as SC lad d e r f i l t e r s ,  a re  

in d is p e n s a b le  fo r  th e  r e a l is a t io n  o f h ig h -q u a li ty  SC 

f i l t e r s  ( e . g .  [ 1 . 4 ] , [ 1 . 7 ] - [ 1 . 1 0 ] , [ 1 . 5 8 ] ) .  There a re  a ls o  

some types o f SC la d d e r f i l t e r s  which are  d e riv e d  by means 

o f d i r e c t  syn th es is  techn iques [ 1 . 5 9 ] - [ 1 . 6 1 ] .
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1 . 5 . 2  D is c re te - t im e  t r a n s fe r  fu n c tio n s

For a given SC f i l t e r  s t ru c tu re , i t  is  re q u ire d  to  

o b ta in  th e  d is c re te - t im e  t r a n s fe r  fu n c tio n  H(Z)  in  o rder to  

re p re s e n t as c lo s e ly  as p o s s ib le  a d e s ire d  co n tin u o u s-tim e  

t r a n s fe r  fu n c tio n  H f s ) .  Such a process in v o lv e s  aci

tra n s fo rm a tio n  s=F(Z)  between th e  co n tin u o u s-tim e  complex 

v a r ia b le  s=jiD and th e  d is c re te - t im e  complex v a r ia b le

jwTs
Z=e , such th a t

(1.10) H(z) = H (s)  a
s = F ( Z )

F(Z)  must be r a t io n a l  in  Z in  o rder to  ensure r e a l i s a b i l i t y

o f H(Z)  (assuming H (s ) is  r e a l is a b le )  and, id e a l ly ,  i ta
should possess th e  fo llo w in g  two a d d it io n a l p ro p e r t ie s

[ 1 . 3 5 ] , [ 1 . 4 6 ] :

1 . Mapping o f th e  co n tin u o u s -tim e  ju> a x is  onto the
ju>T s

d is c r e te - t im e  u n it  c i r c le  e , in  o rd er to  p reserve  th e  

co n tin u o u s-tim e  a m p litu d e /fre q u e n c y  response.

2. Mapping o f th e  co n tin u o u s-tim e  l e f t - h a l f  p lane in s id e  

th e  u n i t  c i r c le ,  in  o rd er to  p reserve  s t a b i l i t y .

The best known s - to -Z  tra n s fo rm a tio n s  a re  Backward 

D iffe re n c e  (BD) (o r backward E u le r ) ,  Forward D iffe re n c e  

(FD) (o r forw ard  E u le r ) ,  Lossless D is c re te  In te g ra to r  (L D I) 

and B i l in e a r  (BL) whose d e f in i t io n s ,  and mapping

c h a r a c t e r is t ic s , a re  summarised in  T a b l e l . 1 .  The BD and

th e  FD re q u ire  th a t  wT <<1, because they  do no t map the  ju»5

a x is  onto the u n it  c i r c l e .  A d d it io n a l ly ,  th e  FD 

tra n s fo rm a tio n  may no t even preserve  s t a b i l i t y  s ince p a rt



TRANSFORMATION F(Z)

Backward _L . (1 - Z"1)
Difference(BD) Ts

Forward
Difference(FD) t-P iS)

Lossless 
Discrete 

Integrator (LDI) %  \ Z-'n I

BiLinear (BL) -•f— )T. I w ' i

Tab l e 1.1: D e f i ni ti on s,  and i l l u s t r a t i o n  of m a p p i n g  c h a r a c t e r i s t i c s  of
s-to- Z t r a n s f o r m a t i o n s
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o f th e  co n tin u o u s-tim e  l e f t - h a l f  p lane  maps o u ts id e  the  

u n it  c i r c l e .  The LDI tra n s fo rm a tio n  [ 1 . 6 2 ]  maps on ly  a 

p o rt io n  o f the jui a x is  onto th e  u n it  c i r c le ,  hence i t  does 

not p reserve th e  o v e r a l l  co n tin u o u s-tim e  frequency  

response. The LDI tra n s fo rm a tio n  may be u t i l i s e d  when 

u>Tg<<i ( e . g .  [ 1 . 9 ] ) ,  o therw ise  i t  leads to  e rro rs  o f the  

frequency response which are  not to le r a b le  fo r  h ig h -q u a li ty  

SC f i l t e r s .  The BL tra n s fo rm a tio n , on th e  c o n tra ry , maps 

th e  e n t ir e  j£D a x is  onto th e  u n it  c i r c le  and th e re fo re  i t  

does preserve th e  shape o f th e  co n tin u o u s-tim e  frequency  

response, both in  th e  passband, and in  th e  stopband. This  

p ro p e rty  is  in d is p e n s a b le  when th e  r a t io  o f th e  sw itch in g  

frequency to  the  band-edge frequency o f the  SC f i l t e r  is  

low, which is  u s u a lly  th e  case in  h ig h ly  s e le c t iv e  SC 

f i l t e r s  such as those considered in  th is  th e s is .  In  

Chapter 3, and in  Chapter 5, we s h a l l  consider in  d e t a i l  

th e  use o f the BL tra n s fo rm a tio n  to  d e r iv e  th e  d e s ire d  

d is c re te - t im e  t r a n s fe r  fu n c tio n  o f SC f i l t e r s ,  paying  

s p e c ia l a t te n t io n  to  th e  frequency w arping e f f e c t  th a t  is  

a ls o  in d ic a te d  in  Tab le  1. 1 .

1 . 5 . 3  Basic b u ild in g  b locks

The bas ic  b u ild in g  blocks considered here a re  employed 

to  im plement SC f i l t e r s  w ith  th e  fo llo w in g  c h a r a c te r is t ic s :

( i )  th ey  u t i l i s e  a la d d e r s tru c tu re  w ith  low s e n s i t iv i t y  

w ith  re s p e c t to  v a r ia t io n s  o f th e  component va lues and ( i i )  

they employ the BL tra n s fo rm a tio n  fo r  d e r iv a t io n  o f the  

d is c re te - t im e  t r a n s fe r  fu n c t io n , y ie ld in g  accu ra te  mapping 

o f th e  d e s ired  co n tin u o u s -tim e  frequency response. SC
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f i l t e r s  w ith  such c h a r a c te r is t ic s  a re  u s u a lly  c a lle d  

b i l in e a r  SC la d d e r f i l t e r s  [ 1 . 6 3 ] - [  1 . 69]  .

One method fo r  r e a l is is n g  b i l in e a r  SC la d d e r f i l t e r s  

is  by component s im u la tio n  o f an LCR la d d e r p ro to ty p e  

f i l t e r  [ 1 . 6 4 ] .  Th is  c o n s is ts  o f re p la c in g  each component 

L, C and R o f th e  co n tin u o u s-tim e  p ro to ty p e  by t h e i r  

corresponding b i l in e a r  d is c r e te - t im e  o n e -p o rt SC c i r c u i t s .  

In  th is  method, th e  OA's a re  needed on ly  to  implement th e  

b i l in e a r  SC in d u c to r and thus th e  r e s u lt in g  SC f i l t e r s  

employ a reduced number o f OA's (equa l to  th e  number o f L 's  

in  th e  o r ig in a l  LCR p r o to ty p e ) . However, such SC f i l t e r s  

a re  a f fe c te d  by p a r a s i t ic  capac itances and th e re fo re  th is  

method is  no t p r a c t ic a l ly  u s e fu l fo r  r e a l is in g  h ig h -q u a li ty  

SC f i l t e r s  s u ita b le  fo r  MOS IC  fa b r ic a t io n  [ 1 . 6 4 ] .

There a re  s e v e ra l methods a v a ila b le  in  th e  l i t e r a t u r e  

fo r  th e  design o f p a r a s i t ic - in s e n s it iv e  b i l in e a r  SC la d d e r  

f i l t e r s  [1 . 6 3 ] , [ 1  . 65] — [1 . 69]  . These methods are  c a lle d  

o p e ra tio n a l s im u la tio n  methods because th e  SC b u ild in g  

blocks s im u la te  equations o f th e  corresponding LCR 

p ro to ty p e  f i l t e r .  Such s im u la tio n , and th e  corresponding  

SC b u ild in g  b lo cks , may have d i f f e r e n t  forms depending on a 

p a r t ic u la r  choice o f v a r ia b le s .

(a ) Lee/ Temes/ Chang/ Ghaderi (LTCG) method [ 1 . 6 5 ] - [ 1 . 68 ]  : 

The LTCG method is  based on th e  s im u la tio n  o f th e  b i l in e a r  

d is c re te - t im e  equations r e la t in g  th e  v o lta g e  and th e  

in c re m e n ta l charge o f in d u c to rs , c a p a c ito rs  and r e s is to r s  

o f an LCR p ro to ty p e  f i l t e r ,  as i l lu s t r a t e d  in  F i g . 1 . 1 2 - a .  

The in c re m e n ta l charge AQ(Z) rep res en ts  th e  charge Q(Z)
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Fig. 1.12: (a) D i s c r e t e - t i m e  e q u a t i o n s  arid, (b) b u i l d i n g
blocks in the LTCG o p e r a t i o n a l  s i m u l a t i o n  m e t h o d
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flo w in g  d u rin g  one sw itch in g  p e rio d , i . e .  AQ( Z ) =Q( Z) . ( 1 -  

Z“ ^) .  Such equations can be implemented using th e  b u ild in g  

blocks shown in  F i g . 1 . 1 2 - b ,  where th e  SC v o lta g e -to -d y n a m ic  

charge co n v e rte r b u ild in g  b lock c o n s t itu te s  a 

g e n e ra lis a t io n  o f th e  SC b u ild in g  blocks g iven  in  [ 1 . 6 5 ] -

[ 1 . 6 8 ]  . By co n s id erin g  t h is  g en era l SC v o lta g e -to -d y n a m ic  

charge c o n v e rte r b u ild in g  b lo c k , i t  is  p o s s ib le  to  d e r iv e  

b i l in e a r  SC lad d e r f i l t e r s  based on th e  LTCG method using a 

more sy s te m a tic  procedure than  th a t  describ ed  in  [ 1 . 6 5 ] -

[ 1 . 6 8 ]  . T h is , however, w i l l  no t be exp lo red  in  th is  th e s is ,  

s in ce  we have come to  adopt an a l t e r n a t iv e  design method 

fo r  th e  design o f SC f i l t e r s ,  as we s h a ll  e x p la in  l a t e r  on.

(b ) B i l in e a r - Transform ed A dm ittance- Scaled (BITAS) method

[ 1 . 6 9 ]  : The b i l in e a r  d is c r e te - t im e  equations are  o b ta in ed  

as i l l u s t r a t e d  in  F i g . 1 . 1 3 - a :  ( i )  th e  b i l in e a r  s - to -Z  

tra n s fo rm a tio n  is  f i r s t  a p p lie d  to  th e  im m ittances o f th e  

LCR p ro to ty p e  f i l t e r  and ( i i )  th e  r e s u lt in g  d is c r e te - t im e  

adm ittances are  then sca led  using a d is c re te - t im e  s c a lin g  

fa c to r  [ 1 . 7 0 ] .  The g e n e ra l SC b u ild in g  b lock  fo r  

im p lem enta tion  o f th e  r e s u lt in g  b i l in e a r  d is c r e te - t im e  

lad d e r is  shown in  F i g . 1 . 1 3 - b .

(c)  M a r t in / Sedra (MS) method [ 1 . 6 3 ] :  One form o f th e  MS 

method is  based on th e  s im u la tio n  o f b i l in e a r - tra n s fo rm e d  

d is c r e te - t im e  b iq u a d ra tic  equation s  r e la t in g  th e  v o lta g e  

and th e  c u rre n t o f g e n e ra lis e d  impedances in  an LCR 

p ro to ty p e  f i l t e r  [ 1 - 7 1 ] , [ 1 . 7 2 ] ,  as i l l u s t r a t e d  in  

F i g . 1 . 1 4 - a .  An a l t e r n a t iv e  form o f th e  MS method c o n s is ts  

o f s im u la tin g  th e  b i l in e a r  d is c re te - t im e  b iq u a d ra t ic  

equations re p re s e n tin g  th e  in te r a c t io n  o f th e  nodal
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SC b u i l d i n g  block for i m p l e m e n t a t i o n
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biqua d b u i l d i n g  block for i m p l e m e n t a t i o n



v o lta g e s  o f an LCR p ro to ty p e  f i l t e r  [ 1 . 7 3 ] ,  as shown in  

F i g . 1 . 1 4 - b .  In  e i th e r  form , th e  b i l in e a r  d is c r e te - t im e  

b iq u a d ra tic  equations a re  s im ula ted  using SC biquads which 

can be o b ta in ed , fo r  example, from th e  g en era l SC biquad  

b u ild in g  b lock shown in  F i g . 1 . 1 4 - c ,  which w i l l  be d e riv e d  

in  Chapter 3. The r e s u lt in g  SC f i l t e r  s tru c tu re s  are  

u s u a lly  known as coup led-b iquad  s tru c tu re s .

D es p ite  t h e i r  conceptual d if fe re n c e s , th e  va rio u s  

o p e ra tio n a l s im u la tio n  methods lea d  to  SC c i r c u i t s  w ith  

s im ila r  s e n s i t iv i t y  o f th e  frequency response to

cap ac itan ce  r a t io  e r ro rs  [ 1 . 7 4 ] .  There a re  even s itu a t io n s  

where d i f f e r e n t  o p e ra tio n a l s im u la tio n  methods may lead  to  

e q u iv a le n t SC f i l t e r  s tru c tu re s , as i t  has been shown fo r  

th e  case o f th e  LTCG and MS methods [ 1 . 7 5 ] .  I t  is  

th e re fo re  ju s t i f i e d  to  employ one s p e c if ic  o p e ra tio n a l 

s im u la tio n  method fo r  r e a l is in g  h ig h -q u a lity  SC f i l t e r s  as 

p a r t  o f a genera l s tra te g y  fo r  SC f i l t e r  des ig n , which we 

adopted in  our research  work. Such s tra te g y  is  based on the  

use o f SC b iq u a d ra tic  s e c tio n s , not o n ly  fo r  h ig h -q u a li ty  

SC f i l t e r s  employing coup led-b iquad  s tru c tu re s  - th e  MS 

method- but a ls o  fo r  le s s  c r i t i c a l  SC f i l t e r s  using cascade 

s tru c tu re s . The MS method adopted in  th is  th e s is  w i l l  

describ ed  in  d e t a i l  in  Chapter 5.

1 .6  STATE-OF-THE-ART SC NARROW BANDPASS FILTERING

The degree o f d i f f i c u l t y  o f r e a l is in g  an SC bandpass 

f i l t e r ,  as any bandpass f i l t e r ,  is  u s u a lly  measured in  

terms o f i t s  r e la t iv e  bandwidth
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where BW and £ a re  th e  -3dB passband bandwidth and the  

midband frequency o f th e  f i l t e r ,  r e s p e c t iv e ly .  O fte n , the  

e q u iv a le n t Q -fa c to r  o f th e  bandpass f i l t e r ,  i . e .  Q=100/B, 

is  a ls o  used to  in d ic a te  th e  d i f f i c u l t y  o f th e  f i l t e r .  

According to  th e  va lu e  o f th e  r e la t iv e  bandwidth, we can 

consider th e  fo llo w in g  th re e  le v e ls  o f d i f f i c u l t y  o f SC 

bandpass f i l t e r s :

Wide- Band (WB) bandpass f i l t e r s ,  when B>10“o 

Narrow- Band (NB) bandpass f i l t e r s ,  when 1%<B<10%

Very Narrow- Band (VNB) bandpass f i l t e r s ,  when B<1%

1. 6 . 1  C onventional SC bandpass f i l t e r s

The design o f WB SC bandpass f i l t e r s  is  w e ll

e s ta b lis h e d  in  th e  l i t e r a t u r e .  Such f i l t e r s  are  o b ta in e d , 

fo r  example, u t i l i s i n g  any one o f th e  o p e ra tio n a l

s im u la tio n  methods describ ed  above y ie ld in g  SC c i r c u i t s  

w ith  ac cep tab ly  low cap ac itan ce  r a t io s ,  w ith  low  

s e n s i t iv i t y  o f th e  frequency response to  capac itance  r a t io  

e r ro rs , and w ith  good dynamic range [ 1 .63],[1 .67]-[1 .69].

The design o f NB SC bandpass f i l t e r s  based on

e q u iv a le n t LCR la d d e r p ro to ty p e  f i l t e r s  becomes 

s u b s ta n t ia l ly  more com plicated  because o f the  problem o f 

la rg e  capac itance  r a t io s  which a r is e  in  th e  c i r c u i t .  

C apacitance r a t io  requ irem ents g re a te r  than 100 a re  

t y p ic a l ,  which renders th e  frequency response ra th e r  

a ffe c te d  by cap ac itan ce  r a t io  e r ro rs . B esides, such la rg e  

capac itance  r a t io s  a re  not p r a c t ic a l  fo r  in te g ra te d  c i r c u i t
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fa b r ic a t io n  on account o f in creased  a re a , reduced y ie ld ,  

and thus in creased  cost o f m anu factu ring . One p o s s ib le  

s o lu t io n  to  th is  problem co n s is ts  o f employing SC 

tra n s fo rm a tio n s , an example o f which is  shown in  F i g . 1.15

[ 1 . 3 5 ] ,  in  o rder to  o b ta in  an e f f e c t iv e  low cap ac itan ce  

va lu e  by s u b tra c tio n  o f two h ig h er cap ac itan ce  v a lu e s . For

C1 C1-C2

F i g . 1.15: E x a m p l e  of a s w i t c h e d - c a p a c i t o r  t r a n s f o r m a t i o n
for c a p a c i t a n c e  r a ti o r e d u c t i o n

example, th is  techn iqu e  has been used by F is c h e r and 

Moschytz [ 1 . 7 6 ]  fo r  th e  design o f an SC biquad w ith  low 

cap ac itan ce  r a t io s .  However, as F is c h e r and Moschytz 

observed, th e  s e n s i t iv i t y  o f the  c i r c u i t  w ith  re s p e c t to  

cap ac itan ce  r a t io  e rro rs  in creases  co n s id e rab ly  due to  the  

c a n c e lla t io n , which is  no t ac cep tab le  fo r  h ig h - s e le c t iv i t y  

f i l t e r i n g  a p p lic a t io n s . An a l t e r n a t iv e  s o lu t io n  a v a i la b le  

fo r  th e  re d u c tio n  o f cap ac itan ce  r a t io s  co n s is ts  o f 

re p la c in g  th e  s w itc h e d -c a p a c ito rs  by th e  c a p a c it iv e -T  

netw ork i l lu s t r a t e d  in  F i g . 1.16 [ 1 . 7 7 ] .  The d isadvantage o f 

th is  approach is  th a t  i t  destroys th e  p a r a s it ic  in s e n s it iv e  

p ro p e rty  o f th e  c i r c u i t ,  which may lead  to  cap ac itan ce  

r a t io  e rro rs  o f th e  o rd er o f 2% [ 1 . 7 7 ] .  A p p ro p ria te  IC

la y o u ts  may reduce th e  e f f e c t  of  p a r a s i t ic  capac itances in
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c a p a c it iv e -T  networks which may then be employed fo r  

im plem enting those c a p a c ito rs  whose cap ac itan ce  va lu e  

v a r ia t io n s  do not a f f e c t  s ig n i f ic a n t ly  th e  o v e r a l l  

frequency response o f th e  f i l t e r  [ 1 .7 8 ] .  However, from a 

p r a c t ic a l  p o in t o f v iew , such an approach may not be ve ry  

a t t r a c t iv e ,  because th e  c r i t i c a l  c i r c u i t  la y o u t renders th e  

im p lem enta tion  o f th e  SC f i l t e r  more dependent on th e  

fa b r ic a t io n  process.

For VNB SC bandpass f i l t e r s ,  i t  is  no lo nger fe a s ib le  

to  s im u la te  an e q u iv a le n t LCR la d d e r p ro to ty p e  f i l t e r ,  on 

account o f th e  insurm ountab le problems o f ex trem ely  la rg e  

cap ac itan ce  r a t io s  a r is in g  in  th e  SC f i l t e r ,  and h igh  

s e n s i t iv i t y  o f th e  frequency response to  cap ac itan ce  r a t io  

e rro rs  w hich, to g e th e r , lea d  to  a la rg e  v a r i a b i l i t y  o f the  

f i l t e r  response. T y p ic a l ly ,  we f in d  v a r ia t io n s  o f th e  

passband r ip p le  o f id e a l  VNB LCR p ro to ty p e  f i l t e r s  o f the  

o rd er o f 10dB fo r  1% v a r ia t io n  o f t h e i r  nominal component 

v a lu e s , and the e q u iv a le n t SC f i l t e r  has cap ac itan ce  r a t io s  

g re a te r  than 1000. For th is  range o f VNB bandpass 

responses, and, in  many cases, a ls o  fo r  NB bandpass
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responses, th e  s o lu t io n  has been to  employ th e  N -P ath  (NP) 

SC f i l t e r s  th a t  we rev iew  n e x t.

1 .6 .2  SC N -path  f i l t e r s

The p r in c ip le  o f NP f i l t e r i n g  was in tro d u ced  

o r ig in a l ly  in  th e  c o n te x t o f co n tin u o u s-tim e  a c tiv e -R C  

f i l t e r s  [ 1 .7 9 ] .  I t  is  based on a double freq u en cy -

t r a n s la t io n  o p e ra tio n  in  o rder to  a llo w  low s e le c t iv i t y  

f i l t e r s  a t  low frequency - th e  path  f i l t e r s -  to  r e a l is e  th e  

d e s ire d  bandpass response w ith  much h ig h er s e le c t iv i t y ,  

and, a t  h ig h er freq uen cy . In  ac tive -R C  NP f i l t e r s ,  such 

frequency tra n s la t io n s  a re  produced by means o f

co n ve n tio n a l m odulator c i r c u i t s  which precede and fo llo w  

th e  path  f i l t e r s .  In  SC NP f i l t e r s ,  on the  o th e r hand, the  

re q u ire d  fre q u e n c y -tra n s la tio n s  sim ply r e s u lt  from th e  

d is c r e te - t im e  n a tu re  o f th e  SC path  f i l t e r s  to  be examined 

in  th e  next C h a p te r.

One type  o f SC NP f i l t e r  proposed in  the  l i t e r a t u r e

employs a minimum o f N=3 SC path  f i l t e r s  w ith  lowpass

frequency response [ 1 . 8 0 ] - [ 1 . 8 3 ] ,  as shown in  F ig .1 .1 7 -a .

I t  can be shown from th e  NP f i l t e r i n g  th e o ry  [ 1 . 7 9 ] , [  1 . 84]

th a t  th is  type o f 3 -p a th  f i l t e r  produces a bandpass

response a t  midband frequency f  =F , F ig .1 .1 7 -b ,  which iso s
formed by the  jo in in g  o f two fre q u e n c y -tra n s la te d  bands o f 

th e  lowpass path f i l t e r s .  I t  is  a ls o  known th a t  the  

unwanted fre q u e n c y -tra n s la te d  components, generated along  

w ith  th e  bandpass response, cancel ou t under th e  id e a l  

c o n d itio n s  o f p e r fe c t  m atching o f th e  f i l t e r  p a th s . In  

p r a c t ic e , however, s in ce  m atching o f th e  f i l t e r  paths is
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(a ) SC LP PATH FILTERS

(b) Baseband responses
of SC LP path filters j \ 

v---- - \

Frequency- transla ted 
bands

F i g . 1.17: (a) SC NP f i lt er  m o d e l  (N = 3) us in g lo w p a s s
path filters; (b) I l l u s t r a t i o n  of the f o r m a t i o n  
of the b a n d p a s s  re sp on se , w i t h  two a d j a c e n t  

f r e q u e n c y - t r a n s l a t e d  bands

n o t p e r fe c t ,  such c a n c e lla t io n  is  incom plete  g iv in g  r is e  to

re s id u a l unwanted fre q u e n c y -tra n s la te d  components in  th e

passband, u s u a lly  known as m irro r  frequency components,

which degrade th e  dynamic range o f th e  f i l t e r .  The

g e n e ra tio n  o f m irro r  frequency components in  th is  type  o f

SC NP f i l t e r  w ith  lowpass path  f i l t e r s  is  i l lu s t r a t e d  in

F i g . 1 .1 8 . In  F ig .1 .1 8 -a ,  an in p u t frequency component a t

F -A f produces th e  wanted ou tp u t frequency component a t  s
F -A f to g e th e r  w ith  th e  unwanted m irro r  frequency component s
a t  Fg+A f. C onversely , an in p u t frequency component a t  

Fg+Af produces th e  wanted frequency component a t  Fg+Af 

to g e th e r  w ith  th e  unwanted m irro r  frequency component a t  

Fg-A f ,  as shown in  F ig .1 .1 8 -b .  Besides th e  problem o f 

incom plete  c a n c e lla t io n  o f such unwanted freq u en cy -
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Input signal

Fs-Af

passband — ^
l---- -

Fs-Af Fs*Af

Output signals

(b) Input signal

Fs*Af

passband-
/---- v

/!/ i
-l-Af Fs+Af

Output signals

F i g . 1.18: M i r r o r  f r e q u e n c y  c o m p o n e n t s  in SC NP filte rs  
w i t h  l o w p a s s  path filters. (a) P a s s b a n d  si gn al  
at F -Af g e n e r a t e s  an u n w a n t e d  f r e q u e n c y -  
t r a n s l a t e d  c o m p o n e n t  at m i r r o r  f r e q u e n c y  F g +Af; 
(b) P a s s b a n d  si gn al  at F +Af g e n e r a t e s  an 
u n w a n t e d  f r e q u e n c y - t r a n s l a t e d  c o m p o n e n t  at

m i r r o r  f r e q u e n c y  F -Afs

t r a n s la te d  components, th is  type o f SC NP f i l t e r  a lso  

s u ffe rs  from th e  problem o f c lo ck  feedthrough occuring  a t  

midband frequency f Q=Fs . Th is  degrades even fu r th e r  th e  

o v e r a l l  no ise perform ance o f th e  f i l t e r .

The a l t e r n a t iv e  type  o f SC NP f i l t e r  proposed in  th e  

l i t e r a t u r e  employs SC path f i l t e r s  w ith  h ighpass, ra th e r  

than lowpass, frequency response [ 1 . 85],[1 .68]. SC NP 

f i l t e r s  w ith  highpass path f i l t e r s  need on ly  two paths



(N =2) ,  F ig .1 .1 9 -a ,  in  o rder to  o b ta in  a bandpass response  

cen tred  a t  f o=p /2 .  In  th is  case, th e  bandpass response is  

formed by th e  jo in in g  o f th e  baseband and th e  a d ja c e n t  

fre q u e n c y -tra n s la te d  band o f th e  path  f i l t e r s ,  as shown in  

F ig .1 .1 9 -b .  Due to  path  mismatch, th e  m irro r  frequency

(a ) SC HP PATH FILTERS

A

r~-I •1 i1 no i >i
!

i nu i ,1 no iii !
A T

( b ) Baseband response
of SC HP path filters

Frequency-translated
band

F i g . 1.19: (a) SC NP f i lt er  m o d e l  (N=2) us in g hi g h p a s s  path
filters; (b) I l l u s t r a t i o n  of the f o r m a t i o n  of the 
ba n d p a s s  re sp ons e,  by the j o i n in g of the b a s e b a n d  

and the a d j a c e n t  f r e q u e n c y - t r a n s l a t e d  band

components which occur a t  F /2 ± A f, a ls o  lea d  to  th e  

g e n e ra tio n  o f unwanted fre q u e n c y -tra n s la te d  components in  

th e  passband (when Af is  s m a ll) ,  as i l lu s t r a t e d  in  th e  

examples o f F ig .1 .2 0 -a  and F ig .1 .2 0 -b .  Th is  type  o f SC NP 

f i l t e r  i s ,  however, immune to  th e  e f f e c t  o f c lo ck  

feed th ro u g h , which occurs o u ts id e  th e  passband.

In  o rder to  e lim in a te  th e  u n d e s ira b le  e f f e c t  o f m irro r  

frequency components in  NP f i l t e r s ,  F e ttw e is  and Wupper 

in tro d u ced  th e  concept o f pseudo NP f i l t e r s  [ 1 .8 6 ] ,  which
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(a )

Jk-A f
2

passband
■ * \

t\i \ i \

a.At ^ A f

Input signal

Output signals

( b ) Input signal

^♦Af

passband

/
• •

^.Af ̂ ..Af

Output signals

F i g . 1.20: I l l u s t r a t i o n  of the g e n e r a t i o n  of m i r r o r
f r e q u e n c y  co mp on en ts , at F / 2±Af, in ansSC NP f i l t e r  wi t h  h i gh pa ss  path fi lt ers

was subsequently  a p p lie d  to  the  r e a l is a t io n  o f SC pseudo NP 

f i l t e r s  [1 . 8 7 ] , [ 1 . 8 8 ] , [ 1 . 6 8 ] .  In  SC pseudo NP f i l t e r s  th e re  

is  on ly  one p h y s ic a l path  which is  m u ltip le x e d  between the  

in p u t and th e  o u tp u t te rm in a ls , as represen ted  

s c h e m a tic a lly  in  F i g . 1 .2 1 , thus th e  problem o f path  

mismatch is  id e a l ly  overcome. However, th e re  are  

im p e rfe c tio n s  o f SC c i r c u i t s  a f fe c t in g  th e  o p e ra tio n  o f 

m u lt ip le x in g , as a r e s u l t  o f which SC pseudo NP f i l t e r s  are  

not t o t a l l y  immune to  th e  e f f e c t  o f m irro r  frequency  

components. As a m a tte r o f f a c t ,  a lthough  th e  s o lu t io n  o f 

SC pseudo NP f i l t e r s  improves th e  mechanism fo r
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path 0 path 0

F i g . 1.21: S c h e m a t i c  r e p r e s e n t a t i o n  of a p s e u d o  NP fi lt er
w i t h  m u l t i p l e x i n g  of a s i ng le  path fi lt er

c a n c e lla t io n  o f unwanted m irro r  frequency components, t h e i r  

le v e l  may s t i l l  be too  h igh fo r  a p p lic a t io n s  w ith  h igh  

dynamic range [ 1 .8 8 ] , [ 1 . 6 8 ]  . In  a d d it io n  to  th is  problem , 

th e  dynamic range o f SC pseudo NP f i l t e r s  is  fu r th e r  

aggravated  because th e  SC c ir c u i t s  have been found to  have 

poor no ise  perform ance, compared w ith  tru e  SC NP f i l t e r s  

and co n ven tio n a l SC f i l t e r s  [ 1 .8 9 ] .

1 .6 .3  A summary o f some p r a c t ic a l
r e a l is a t io n s  o f SC bandpass f i l t e r s

Tab le  1 .2  summarises some aspects o f th e  most re le v a n t  

p r a c t ic a l  r e a l is a t io n s  o f SC bandpass f i l t e r s  we a re  aware 

o f .  A ccording to  th e  degrees o f d i f f i c u l t y  d e fin e d  e a r l i e r ,  

a l l  these SC bandpass f i l t e r s  have NB bandpass responses. 

C onventional SC bandpass f i l t e r s  have been p re fe ra b ly  

employed fo r  th e  r e a l is a t io n  o f NB bandpass responses down 

to  about 3%. For NB bandpass responses around ^%, SC NP 

f i l t e r s  have been employed in s te a d . The SC bandpass f i l t e r s  

in d ic a te d  in  2, 6, 7, 8 and 10, a re  considered in  the  

co n te x t o f a complete SC bandpass f i l t e r  system, which can 

be implemented in  in te g ra te d  c i r c u i t  form using sim ple



SC BANDPASS FILTER MIDBAND FREQUENCY RELATIVE BANDWIDTH SELECTIVITY IMPLEMENTATION REFERENCE

1 CONVENTIONAL 
LADDER SIMULATION 930 Hz 10.54% 0 -0.25 dB

8th order 
General Parameter

Discrete
Component MARTIN et al [1.63)

2 CONVENTIONAL 
LADDER SIMULATION lO KHz 10% (3-0.5 dB

6th order 
Chebyshov

Discrete
Component HA1GH et al [1.90]

3 PSEUDO NP FILTER 
N=3 LOWPASS FILTERS

2 KHz 10% (3 -0.1 78dB
6th order 
Elliptic

Discrete
Component GHADERI et al [1.88)

4 NP FILTER
N = 4 LOWPASS FILTERS

1 KHz 5% (3 -0.269dB
6th order 
Elliptic

Discrete
Component

LEE et al [1.81]

5 PSEUDO NP FILTER 
N=2 HIGHPASS FILTERS

1 KHz 4% @ -O.178dB
6th order 
Elliptic

Discrete
Component

GHADERI [1.68]

6 CONVENTIONAL
LADDER SIMULATION 2.6 KHz 3.85% (3 -3 dB 6th order 

Butterworth
Integrated
Circuit GREGORIAN [1.91]

7 CONVENTIONAL 
LADDER SIMULATION 3.825 KHz

3.66% (3 -3 dB 10th order 
Chebyshev

Integrated
Circuit

FUKAHORI [1.92]

8 CONVENTIONAL 
LADDER SIMULATION 260 KHz* 2.77% @ -3 dB

6th order 
Elliptic

Integrated
Circuit

CHOI et al [1.78]

9 NP FILTER
N=2 HIGHPASS FILTERS 1 KHz 1.27% 0 -3 dB 2nd order

Integrated
Circuit

DESSOULAVYet al [1.85]

lO NP FILTER
N=4 LOWPASS FILTERS

1 KHz 1.15% @ -3 dB
4th order 
all pole

Integrated
Circuit

GRUNIGEN et al [1.82]

11 NP FILTER
N=4 LOWPASS FILTERS 10 KHz 0.95% @ -0.1 dB

6th order 
Chebyshev

Discrete
Component

ALLSTOT et al [1.80]

* Application for intermediate frequency filter in radio receivers

Tab le 1.2: As p e c t s  of some p r a c t i c a l  r e a l i s a t i o n s  of SC b a n d p a s s  fi lt er s
w i t h  n a r r o w  r e l a t i v e  b a n d w i d t h s



in p u t and ou tpu t co n tin u o u s-tim e  f i l t e r s ,  as in d ic a te d  in  

F ig .1 .1 c .  For th e  rem ain ing SC bandpass f i l t e r s ,  i t  would 

have been necessary to  design more complex co n tin u o u s-tim e  

f i l t e r s  w hich, as we s h a ll  see in  Chapter 2, a re  u n s u ita b le  

fo r  in te g ra te d  c i r c u i t  fa b r ic a t io n .

1 .7  PURPOSE OF RESEARCH

The purpose o f th e  work presented  in  th is  th e s is  is  to  

study design techn iques fo r  au d io -freq u en cy  SC bandpass 

f i l t e r  systems, w h ith  NB and w ith  VNB bandpass responses, 

in  o rd er to  overcome th e  problems o f th e  methods c u r re n t ly  

a v a i la b le .  These problems are  la rg e  capac itance  r a t io s  and 

high s e n s i t iv i t y  in  co n ve n tio n a l SC bandpass f i l t e r s ,  and, 

in  SC NP f i l t e r s ,  poor dynamic range perform ance. M oreover, 

i t  is  re q u ire d  th a t  th e  systems should be s u ita b le  fo r  

in te g ra te d  c i r c u i t  fa b r ic a t io n .  The key aspects o f th is  

work a re  described  below.

The o rg a n is a tio n  o f th is  th e s is  r e f le c t s  aspects o f SC 

c i r c u i t  design , on th e  one hand, and developm ent o f SC 

system a rc h ite c tu re s , on th e  o th e r hand. In  th is  p resen t 

Chapter (C hapter 1 ) , we a re  p r im a r ily  concerned w ith  

in tro d u c to ry  aspects fo r  a n a ly s is  and design o f SC 

c i r c u i t s ,  besides th e  id e n t i f ic a t io n  o f th e  bas ic  

l im ita t io n s  o f th e  s t a t e - o f - t h e - a r t  o f SC narrowband 

bandpass f i l t e r i n g .  Chapter 2 w i l l  d e a l w ith  th e  

p r in c ip le s  o f o p e ra tio n  o f an SC f i l t e r  system, which, 

b a s ic a l ly ,  a re  determ ined by th e  c h a r a c te r is t ic s  o f an 

A n t i-A l ia s in g  F i l t e r  (AAF) and o f an A n ti-Im a g in g  F i l t e r

59
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( A IF ) , re s p e c t iv e ly  b e fo re  and a f t e r  th e  SC f i l t e r  in  the  

system. H ith e r to , SC f i l t e r  systems have operated  in  a 

baseband f i l t e r i n g  mode, in  which lowpass AAF and A IF  

s e le c t  th e  baseband below Fs /2 ,  and r e je c t  th e  unwanted 

fre q u e n c y -tra n s la te d  bands above F 12. An im p o rta n t id eaD

in tro d u ced  in  Chapter 2 concerns novel o p e ra tin g  modes fo r

SC f i l t e r  systems, which c o n s is t o f employing bandpass AAF

and A IF  to  s e le c t  in p u t and ou tpu t fre q u e n c y -tra n s la te d

bands above Fs /2 ,  and to  r e je c t  th e  unwanted freq u en cy -

tra n s la te d  bands above F /2 ,  as w e ll as th e  baseband belows
Fg/2 .  Such systems, which we d es ig n a te  as S in g le -P a th  

F req u en cy -T ran s la ted  (SPFT) SC f i l t e r  systems, a re  v i t a l  

fo r  th e  r e a l is a t io n  o f h ig h -q u a li ty  SC bandpass f i l t e r  

systems w ith  VNB bandpass responses. In  a d d it io n  to  the  

t r a d i t io n a l  in p u t and ou tp u t co n tin u o u s-tim e  f i l t e r s ,  the  

AAF and A IF  to  be considered in  th is  th e s is  a ls o  comprise 

s o p h is tic a te d  SC decim ators and in te r p o la to r s ,

r e s p e c t iv e ly .  SC decim ators and in te r p o la to rs  a re  u t i l is e d  

to  a llo w  a l t e r a t io n  o f th e  sampling r a te  in  SC systems, 

which re q u ire s  a p p ro p ria te  frequency responses in  o rder to  

e lim in a te  the  unwanted fre q u e n c y -tra n s la te d  s ig n a l  

components a r is in g  in  th e  processes o f sam pling r a te  

a l t e r a t io n .  In  th is  c o n te x t, we pay s p e c ia l a t te n t io n  to  

th e  d e r iv a t io n  o f optimum F in i t e  Im pulse Response (F IR ) 

t r a n s fe r  fu n c tio n s  which a re  s u ita b le  fo r  dec im ation  and 

in te r p o la t io n  a p p lic a t io n s  fo r  NB and VNB SC bandpass

system s.
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In  th e  second p a r t  o f th is  th e s is ,  com prising Chapters  

3 and 4, we s h a ll  d e scrib e  design techn iques fo r  SC 

c ir c u i t s  re q u ire d  in  SC f i l t e r  systems. Chapter 3 concerns 

th e  developm ent o f g e n era l SC b iq u a d ra tic  se c tio n s  

(b iquads) to  be employed fo r  h ig h -q u a li ty  coupled-SC biquad  

s tru c tu re s , as w e ll as fo r  cascade SC biquad s tru c tu re s  

w ith  moderate s e n s i t iv i t y .  A d e ta ile d  cap ac itan ce  r a t io  

a n a ly s is  a llo w s  us to  design h igh  q u a l i t y - f a c t o r  SC biquads  

w ith  an optimum low va lu e  o f th e  sw itch in g  frequency  

y ie ld in g  ab so lu te  minimum cap ac itan ce  spread, which is  

c r u c ia l  fo r  th e  design o f th e  NB SC bandpass f i l t e r s  in  

th is  th e s is . This low va lu e  o f th e  sw itch in g  frequency  

im p lie s  a system requ irem ent fo r  a t te n u a t io n  o f unwanted 

fre q u e n c y -tra n s la te d  s ig n a ls  a t  low frequency, which can be 

e f f i c i e n t l y  done using th e  SC decim ator and in te r p o la to r  

c ir c u i t s  to  be developed in  Chapter 4. In  p a r t ic u la r ,  th e  

FIR SC decim ator and in te r p o la to r  c i r c u i t s  em ploying non- 

re c u rs iv e  polyphase s tru c tu re s  a re  shown to  be very  

a t t r a c t iv e  from th e  p o in ts  o f v iew  o f low cap ac itan ce  

r a t io s  and h igh o p e ra tin g  speed.

Chapter 5 w i l l  cover th e  aspects o f th e  design and 

im p lem enta tion  o f SC bandpass f i l t e r  systems s u ita b le  fo r  

NB and VNB f i l t e r i n g  a p p lic a t io n s . For th e  example o f an NB 

bandpass response w ith  -3dB r e la t iv e  bandwidth o f 2.4%,  we 

s h a ll  co nsider th e  design o f a baseband SC bandpass f i l t e r  

system, w ith  op tim ised  cap ac itan ce  spread, and e f f i c i e n t  

FIR SC lowpass decim ators and in te r p o la to rs  to  p ro v id e  the  

re q u ire d  r e je c t io n  o f unwanted fre q u e n c y -tra n s la te d
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s ig n a ls . A VNB bandpass response w ith  -3dB r e la t iv e  

bandwidth o f 0.48% w i l l  be r e a lis e d  using an SPFT SC f i l t e r  

system. In  order to  o b ta in  th e  d e s ire d  bandpass response  

fo r  the  decim ator and in te r p o la to r ,  we s h a ll  d iscuss  

a l t e r n a t iv e  a rc h ite c tu re s  employing FIR  and H R  ( I n f i n i t e  

Im pulse Response) SC c i r c u i t s ,  whose perform ances are  

compared m ain ly  from th e  p o in ts  o f view  o f cap ac itan ce  

r a t io s ,  o p e ra tin g  speed, and, a ls o , c i r c u i t  co m p lex ity . 

One im p o rta n t req u irem en t to  be met by th e  SC in te r p o la to r  

in  th e  A IF concerns th e  compensation fo r  th e  a t te n u a t io n  o f 

th e  s e le c te d  fre q u e n c y -tra n s la te d  band, which is  due to  the  

e f f e c t  o f the  sample and hold s ig n a l a t  the  o u tp u t o f the  

SC bandpass f i l t e r  in  th e  system. Both th e  NB and VNB SC 

f i l t e r  systems are  implemented using d is c re te  component 

m odels. The ex p erim en ta l r e s u lts  co n firm  th e  o p e ra tin g  

p r in c ip le s ,  and dem onstrate th e  good perform ance o f the  

proposed systems w ith  resp ec t to  th e  accuracy o f the  

frequency response, dynamic range, and s p e c if ie d  

a tte n u a t io n  o f th e  unwanted fre q u e n c y -tra n s la te d  s ig n a ls .  

In  Chapter 5, we s h a l l  a ls o  dem onstrate the  o p e ra tio n  o f 

SPFT systems as s in g le  sideband g en era to rs  and d e te c to rs ,

i . e .  corresponding to  th e  s e le c t io n  o f in p u t and o u tpu t 

frequency bands a t  d i f f e r e n t  fre q u e n c ie s .

The m a te r ia l th a t  we s h a ll  p resen t in  Chapter 6 

c o n s t itu te s  an e x p lo ra to ry  in v e s t ig a t io n  o f a type o f SC NP

f i l t e r  systems, using bandpass path  f i l t e r s , which are

in ten ded to overcome th e  a tte n u a t io n  problem o f SPFT

system s, and , a ls o , th e l im ita t io n s  concerning th e poor
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dynamic range perform ance o f co n ven tio n a l SC NP f i l t e r  

systems using lowpass and highpass path f i l t e r s .

The main re s u lts  ob ta ined  in  th is  th e s is  w i l l  be 

summarised in  Chapter 7. There, we s h a ll  a ls o  p resen t some 

suggestions fo r  p o s s ib le  fu r th e r  research  in  th is  area  of 

SC c ir c u i t s  and systems fo r  narrow bandpass f i l t e r i n g ,  as 

w e ll as fu r th e r  p o te n t ia l  a p p lic a tio n s  fo r  freq u en cy- 

tr a n s la te d  SC f i l t e r  systems, both w ith  co nventiona l SC 

bandpass f i l t e r s  and w ith  SC NP f i l t e r s  using bandpass path  

f i l t e r s .

1 .8  STATEMENT OF ORIGINALITY

The fo llo w in g  most s ig n i f ic a n t  re s u lts  o f th e  research  

work presented in  th is  th e s is  a re , to  the  best o f our 

knowledge, o r ig in a l ,  and, as we in d ic a te  below, some o f 

these re s u lts  have been pub lished  (o r accepted fo r  

p u b lic a t io n ):

-  In  Chapter 2, th e  in tro d u c tio n  o f o p era tin g  modes fo r  SC 

systems corresponding to  th e  s e le c t io n  o f freq u en cy - 

t r a n s la te d  bands above th e  N yq u is t freq uen cy, which 

rep res en ts  a r a d ic a l ly  d i f f e r e n t  approach to  th e  way in  

which SC f i l t e r  systems have been t r a d i t io n a l l y  regarded . 

We quote from , fo r  example, R eference [ 1 . 8 3 ] :

" . . .  Because o f the  N yq u is t theorem , sam pled-data f i l t e r s  

can on ly  process in p u t s ig n a ls  up to  h a l f  o f th e  c lock

frequency . . .
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-  In  Chapter 3, th e  sys tem atic  procedure fo r  th e  g e n e ra tio n

o f SC biquads using s ig n a l flo w  graph techn iques and th e

concept o f optimum sw itch in g  frequency le a d in g  to  the

design o f SC biquads w ith  ab so lu te  minimum cap ac itan ce

spread. The design o f an SC bandpass f i l t e r  w ith  optimum

va lu e  o f the  sw itch in g  freq uen cy, and th e  r e s u lt in g  system

im p lic a tio n s  o f t h is ,  have been discussed in

[J .E .F RA NC A, " D e c i m a t o r s  and I n t e r p o l a t o r s  for N a r r o w b a n d  
S w i t c h e d - C a p a c i t o r  Ba n d p a s s  F i lt er  S y s t e m s " , in Proc. IEEE 
I S C A S ‘84, p p . 789-793, M o n t re al , Canada, May 1984]

-  In  Chapter 4, th e  work concerned w ith  th e  design o f SC

decim ator and in te r p o la to r  c i r c u i t s  w ith  optimum m u ltin o tc h

approxim ations fo r  a p p lic a t io n  o f NB and VNB SC bandpass

f i l t e r  systems. In  p a r t ic u la r ,  we emphasise th e

comprehensive procedures in tro d u ced  fo r  th e  design o f non-

re c u rs iv e  polyphase SC s tru c tu re s  fo r  dec im ation  and

in te r p o la t io n ,  which is  th e  s u b je c t o f th e  paper

[J .E .F RA NC A,  " N o n - r e c u r s i v e  P o l y p h a s e  S w i t c h e d - C a p a c i t o r  
D e c i m a t o r s  and I n t e r p o l a t o r s " ,  to be p u b l i s h e d  in the IEEE 
Trans, on C i r c ui ts  and Sy ste ms ]

-  In  Chapter 5, the  design o f NB and VNB SC bandpass f i l t e r

systems, re s p e c t iv e ly  w ith  baseband and freq uen cy- 

tr a n s la te d  o p e ra tin g  modes, em ploying e f f i c ie n t

a rc h ite c tu re s  o f SC c i r c u i t s  fo r  decim ation  and

in te r p o la t io n .  The proposal o f SPFT SC bandpass f i l t e r  

systems c o n s t itu te ,  in  our o p in io n , th e  best s o lu tio n  

a v a ila b le  fo r  th e  r e a l is a t io n  o f bandpass responses w ith  

ve ry  narrow r e la t iv e  bandw idths. The p r a c t ic a l  

dem onstra tion  o f an SPFT SC f i l t e r  system fo r  VNB bandpass
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f i l t e r i n g  a p p lic a tio n s  is  presented in

[J .E .F RAN CA,  "A S i n g l e - P a t h  F r e q u e n c y - T r a n s l a t e d
S w i t c h e d - C a p a c i t o r  Ba n d p a s s  F i l t e r  S y s t e m ” , to be p u b l i s h e d  
in the IEEE Trans, on C i r c ui ts  and Systems].

An SPFT SC system w ith  a new a rc h ite c tu re  fo r  o p e ra tio n  a t  

h ig h er frequency and improved r e je c t io n  o f unwanted a l ia s  

and image s ig n a ls , and, a ls o , fo r  dem onstration o f the  

o p e ra tio n  as s in g le  sideband g en era to r and d e te c to r , is  

described  in

[J .E. FRA NCA , "A S i n g l e - P a t h  F r e q u e n c y - T r a n s l a t e d
S w i t c h e d - C a p a c i t o r  S y s t e m  for F i l t e r i n g  and S i ng le  S i d e ba nd  
G e n e r a t i o n  and D e t e ct io n" , to be p r e s e n t e d  at the IEEE 
ISCAS'85, Kyoto, Japan, June 1985]

These systems have been th e  s u b je c t o f one p a te n t  

a p p lic a t io n  which has been f i l e d  by th e  M in is t ry

o f Defence, [J.E.FRANCA, "S w itch ed -C ap ac ito r

C ir c u its " ,  B r i t is h  P a te n t A p p lic a tio n  No . 8411547,  4th.M ay  

1984] ,  which describ es  th e  o r ig in a l  id ea  o f SPFT systems 

and g ives p re lim in a ry  exp erim en ta l r e s u lts  ob ta ined  on a 

dem onstration  system. Th is  p a te n t a p p lic a t io n  has been 

augmented to  in c lu d e  fu r th e r  developments and new improved 

r e s u lts  on SPFT systems, which produced a new B r i t is h  

P ate n t A p p lic a tio n  No . 8511218,  f i l e d  2nd. May 1985,  

c la im in g  p r io r i t y  from th e  B r i t is h  P a te n t A p p lic a tio n  

No. 8411547.

-  In  Chapter 6, the  id ea  o f SC NP f i l t e r  systems combining 

th e  bas ic  o p e ra tin g  p r in c ip le s  o f NP f i l t e r s  em ploying  

bandpass path f i l t e r s ,  and o f SPFT systems. Th is  is  

discussed in

[J .E .FR ANC A, "On S w i t c h e d - C a p a c i t o r  B a n d pa ss  Fi lt er  
S y s t em s With Very N a r r o w  R e l a t i v e  B a n d w i d t h s “ , to be 
p r e s e n t e d  at the E C C T D ’85, Prague, C z e c h o s l o v a k i a ,  
S e p t e m b e r  1985]
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2 .1  INTRODUCTION

In  th e  prev ious Chapter we examined th e  p r in c ip le s  o f 

o p e ra tio n  o f SC c i r c u i t s  and review ed th e  bas ic  aspects o f 

th e  a n a ly s is  and design o f SC f i l t e r s .  Th is  Chapter is  

concerned w ith  th e  a n a ly s is  o f th e  s p e c tra l c h a r a c te r is t ic s  

of SC f i l t e r s  and w ith  t h e i r  im p lic a tio n s  in  th e  c o n te x t o f 

a com plete SC f i l t e r  system.

The a n a ly s is  o f th e  s p e c tra l c h a r a c te r is t ic s  o f SC 

f i l t e r s ,  in  S ec tio n  2 . 2 ,  shows two forms o f a m b ig u ity , 

known as a l ia s in g  and im aging. A lia s in g  r e fe rs  to  th e  

m u l t i p l ic i t y  o f components o f th e  in p u t co n tin u o u s-tim e  

spectrum th a t  r e la t e  to  one component o f th e  o u tpu t 

d is c re te - t im e  spectrum . Im aging, on th e  o th e r hand, 

corresponds to  th e  m u l t i p l ic i t y  o f components o f the  

d is c re te - t im e  spectrum th a t  a re  produced by one component 

of th e  co n tin u o u s-tim e  spectrum . In  S ectio n  2 . 3 ,  we 

co nsider an SC f i l t e r  system in  which such a m b ig u itie s  a re  

e lim in a te d  by means o f an A n t i-A lia s in g  F i l t e r  (AAF) and an 

A n ti-Im a g in g  F i l t e r  ( A I F ) ,  r e s p e c t iv e ly  b e fo re  and a f t e r  

th e  SC f i l t e r ,  and whose shapes determ ine th e  o p e ra tio n  

mode o f th e  system. In  g e n e ra l, such f i l t e r s  employ a 

com bination o f low s e le c t iv i t y  co n tin u o u s-tim e  a c tiv e -R C  

f i l t e r s  to g e th e r w ith  s p e c ia lis e d  SC f i l t e r s ,  c a lle d  

decim ators and in te r p o la to r s ,  which a re  in tro d u ced  in  

S ectio n  2 . 4 .  In  S ectio n  2 .5  we d e scrib e  a sim ple procedure  

fo r  o p tim is in g  th e  t r a n s fe r  fu n c tio n s  o f a c la ss  o f SC 

decim ators and SC in te r p o la to rs  which a re  id e a l ly  s u ita b le  

fo r  a p p lic a t io n  in  narrow and ve ry  narrow SC bandpass
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f i l t e r  systems. F in a l ly ,  S ection  2 .6  summarises th e  

C h a p te r.

2 .2  SPECTRAL CHARACTERISTICS OF SC FILTERS

2 . 2 . 1  SC f i l t e r  model

According to  th e  tim e-dom ain o p e ra tio n  described  in  

th e  p rev ious C hapter, we can re p re s e n t an SC f i l t e r  by 

means o f th e  model shown in  F i g . 2 . 1 .  The sampling c i r c u i t

Fig.2.1: SC filte r m o d e l

d escrib es  the o p e ra tio n  o f in p u t v o lta g e  sam pling, th e  

d is c re te - t im e  charge processor implements th e  d is c re te - t im e  

t r a n s fe r  fu n c tio n  H(Z)  o f th e  SC f i l t e r  and the  hold  

c i r c u i t  rep resen ts  th e  e f f e c t  o f ou tpu t v o lta g e  h o ld in g . 

A fte r  exam ining th e  s p e c tra l c h a r a c te r is t ic s  o f each one of 

these c i r c u i t s ,  we s h a ll  then discuss th e  o v e r a ll  s p e c tra l  

c h a r a c te r is t ic s  o f SC f i l t e r s .

2 . 2 . 2  Sampling o p e ra tio n : a l ia s in g  and im aging

The process o f sam pling i l lu s t r a t e d  in  F i g . 2 . 2  is

viewed as an im pulse t r a in  s ( t ) ,  w ith  sampling perio d

T =1 / F  , m odulating a co n tin u o u s-tim e  s ig n a l x ( t )  y ie ld in g  s s a
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xa(tl» ■o X(t) sampling as a 

modulation process

s(t) <►

x (t)

✓
r

i

continuous-time
signal

impulse train

discrete-time
signal

(impulse sampled)

x (nTs)

£
samples 
in time

sequence of 
samples

F i g . 2.2: I l l u s t r a t i o n  of i m p u l s e  sa m p l i n g  o p e r a t i o n

th e  d is c r e te - t im e  s ig n a l x ( t ) .  M a th e m a tic a lly , th is  s ig n a l 

can be expressed as [ 2 . 1 ]

oo
( 2 . 1 )  . . .  x ( t )  = I  x  (nT ) .6 ( t -n T  )® s

n=0

where 6 ( t )  is  th e  im pulse (D ira c ) fu n c tio n  and x(nT )s
rep res en ts  th e  sequence o f samples o f th e  d is c re te - t im e  

(im pu lse sampled) s ig n a l.  The Laplace tran s fo rm  o f th e
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d is c re te - t im e  s ig n a l ( 2 . 1 )  is  g iven  by [ 2 . 1 ]

( 2 . 2 )  . . .  £ [ x ( t ) ]  = X(s) = Z x  (nT ) .e SnTs
n=0 S

which y ie ld s  the  F o u r ie r  tran sfo rm  (s=jw)

( 2 . 3 )  . . .  ?"[xC t)] = X(jco) = “  x  <nTs) .e' 3“nTs
n=0

I f  we express th e  F o u r ie r  tran sfo rm  o f th e  im pulse sampled

jwT
s ig n a l ( 2 . 3 )  using the  d is c re te - t im e  v a r ia b le  Z=e , then  

we o b ta in

( 2 . 4 )  . . .  £ [ x ( n T _ ) ]  = X(Z) = Z x ( n T ) . Z _nb ^ sn=0

which corresponds to  th e  d e f in i t io n  o f th e  Z -tran s fo rm  of 

th e  sequence o f samples x ( nTg ) [ 2 . 2 ] .  The l in k  between the  

Z -tra n s fo rm  ( 2 . 4 )  o f th e  sequence o f samples o f a s ig n a l on 

the  one hand, and both th e  Laplace ( 2 . 2 )  and the  F o u r ie r

( 2 . 3 )  transfo rm s o f th e  im pulse sampled ve rs io n  o f the  

s ig n a l on the  o th e r hand, is  im p o rtan t fo r  in te r p r e t in g  the  

t r a n s fe r  fu n c tio n  o f th e  d is c re te - t im e  processor, which we 

s h a ll  examine la t e r  on.

In  the  frequency domain, th e  above o p e ra tio n  o f 

m odulation corresponds to  th e  co n vo lu tio n  o f th e  F o u r ie r  

transfo rm s o f th e  im pulse t r a in  and o f th e  co n tin u o u s-tim e  

s ig n a l.  M a th e m a tic a lly , th is  can be expressed by [ 2 . 1 ]

I oo
( 2 . 5 )  ... X( jw) =X [j (S-nws)] = — Z X [j(C-nu) )] , u = 2ttfs

S n=-oo S
0)



where ( ju i) rep res en ts  th e  spectrum (F o u r ie r  tra n s fo rm ) o f

a co n tin u o u s-tim e  s ig n a l b e fo re  sam pling, w h ile  X( j w)  

re p re s e n ts  th e  spectrum o f th e  r e s u lt in g  d is c re te - t im e  

s ig n a l a f t e r  sam pling. Th is  eq uation  prov ides  th e  

fundam ental l in k  between th e  components o f th e  continuous

tim e  spectrum w ith  frequency u), and th e  components o f th e  

d is c r e te - t im e  spectrum w ith  frequency u>=u)±nujs . The 

d is c r e te - t im e  frequency components such th a t  uj=u>, i . e .  fo r  

n=0, w i l l  be c a lle d  baseband components, w h ile  th e

rem ain ing components a t  u>=ui-nu>s (n *0 ) w i l l  be c a lle d  

freq u en cy- t ra n s la te d  components. In  th e  above eq uation

( 2 . 5 ) ,  both w and ui can be e i th e r  n e g a tiv e  or p o s it iv e  

s ince th ey  re p re s e n t th e  argument o f s in e  and cosine  

fu n c t io n s . However, we s h a ll  regard  th e  fre q u e n c ie s  always  

as p o s it iv e  m easurable q u a n t it ie s  w ith  p h y s ic a l 

s ig n if ic a n c e , i . e .  re p re s e n tin g  th e  number o f cyc les  per 

t im e -u n it .  T h e re fo re , fo r  u>>0, we would w r ite  th e

d if fe r e n c e  frequency o f th e  fre q u e n c y -tra n s la te d  components

as w=w-nu> i f  ui>nu) , and as w=nw -0  i f  ui<nu> . 1s s s s

L e t us now consider th e  d is c re te - t im e  s p ec tra  produced  

by im pulse sampling o f two co n tin u o u s-tim e  frequency  

components and such th a t  u)2 =u)s+uî  , fo r  exam ple. For 

th e  case o f th e  co n tin u o u s -tim e  frequency component u>̂  , in  

F i g . 2 . 3 - a ,  eq uation  ( 2 . 5 )  leads to  th e  ' d is c r e te - t im e  

spectrum shown in  F i g . 2 . 3 - b .  However, th e  freq u en cy - 

t r a n s la te d  components w ith  n e g a tiv e  d if fe re n c e  freq uen cy,

S h e  c o r r e s p o n d i n g  phase i n v e r s i o n  is 
in the p r e s en t d i s c us si on .

81

not i m p o r t a n t
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a ) Xq( jco)

0 c, 0), 20),
cu

(b) X(jO))

A11 ■—
>

11
4 - - 

0),-20./,

ii
4 - 

01,-0),
U)

0 to, U^+U), 60+20),

(C)
X(jCJ)

A A A A A A

0 o, W+U), 203,-0), 2U>fO)1 36)^0),
U)

F i g . 2.3: (a) c o n t i n u o u s - time  s p e c t r u m  w i t h  c o m p o n e n t
at f r e q u e n c y  uj  ̂; (b) r e s u l t i n g  ima g e s p e c t r u m
wi t h  d i s c r e t e - t i m e  c o m p o n e n t s  at p o s i t i v e  and 
n e g a t i v e  f r e q u e n c i e s ;  (c) ima ge  s p e c t r u m  wi th 
d i s c r e t e - t i m e  c o m p o n e n t s  at p o s i t i v e  f r e q u e n c i e s

i . e .  ui^-nu»s (n>1) ,  a re  rep resen ted  as nu,s~w.j (n>1) thus  

y ie ld in g  the  (m easurable) d is c re te - t im e  spectrum o f 

F i g . 2 . 3 - c .  Th is is  c a lle d  th e  image spectrum of the  im pulse  

sampled co n tin u o u s-tim e  s ig n a l w ith  frequency , and which 

co n s is ts  o f one baseband component a t  a)=al̂  p lus an i n f i n i t e  

number o f fre q u e n c y -tra n s la te d  images a t  u)=nw tui. (n>1) .O I

F i g . 2 . 4  i l l u s t r a t e s  th e  fo rm atio n  o f the  image spectrum of 

th e  im pulse sampled co n tin u o u s-tim e  s ig n a l w ith  frequency  

i which is  ob ta ined  in  a s im ila r  way as above. The 

co n tin u o u s-tim e  frequency components u> 2  and y ie ld in g  the  

same image spectrum, re s p e c t iv e ly  in  F i g . 2 . 4 - c  and i n
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(a)

Co

(b) X(jCd)

Ai
i

A
i

iij
i
14

U£3GJ, 5j2 20J,
CO

0 CO-CO, fcU-

( c ) X(jCO)

A A A A A  A

0 COrCO, 2(O-£02 UJ2 3CO,-0)2 0V£O2 40),-£02
CO

F i g . 2.4: F o r m a t i o n  of the ima g e s p e c t r u m  of the
i m p u l s e  sa mp le d c o n t i n u o u s - t i m e  c o m p o n e n t  

at f r e q u e n c y  ^ 2 =u,s+ ^1

F i g . 2 . 3 - c ,  a re  c a lle d  a l ia s  components. A lia s in g

d is to r t io n  a r is e s  when th e  co n tin u o u s-tim e  spectrum

conta ins  a t  th e  same tim e both o f th e  a l ia s  components a t  

freq u en c ies  uî  and u^, F i g . 2 . 5 - a ,  in  which case the  

r e s u lt in g  image spectrum F i g . 2 . 5 - b  does no t d is t in g u is h  the  

frequency component from th e  frequency component u>2 , and 

v ic e -v e rs a . T h e re fo re , in  o rd er to  p reven t a l ia s in g  

d is to r t io n  i t  is  e s s e n t ia l th a t  th e  frequency components of 

th e  co n tin u o u s-tim e  spectrum a re  conta ined  in  o n ly  one o f 

th e  frequency bands i l lu s t r a t e d  in  F i g . 2 . 6 .  I f  the

co n tin u o u s-tim e  spectrum in c lu d e s  a DC component, then i t  

must be b a n d lim ite d  w ith in  th e  N yq u is t band from DC to
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( a ) X a (j£j)

U), ojs £2
(a

203,

b ) X(jOi)

i , — vectorial sum

(n
frequencies of — CU “ 03, OJ + 03, 203 “03, 203 + 03,image spectrum cu, 1 s 1 s 1 6 1 s 1

£,-U 3 .2 (jl3-O J, CU, 30Jr- S ) ,  0 3 + 0 3  ~  . r̂eq^nc.es of _ 
2 ws * “'s ^ 2  *'w 8 *"2 *"» *"2 image spectrum cu

F i g . 2.5: Impu lse  sa m p l i n g  of (a) two c o n t i n u o u s - time
alias c o m p o n e n t s  at f r e q u e n c i e s  and
u32=u)s+uj^ pr o d u c e s  (b) a l i a s i n g  d i s t o r t i o n  
c o r r e s p o n d i n g  to the s u p e r i m p o s i t i o n  of the 

r e s u l t i n g  d i s c r e t e - t i m e  ima g e spectra

X a (jfl)} Nyquist| 1 1 1 1j 1
Band l 1 1f_ 1

j ! 1
1

i
i
i
i
i

- , 
1 
1 
1 
1 
l

1
1
1
11

i
i
i
i
j

i
i
l
1
|

*i * *
1
1
1
1
|

0 03g/2 ^6 3U3g/2 2Ci)g 503s/2 3038

F i g . 2.6: C o n t i n u o u s - t i m e  s p e c t r u m  s p l i t - u p  into f r e q u e n c y
bands that do not c o n t a i n  alias c o m p o n e n t s

o>s / 2 ,  which is  th e  r e s u lt  o f th e  sampling theorem a p p lie d

to  lowpass responses [ 2 . 1 ] , [ 2 . 2 ] .  I f  th e  co n tin u o u s-tim e

spectrum does not in c lu d e  a DC component, then i t  can be

b a n d lim ited  e i th e r  w ith in  th e  N yq u is t band below w /2  ors
w ith in  any o th er frequency band above u>s / 2 , which is  a 

r e s u lt  o f th e  sampling theorem a p p lie d  to  bandpass 

responses [ 2 . 3 ] , [ 2 . 4 ] .  The re s u lts  i l lu s t r a t e d  in  F i g . 2 . 3 ,
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in  F i g .2 .4  and in  F i g . 2 .5  c o n s t itu te  th e  fundam ental 

aspects o f th e  sampling o p e ra tio n  o f SC f i l t e r s ,  viewed in  

th e  frequency-dom ains and which can be summarised as 

fo l lo w s :

1. Each component o f th e  co n tin u o u s-tim e  spectrum w ith  

frequency 05 is  c h a ra c te r is e d  by one image spectrum w ith  

frequency components a t  u)=Gi±nius>

2. The a l ia s  frequency components ui and nuis±u} o f th e  

co n tin u o u s-tim e  spectrum produce the  same image spectrum .

3. In  o rder to  p reven t a l ia s in g  d is t o r t io n ,  the  

co n tin u o u s-tim e  spectrum must not co n ta in  a l ia s  frequency  

components, i . e .  two or more s ig n a ls  y ie ld in g  th e  same 

image spectrum .

2 . 2 . 3  D is c re te - t im e  charge processor

The SC f i l t e r  in te r p r e te d  as a d is c re te - t im e  charge 

processor w ith  t r a n s fe r  fu n c tio n  H( Z) ,  is  a l in e a r  t im e -  

in v a r ia n t  network which r e la te s  th e  sequence o f samples 

x(nT ) a t  th e  in p u t to  th e  sequence o f samples y(nT  ) a t
S  5

th e  o u tp u t, as in d ic a te d  in  F ig .2 .7 - a  [ 2 . 1 ] , [ 2 . 2 ] .  We saw 

b efo re  th a t  th e  sequence o f samples a t  th e  in p u t is  

c h a ra c te r is e d  by th e  d is c r e te - t im e  spectrum X( j m) ;  th en , 

th e  d is c r e te - t im e  o u tp u t spectrum Y( jw)  is  o b ta in ed  using

( 2 . 6 )  . . .  Y(jw) = x(jw) .H(ju»

H( jw)  is  th e  d is c r e te - t im e  frequency response o f the  

d is c re te - t im e  processor, which is  determ ined by e v a lu a tin g  

the  d is c re te - t im e  t r a n s fe r  fu n c tio n  H(Z) on th e  u n i t  c i r c le



8 6

jU)T
Z=e . The modulus o f th e  frequency response y ie ld s  th e  

am plitude response H(u>), i . e .

( 2 . 7 )  . . . H(U»

which is  a p e r io d ic  fu n c tio n  o f u>, as i l lu s t r a t e d  in  th e  

example o f F i g . 2 . 7 - b .  Hence, knowledge o f the  am p litud e

H(Cd)

n n  n n
C0t/2

QJ
(D. 2C0.

Nyquist
Band

(b)

F i g . 2.7: (a) SC f i lt er  v i ew ed  as a d i s c r e t e - t i m e  c h a r g e
pr o c e s s o r ;  (b) P e r i o d i c  a m p l i t u d e  r e s p o n s e

response o f th e  d is c re te - t im e  charge processor in  th e  

N yq u is t band 0<u><ws /2  is  s u f f ic ie n t  to  o b ta in  the  am p litud e  

response fo r  a l l  ui. Note th a t  H (uj) d e fin e d  in  ( 2 . 6 )  and 

c a lc u la te d  in  ( 2 . 7 )  rep res en ts  a l in e a r  t im e - in v a r ia n t  

am plitude response, and thus frequency components above 

u>g/2  a re  as v a l id  as th e  frequency components below wg/ 2 .  

As we saw b e fo re , th is  re q u ire s  a s e t o f c o n s tra in ts  on the
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co n tin u o u s-tim e  spectrum ( jC5) producing X(ju>) -which is  

d i f f e r e n t  from th a t  re q u ire d  fo r  th e  frequency components 

below wg/ 2 .

2 . 2 . 4  Hold e f f e c t

The hold c i r c u i t  is  a l in e a r  t im e - in v a r ia n t  network  

whose o p e ra tio n  is  i l lu s t r a t e d  in  F i g . 2 . 8 - a .  The im pulse  

sampled s ig n a l a t  th e  o u tp u t o f the d is c re te - t im e  charge

-Hts

Hold

Circuit

i  n _

1 !■

* *
e.

K - N

i N -  T s
•-

-HEN-

( a )

F i g . 2.8: (a) O p e r a t i o n  of the hold ci r c u i t  and
(b) c o r r e s p o n d i n g  a m p l i t u d e  r e s p o n s e  

w i t h  full p e ri od  held si gn al

processor is  he ld  co n stan t du ring  an in te r v a l  o f tim e  

e <Tgf a f t e r  which th e re  is  a re tu rn  to  zero  in  the  

rem ain ing  o f the sw itch in g  p e rio d  T . Th is  leads to  the  

frequency response [ 2 . 1 ]

1 -jWEe
jw e

( 2 . 8 ) SH(jOJ)
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y ie ld in g  th e  am plitude response

( 2 . 9 )  . . . SH (00) JsH ( j03)
s i n  (Q3C/2) 

£ (03£/2)

U s u a lly , th e  ou tpu t s ig n a l o f SC f i l t e r s  is  held d u rin g  the  

f u l l  sw itch in g  p e rio d , i . e .  e=Tsi which im p lie s  th e  

f a m i l ia r  sample and hold fu n c tio n  p lo tte d  in  F i g . 2 . 8 - b .

2 . 2 . 5  In te r p r e ta t io n  o f th e  d is c re te - t im e  
outpu t spectrum o f an SC f i l t e r

From equations ( 2 . 5 ) ,  ( 2 . 6 )  and ( 2 . 9 ) ,  the  d is c r e te 

tim e o u tpu t spectrum Y(jui )  o f an SC f i l t e r  is  g iven  by

i CD
( 2 . 1 0 )  . . .  Y(jcj) = — I  [x (jw) .H( jw) .SH(ju))] , 03= 0 ) ± no3g

s n=0

Assuming th a t  the  in p u t co n tin u o u s-tim e  spectrum co n s is ts  

o f on ly  one frequency component a t  each tim e , i . e .  we 

e lim in a te  th e  v e c to r ia l  summation o f terms in  ( 2 . 1 0 ) ,  we 

can w r ite  th e  am p litud e  s p e c tra l c h a r a c te r is t ic  o f an SC 

f i l t e r ,  w ith  f u l l  p e rio d  sample and h o ld , as

sin(o)/2F )
( 2 . 1 1 )  . . .  Y (03) = IY  ( j03) | = X (03) .H  (03) . '( U3/2 F  1 00 = nWs ± ^

( n = 0 , 1 , 2 , . . . )

In  th e  la b o ra to ry , such an am plitud e  s p e c tra l  

c h a r a c te r is t ic  is  measured using th e  exp erim en ta l s e t-u p  

i l lu s t r a t e d  in  F i g . 2 . 9 .  Th is  co n s is ts  o f a syn thesised  

s ig n a l g en era to r which prov ides  the co n tin u o u s-tim e  s ig n a ls  

w ith  frequency u), and o f a synthesised  spectrum a n a ly s e r  

which is  ab le  to  tune to  each one o f th e  components o f the



F i g . 2.9: E x p e r i m e n t a l  s e t - u p  for sp e c t r a l
m e a s u r e m e n t s  in SC filters

d is c r e te - t im e  spectrum , a t  frequency u)=w±mus . The 

synth es ised  freq u en c ies  o f both th e  s ig n a l g en era to r and 

spectrum an a ly ser a re  synchronised by means o f a c o n tro l 

u n it  in  which we can program, fo r  example, e i th e r  one of 

th e  sweeping modes i l lu s t r a t e d  in  F i g . 2 . 1 0 .  In  th e  l ig h t  

o f th e  prev ious d iscu ss io n  o f th e  sampling o p e ra tio n , such 

sweeping modes a re  in te r p r e te d  as fo llo w s :

A lia s  sweeping mode ( F i g . 2 . 1 0 - a ) : th e  d is c re te - t im e

frequency components in  th e  band 0<u)<u>s /2  a re  baseband 

components o f CKuK uj /2 ,  bu t th ey  a re  fre q u e n c y -tra n s la te d5

components o f u>>u>s /2 .

Image sweeping mode ( F i g . 2 . 1 0 - b ) : th e  co n tin u o u s-tim e

spectrum in  th e  band 0<u><uis /2  produces baseband d is c r e te 

tim e  frequency components in  th e  band 0<u»<uis /2  and 

fre q u e n c y -tra n s la te d  components fo r  u>>u)s /2 .

Baseband sweeping mode ( F i g . 2 . 1 0 - c ) : th e  frequency

components in  both th e  co n tin u o u s-tim e  and th e  d is c r e te -
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( a ) (b)

F i g . 2.10: P r o g r a m m a b l e  sw e e p i n g  m o de s for sp e c t r a l
m e a s u r e m e n t s  in SC filters, (a) A l i a s i n g  
m e a s u r e m e n t ;  (b) Im ag ing  m e a s u r e m e n t ;  

(c) B a s e b a n d  m e a s u r e m e n t

tim e  sp ec tra  correspond to  baseband components ( in  eq uation

( 2 . 5 )  we have always n = 0 ) .

For the sake o f u n ifo rm ity , we s h a ll  d es ig n a te  th e  

frequency bands o f th e  in p u t and o f th e  ou tpu t sp ec tra  o f 

an SC f i l t e r  as fo llo w s : th e  frequency band below th e

N yq u is t frequency Fs / 2 ,  e i th e r  co n tin u o u s-tim e  or 

d is c r e te - t im e , corresponds to  th e  baseband o f th e  SC

f i l t e r ,  whereas th e  frequency bands above th e  N yq u is t
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frequency Fg/2 correspond to  fre q u e n c y -tra n s la te d  bands o f 

th e  SC f i l t e r .  Such d e s ig n a tio n  leads to  th e  re p re s e n ta tio n  

of th e  a l ia s  and image responses o f an SC bandpass f i l t e r ,  

fo r  exam ple, as shown in  F i g . 2 . 1 1 - a  and i n  F i g . 2 . 1 1 - b ,  

re s p e c t iv e ly .  The a l ia s  sweeping mode o f F i g . 2 . 1 0 - a  y ie ld s  

th e  a l ia s  response i l lu s t r a t e d  in  F i g . 2 . 1 1 - a ,  showing th e  

co n tin u o u s -tim e  fre q u e n c y -tra n s la te d  bands above Fg/2 th a t  

r e la t e  to  th e  d is c r e te - t im e  baseband o f th e  f i l t e r .  The 

image sweeping mode o f F i g . 2 . 1 0 - b  y ie ld s  th e  image response 

i l lu s t r a t e d  in  F i g . 2 . 1 1 - b ,  showing th e  d is c re te - t im e

91

continuous-time frequency bands relating to the 
discrete-time baseband

0 Fs/2 f

(a)

discrete-time frequency bands produced by the 
continuous-time baseband

(b)

F i g . 2.11: I l l u s t r a t i o n  of the (a) alias and (b) i m ag e
r e s p o n s e s  of an SC b a nd pa ss  fi lt er
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fre q u e n c y -tra n s la te d  bands above Fs /2 produced by th e

co n tin u o u s-tim e  baseband o f th e  f i l t e r .  The image response

is  m u lt ip l ie d  by th e  sample and hold fu n c tio n

s i n ( u f / F  ) / ( u f / F  ) .  By combining th e  a l ia s  and th e  image

responses in  F i g . 2.11 we o b ta in  F i g . 2 . 12 ,  which rep res en ts

s y m b o lic a lly  th e  m u lt ip le  in p u t and ou tpu t frequency bands

th a t  r e la t e  to  th e  response o f an SC bandpass f i l t e r  in  the

baseband from DC to  F /2 .s'

F i g . 2. 12: S y m b o l i c a l  r e p r e s e n t a t i o n  of the m u l t i p l e  input
and ou tp ut  f r e q u e n c y  bands r e l a t i n g  to the 
b a s e b a n d  r e s p o n s e  of an SC b a n d p a s s  filte r



2 .3  FUNDAMENTAL ASPECTS OF SC FILTER SYSTEMS

2 . 3 . 1  Modes o f o p e ra tio n

The purpose o f embedding an SC f i l t e r  in  an SC f i l t e r  

system, as shown in  F i g . 2 . 1 3 ,  is  to  ach ieve a s in g le -p a th  

o p e ra tio n  r e la t in g  on ly  one co n tin u o u s-tim e  frequency band 

w ith  components a t  frequency f  to  o n ly  one ou tpu t 

d is c r e te - t im e  frequency band w ith  components a t  frequency  

f .  The A n t i-A l ia s in g  F i l t e r  (AAF) b e fo re  th e  SC f i l t e r  

s e le c ts  th e  d e s ired  co n tin u o u s-tim e  frequency band, w h ile  

th e  A n ti-Im a g in g  F i l t e r  (AIF)  a f t e r  th e  SC f i l t e r  s e le c ts  

the  d e s ire d  d is c re te - t im e  frequency band. Depending on the

F i g . 2. 13: G e n e r a l  a r c h i t e c t u r e  of an SC f i lt er  s y st em

s e le c te d  va lues o f f  and f ,  such a correspondence may have 

any one o f the  forms i l lu s t r a t e d  in  F i g . 2 . 1 4 ,  which d e fin e  

th e  system o p e ra tin g  modes [ 2 . 5 ] .  The baseband f i l t e r i n g  

mode i l lu s t r a t e d  in  F i g . 2 . 1 4 - a ,  which corresponds to  the  

s e le c t io n  o f frequency components in  the N yq u is t band, i . e .  

f = f < F s / 2 ,  has been the  t r a d i t io n a l  mode o f o p e ra tio n  o f SC 

f i l t e r  systems. In  th is  th e s is  we propose SC f i l t e r  systems 

which o p era te  in  th e  fo llo w in g  fre q u e n c y -tra n s la te d  modes, 

corresponding to  th e  s e le c t io n  o f fre q u e n c y -tra n s la te d  

bands above the  N yq u is t frequency Fs /2:

U p w a r d s  f r e q u e n c y  t r a n s l a t i o n  c o r r e s p o n d s  t o  f > f ,  a n d  i t



94

may ta k e  two form s: in  d i r e c t  fre q u e n c y -tra n s la t io n  

( F i g . 2 . 1 4 - b )  we have f= f+ n F s( whereas in  freq u en cy - 

t r a n s la t io n  w ith  s p e c tra l in v e rs io n  ( F i g . 2 . 1 4 - c )  we have

f=nF - f .  s
Downwards frequency t r a n s la t io n  corresponds to  f < f  and, as 

above, we may have e i th e r  a d i r e c t  f re q u e n c y -tra n s la t io n  

( F i g . 2 . 1 4 - d )  or a fre q u e n c y -tra n s la t io n  w ith  s p e c tra l  

in v e rs io n  ( F i g . 2 . 1 4 - e ) .

Frequency- tra n s la te d  f i l t e r i n g  corresponds to  f = f >F  / 2 ,s
which can im ply  e i th e r  a d i r e c t  f re q u e n c y -tra n s la t io n  

( F i g . 2 . 1 4 - f )  or a f re q u e n c y -tra n s la t io n  w ith  double  

s p e c tra l in v e rs io n  ( F i g . 2 . 1 4 - g ) .

(a ) ?

f

B as* bond filtering

( b )
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F i g . 2. 14: I l l u s t r a t i o n  of the o p e r a t i n g  m o d e s  of an
SC f i l t e r  s y s t e m  w i t h  an SC ba n d p a s s  fi lt er
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SC f i l t e r  systems based on fre q u e n c y -tra n s la te d  modes, 

which we des ig nate  S in g le -P a th  F req u en cy -T ran s la ted  (SPFT) 

systems, a re  p a r t ic u la r ly  a t t r a c t iv e  fo r  the  r e a l is a t io n  o f 

bandpass responses w ith  very  narrow r e la t iv e  bandw idths. 

The des ig n , im p lem enta tion  and e v a lu a tio n  o f such SPFT SC 

f i l t e r  systems, as w e ll as o f SC f i l t e r  systems w ith  

baseband o p era tin g  mode, w i l l  be considered in  d e t a i l  in  

Chapter 5. Here, we s h a ll  continue to  look a t  some 

in tro d u c to ry  aspects o f SC f i l t e r  systems, in  p a r t ic u la r  

th e  design o f th e  AAF and o f th e  A IF ta k in g  in to  account 

the  te c h n o lo g ic a l c o n s tra in ts  to  bear in  mind fo r  th e  

im plem ention of such f i l t e r s .

2 . 3 . 2  A n t i-A lia s in g  F i l t e r

The c h a r a c te r is t ic  o f th e  AAF depends, f i r s t  o f a l l ,

on th e  o p e ra tio n  mode o f th e  system. A lowpass AAF is

employed fo r  a p p lic a t io n s  which re q u ire  th e  s e le c t io n  o f

th e  co n tin u o u s-tim e  baseband f<F  /2 ,  as in  th e  basebands
f i l t e r i n g  mode. A bandpass AAF, on th e  o th e r hand, is

u t i l i s e d  fo r  fre q u e n c y -tra n s la te d  f i l t e r i n g  a p p lic a tio n s

re q u ir in g  the s e le c t io n  o f one co n tin u o u s-tim e  freq u en cy-

tra n s la te d  band above F /2 .  The second m ajor fa c to r  whichs
determ ines the c h a r a c t e r is t ic  o f the  AAF is  th e  sampling  

r a t io  o f the  SC f i l t e r ,  m=Fs / f c , where f  is  th e  upper 

band-edge frequency o f th e  passband. In  SC bandpass 

f i l t e r s  w ith  narrow r e la t iv e  bandw idths, we u s u a lly  d e fin e  

th e  sampling r a t io  in  r e la t io n  to  th e  midband frequency f Q,

i . e .  m=Fs / f Q. The example g iven  in  F i g . 2.15 shows how th e  

s e le c t iv i t y  o f th e  AAF, in  th is  case w ith  lowpass response,



depends on th e  sampling r a t io  m o f an SC bandpass f i l t e r .

Alias band

o f0 fs/2

(a)

C3 I I w
band \

V

0 f0 Fs /2

(b)

F i g . 2.15: S e l e c t i v i t y  of l o w p as s AAF as a fu n c t i o n
of the s a m p l i n g  ra ti o F /f . (a) High
s a m p l i n g  ratio; (b) Low s a m p 2 i n g  rat i o

When th e  sam pling r a t io  is  h ig h , th e  AAF may have a wide 

t r a n s i t io n  band, as shown in  F i g . 2 . 1 5 - a .  Lower sampling  

r a t io s  im ply  narrow er t r a n s i t io n  bands, as i l lu s t r a t e d  in  

F i g . 2 . 1 5 - b .

2 . 3 . 3  A n ti-Im a g in g  F i l t e r

The am plitud e  c h a r a c te r is t ic  o f th e  A IF depends on the  

s e le c t io n  o f th e  d e s ired  image o f th e  d is c re te - t im e  o u tpu t 

spectrum as w e ll as on th e  sampling r a t io  o f th e  SC f i l t e r ,  

in  a s im ila r  way as fo r  th e  AAF. In  a d d it io n , th e  design o f 

th e  A IF is  a f fe c te d  by th e  shaping o f th e  image response by 

th e  fu n c tio n  s in x /x .  A lowpass A IF , fo r  example, may be 

les s  s e le c t iv e  than i t s  AAF c o u n te rp a rt, because th e  

fu n c tio n  s in x /x  in creases  th e  a tte n u a tio n  o f the  unwanted 

fre q u e n c y -tra n s la te d  images above Fg/2 w h ile  in tro d u c in g  

l i t t l e  a tte n u a t io n  on th e  d e s ire d  baseband image below F /25
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w hich, i f  necessary, can be e a s i ly  compensated [ 2 . 6 ] , [ 2 . 7 ] .  

On th e  o th er hand, th e  design o f a bandpass A IF fo r  

s e le c t in g  one fre q u e n c y -tra n s la te d  image above Fs / 2  is  

u s u a lly  more com plicated  than th e  design o f an e q u iv a le n t  

AAF, because th e  re q u ire d  compensation fo r  th e  fu n c tio n  

s in x /x  in creases  fo r  h ig h er frequency s e le c te d  images.

2 . 3 . 4  T ech n o lo g ica l c o n s tra in ts  o f 
co n tin u o u s-tim e  AAF and AIF

The AAF and th e  A IF re a lis e d  as co n tin u o u s-tim e

f i l t e r s  in  th e  co n ven tio n a l ac tiv e -R C  form u t i l i s e

p o ly s il ic o n  r e s is to r s ,  and MOS c a p a c ito rs  [ 2 . 8 ] , [ 2 . 9 ] .

T y p ic a lly ,  the  nominal re s is ta n c e  va lu e  o f a p o ly s il ic o n

r e s is to r  has a to le ra n c e  between ±25% and ±50%, depending

on th e  process o f fa b r ic a t io n .  The accuracy o f th e  ab so lu te

cap ac itan ce  va lu e  o f an MOS c a p a c ito r  is  between ±10% and

±20% [ 2 . 9 ] .  Assuming th a t  such v a r ia t io n s  are  u n c o rre la te d ,

th e  nominal va lu e  o f an RC tim e constan t can vary  as much

±70%, and, consequently , th e  accuracy o f th e  am plitud e

response o f an a c tiv e -R C  w i l l  be ra th e r  poor. M oreover,
-5tim e constants m  th e  audio  frequency range ( e . g .  RC^10 

seconds) re q u ire  ve ry  la rg e  re s is ta n c e  va lues o f th e  o rder
5

o f 10 Q and a ls o  la rg e  capac itance  va lues o f th e  o rder o f 
-1010 F. The im p lem enta tion  o f such tim e constants re q u ire s  

a la rg e  area o f s i l ic o n ,  which can be as much as 10-20  

tim es th e  area which is  re q u ire d  to  implement th e  la rg e s t  

cap ac itan ce  r a t io  t y p ic a l ly  a llow ed in  an SC f i l t e r  [ 2 . 1 0 ] ,

[ 2 . 9 ] .  B esides, m o n o lith ic  r e s is to r s  and c a p a c ito rs  are  

v o lta g e  and tem p era tu re  dependent thereby  in tro d u c in g
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sources o f s ig n a l d is to r t io n  in  SC f i l t e r  systems [ 2 . 9 ] .

In  view  o f th e  above te c h n o lo g ic a l c o n s tra in ts , on- 

ch ip  co n tin u o u s-tim e  a c tiv e -R C  f i l t e r s  o f th e  AAF and of 

th e  A IF a re  re q u ire d  to  have ( i )  lowpass response w ith  

maximum 3rd.  o rder to  reduce c i r c u i t  co m p lex ity  and ( i i )  

high nominal passband c u t - o f f  freq uen cy, not on ly  to  reduce  

the  tim e co n stan ts , bu t a ls o  to  a llo w  high v a r i a b i l i t y  o f 

th e  nominal am p litud e  response. T h e re fo re , such 

co n tin u o u s-tim e  f i l t e r s  can be employed fo r  a tte n u a tin g  

on ly  those fre q u e n c y -tra n s la te d  components whose 

freq u en c ie s  are  much h ig h e r than th e  maximum frequency o f 

in t e r e s t  o f the  SC f i l t e r  system, t y p ic a l ly  a r a t io  o f 15 

or even more. In  th e  case o f an SC bandpass f i l t e r  system, 

fo r  example, th is  im p lie s  an SC bandpass f i l t e r  w ith  high  

sam pling r a t io  Fs / f Q>16.  An SC bandpass f i l t e r  o p e ra tin g  

w ith  a low er sampling r a t io  Fs / f o<16, which may be re q u ire d  

fo r  capac itance  r a t io  re d u c tio n , fo r  example, generates  

unwanted fre q u e n c y -tra n s la te d  components a t  low er 

freq u en c ie s  which th e  AAF and A IF  w ith  co n tin u o u s-tim e  

f i l t e r s  can not a t te n u a te  ad eq u a te ly . Th is  g ives r is e  to  

u n d e s ira b le  e f fe c ts  o f a l ia s in g  and im aging in  th e  system. 

In  o rd er to  overcome such problem , we have to  in c re a s e  th e  

s e le c t iv i t y  o f th e  AAF and A IF by means o f s p e c ia lis e d  SC 

c i r c u i t s ,  r e s p e c t iv e ly  c a lle d  SC decim ators and SC 

in te r p o la to r s ,  whose fundam ental f i l t e r i n g  aspects w i l l  be 

examined in  the  next S e c tio n .

9 9
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2 .4  AAF AND A IF WITH INCREASED SELECTIVITY

2 . 4 . 1  AAF w ith  SC decim ator

The g en era l a r c h ite c tu r e  o f an AAF is  shown in  

F i g . 2 . 16 .  A f te r  th e  in p u t co n tin u o u s-tim e  f i l t e r ,  we have 

an SC decim ator w ith  in p u t sampling r a te  MFg (M is  an 

in te g e r  >1) and whose o u tp u t s ig n a l is  sampled a t  low er 

r a te  Fg by th e  fo llo w in g  SC f i l t e r .  R eduction o f the

A AF
l-----------------------------------1

F i g . 2. 16: AAF w i t h  SC d e c i m a t o r

sampling ra te  from a h igh va lu e  MF to  a low er va lu e  F is
5 S

c a lle d  decim ation  by a fa c to r  M [ 2 . 1 1 ] .  In  the  frequency  

domain, th e  c h a r a c te r is t ic  o f the  SC decim ator is  im p o rta n t  

because i t  should a tte n u a te  those unwanted a l ia s  

fre q u e n c y -tra n s la te d  components as so c ia ted  w ith  th e  s ig n a l 

a t  low er sampling ra te  Fg which have not been s u f f ic ie n t ly  

a tte n u a te d  by th e  in p u t co n tin u o u s-tim e  f i l t e r .  Th is  is  

i l lu s t r a t e d  by means o f th e  sim ple example in  F i g . 2 . 17 ,  fo r  

an SC decim ator w ith  M=2. F i g . 2 . 1 7 - a  shows th e  a l ia s

response o f an SC lowpass f i l t e r  w ith  upper band-edge 

frequency f  , and sw itch in g  frequency F , in  which we want 

to  s e le c t  the  baseband below th e  N yq u is t frequency Fs / 2 .  A 

low s e le c t iv i t y  co n tin u o u s-tim e  f i l t e r  a tte n u a te s  the



(b)
minimum
aliasing
rejection

(d )
A AF

F i g . 2.17: I l l u s t r a t i o n  of the a n t i - a l i a s i n g  c h a r a c t e r i s t i c
of an AAF w i t h  c o m b i n e d  l o w - s e l e c t i v i t y  

c o n t i n u o u s - t i m e  f i lt er  and SC d e c i m a t o r

unwanted a l ia s  fre q u e n c y -tra n s la te d  components above

2F - f  . as shown in  F i g . 2 . 1 7 - b .  In  o rder to  a t te n u a te  the  s c

unwanted a l ia s  fre q u e n c y -tra n s la te d  components around F , 

which would g ive  r is e  to  a l ia s in g  d is to r t io n ,  we in tro d u c e  

an SC decim ator M=2 w ith  th e  p e r io d ic  c h a r a c te r is t ic  shown 

in  F i g . 2 . 1 7 - c .  The com bination o f th e  co n tin u o u s-tim e
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f i l t e r ,  on the  one hand, to g e th e r w ith  th e  SC d ec im ato r, on 

th e  o th e r hand, p rov ides th e  re q u ire d  a n t i - a l ia s in g  

c h a r a c te r is t ic  o f the  AAF i l lu s t r a t e d  in  F i g . 2 . 1 7 - d .

2 . 4 . 2  A IF w ith  SC in te r p o la to r

The genera l a rc h ite c tu re  o f an A IF is  rep resen ted  in  

F i g . 2 . 18 .  A f t e r  th e  SC f i l t e r  o p e ra tin g  a t  low sampling  

r a te  F s , we have an SC in te r p o la to r  w ith  o u tp u t sampling  

r a te  LFg (l  is  an in te g e r  >1) ,  which is  fo llo w e d  by the  

ou tp u t co n tin u o u s-tim e  f i l t e r .  In c re as e  o f th e  sam pling

AIF

F i g . 2. 18: AIF wi t h  SC i n t e r p o l a t o r

r a t e  from a low va lu e  F to  a h ig h e r va lu e  LF is  c a lle ds s
in te r p o la t io n  by a fa c to r  L [ 2 . 1 1 ] .  The c h a r a c te r is t ic  o f 

th e  SC in te r p o la to r  in  th e  frequency-dom ain is  a ls o  

im p o rta n t because i t  should a tte n u a te  those unwanted 

fre q u e n c y -tra n s la te d  components produced by th e  SC f i l t e r  

a t  low sampling r a te  Fg which w i l l  no t be s u f f ic ie n t ly  

a tte n u a te d  by th e  ou tpu t co n tin u o u s-tim e  f i l t e r .  Th is  is  

i l lu s t r a t e d  in  th e  sim ple example g iven in  F i g . 2. 19 fo r  an 

SC in te r p o la to r  w ith  L= 2 . I n  F i g . 2 . 1 9 - a  we have th e  image 

response o f the  SC f i l t e r  which is  p a r t ly  t a i lo r e d  by th e  

sample and hold fu n c tio n  corresponding to  th e  low sampling
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(C)
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F i g . 2.19: I l l u s t r a t i o n  of the a n t i - i m a g i n g  c h a r a c t e r i s t i c
of an AIF w i t h  c o mb in ed  l o w - s e l e c t i v i t y  

c o n t i n u o u s - t i m e  fi lt er  and SC i n t e r p o l a t o r

r a te  F The SC in te r p o la to r  L=2 is  designed to  a tte n u a te  

th e  unwanted image fre q u e n c y -tra n s la te d  components around 

F , as shown in  F i g . 2 . 1 9 - b .  The rem ain ing unwanted image 

fre q u e n c y -tra n s la te d  components around 2Fgf and above, w i l l  

then  be a tte n u a te d  by th e  o u tp u t co n tin u o u s-tim e  f i l t e r  

w ith  low s e le c t iv i t y  y ie ld in g  th e  o v e r a l l  a n ti- im a g in g  

c h a r a c te r is t ic  o f th e  A IF  i l lu s t r a t e d  in  f i g . 2 . 1 9 - c .
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2 . 4 . 3  F i l t e r in g  c h a r a c te r is t ic s  o f
SC decim ators and in te r p o la to rs

D ecim ation and in te r p o la t io n  a re  regarded as l in e a r  

f i l t e r i n g  processes in  which a p p ro p ria te  frequency

responses o f th e  decim ators and in te r p o la to r s ,  e i th e r  w ith  

FIR or H R  t r a n s fe r  fu n c tio n s , r e j e c t  unwanted a l ia s  and 

image fre q u e n c y -tra n s la te d  components [ 2 . 4 ] , [ 2 . 1 2 ] , [ 2 . 1 3 ] .  

In  SC bandpass f i l t e r  systems, th e  d e r iv a t io n  o f such 

frequency responses fo r  SC decim ators and in te r p o la to rs  

must ta k e  in to  account th e  fo llo w in g  system aspects

[ 2 . 5 ] , [ 2 . 1 4 ] :

1. System o p e ra tin g  mode ( e . g .  baseband, freq uen cy- 

t r a n s la te d  ) .

2. Sampling r a t io  o f th e  SC bandpass f i l t e r .

3. Required fa c to rs  M and L o f sampling ra te  a l t e r a t io n  to  

a llo w  low s e le c t iv i t y  co n tin u o u s-tim e  f i l t e r s  in  the  

system .

4. R equired le v e l o f a t te n u a t io n  o f unwanted freq u en cy- 

t r a n s la te d  components in  th e  system.

Some o f these aspects a re  i l lu s t r a t e d  in  F i g . 2 . 20 ,  

r e fe r r in g  to  th e  process o f d ec im atio n . The examples g iven  

in  F i g . 2 . 2 0 - a ,  F i g . 2 . 2 0 - b  and F i g . 2 . 2 0 - c  correspond to  SC 

bandpass f i l t e r  systems o p e ra tin g  in  a baseband f i l t e r i n g  

mode, in  which th e  SC bandpass f i l t e r  has d i f f e r e n t  

sam pling r a t io s .  A h igh sampling r a t io ,  say m>10, perm its  

an SC decim ator w ith  low fa c to r  o f sampling ra te  re d u c tio n , 

e . g .  M=2, and i t  s u f f i c e s  to  have an FIR s in g le  notch  

ap prox im ation  w ith  notch frequency a t  F , as shown in
5

F i g . 2 . 20-a [ 2 . 1 5 ] —[ 2 . 1 8 ] .  A low er sampling r a t io  o f the  SC
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F i g . 2.20: F i l t e r i n g  c h a r a c t e r i s t i c s  of SC d e c i m a t o r s  as a
f u n c t i o n  of the s a m p l i n g  ratio F /f and s y s t e m  
o p e r a t i n g  mode. (a) FIR lo wp as s d e c i m a t o r  w i t h  
M= 2 and si ng le n o t c h  at F ; (b) FIR lo w p a s s
d e c i m a t o r  w i th  M=4 and si ngl e no t c h e s  at F and 
and 2F ; (c) FIR l o w p a s s  d e c i m a t o r  w i t h  M=f and
o p t i m u m  notch p l a c e m e n t  around F and 2F ; 
(d) FIR b a n d p a s s  d e c i m a t o r  wi th M=8 and o p t i m u m  
m u l t i n o t c h  p l a c em en t;  (e) IIR b a n d p a s s  d e c i m a t o r  
w i t h  M= 8 and w i d e b a n d  st op ba nd a p p r o x i m a t i o n
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bandpass f i l t e r  re q u ire s  a h ig h e r fa c to r ,  M>2, o f sam pling  

r a te  re d u c tio n  o f th e  SC decim ator in  o rder to  a llo w  a 

co n tin u o u s -tim e  f i l t e r  in  th e  system w ith  s im ila r  

c h a r a c te r is t ic s .  However, even an SC decim ator w ith  M=4, 

but w ith  s in g le  notches a t  Fg an(j  2Fg , does not p ro v id e  the  

re q u ire d  r e je c t io n  o f th e  unwanted a l ia s  freq uen cy- 

t r a n s la te d  components, as in d ic a te d  in  F i g . 2 . 2 0 - b .  In s te a d , 

we employ th e  op tim ised  FIR  m u ltin o tc h  stopband 

approx im ation  shown in  F i g . 2 . 2 0 - c  whereby th e  notch  

freq u en c ie s  a re  s h if te d  e x a c t ly  to  th e  c e n tre  o f th e  a l ia s  

fre q u e n c y -tra n s la te d  bands to  be a tte n u a te d . By reducing  

even fu r th e r  th e  sam pling r a t io  o f th e  SC bandpass f i l t e r ,  

such th a t  m<1, we have a fre q u e n c y -tra n s la te d  o p e ra tin g  

mode i l lu s t r a t e d  in  th e  examples o f F i g . 2 . 2 0 - d  and 

F i g . 2 . 2 0 - e ,  in  which th e  SC decim ator is  re q u ire d  to  have 

even h igher fa c to rs  M of sampling ra te  re d u c tio n . A lthough  

an op tim ised  FIR m u ltin o tc h  stopband ap prox im ation  may 

s t i l l  be employed, as shown in  f i g . 2 . 2 0 - d ,  i t  may be more 

e f f i c i e n t  to  employ th e  H R  wideband stopband approxim ation  

i l l u s t r a t e d  in  F i g . 2 . 2 0 - e .  The adoption  o f e i th e r  one of 

such a m p litu d e /fre q u e n c y  ap prox im ation s , e . g .  FIR  

m u ltin o tc h  stopband or I IR  wideband stopband, im p lie s  

fu r th e r  c o n s id e ra tio n s  concerning th e  SC decim ator (and 

in te r p o la to r )  c i r c u i t s  a v a i la b le  fo r  im p lem en ta tio n . We 

s h a ll  d escrib e  these aspects in  Chapter 3 and in  Chapter 4.
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2 .5  OPTIMUM FIR TRANSFER FUNCTIONS FOR 
DECIMATION AND INTERPOLATION

H R  wideband stopband approxim ations can be ob ta ined  

w ith o u t to o  much d i f f i c u l t y ,  fo r  example employing any one 

o f the  many procedures a v a i la b le  fo r  th e  design o f SC 

f i l t e r s  in  g en era l [ 2 . 1 9 ] , [ 2 . 2 0 ] .  On th e  o th e r hand, th e  

d e r iv a t io n  o f FIR m u ltin o tc h  stopband approxim ations using  

known techn iques is  more tim e consuming, and u s u a lly  

re q u ire s  th e  use o f nu m erica l to o ls  fo r  o p tim is a tio n  ( e . g .  

[ 2 . 2 1 ] , [ 2 . 2 2 ] ) .  In  th is  S ec tio n  we consider a very  sim ple  

techn iqu e  fo r  o p tim is a tio n  o f FIR t r a n s fe r  fu n c tio n s  fo r  

decim ation  and fo r  in te r p o la t io n ,  which produce notch  

freq u en c ie s  e x a c t ly  a t  th e  c e n tre  o f the a l ia s  and image 

fre q u e n c y -tra n s la te d  bands to  be a tte n u a te d .

The problem o f ex ac t placement o f the  notch

freq u en c ie s  o f th e  frequency responses fo r  decim ation  and 

fo r  in te r p o la t io n  is  so lved d i r e c t ly  in  th e  d is c re te - t im e  

frequency domain in  o rder to  avoid  w arping e f f e c t s  in h e re n t  

to  th e  tra n s fo rm a tio n s  from th e  co n tin u o u s-tim e  domain. For 

th is  purpose, l e t  us co n s id er a narrowband SC bandpass 

f i l t e r  w ith  midband frequency f  and sw itch in g  frequency Fg 

which is  s y m b o lic a lly  rep resen ted  on th e  u n it  c i r c le  by a 

complex con jugate  p o le -p a ir  w ith  r  =1 and argumentr
*

0 =2vf  /F  and B =2tt(F - f  ) / F  , re s p e c t iv e ly  on th e  upperp O S  p 5 0 5

h a l f - c i r c l e  corresponding to  th e  baseband from DC to  Fg/2  

and on th e  lower h a l f - c i r c l e  corresponding to  the  

fre q u e n c y -tra n s la te d  band from Fg/2 to  F , as shown in  

F i g . 2 . 2 1 - a .  The p e r io d ic  c h a r a c te r is t ic  o f such an SC
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bandpass 

exam ple,

f i l t e r  in  th e  frequency band from DC to  2Fg( fo r  

is  shown in  F i g . 2 . 2 1 - b .  A sampling ra te  a l t e r a t io n

(f0)

(a) (b) (c)

F i g . 2.21: R e p r e s e n t a t i o n  of a c o m p l e x  c o n j u g a t e  pole-
pair (a) on the unit c i rc le  f r om  DC to F .

sand, (b) on the unit c i rc le  fr o m  DC to 2F ;s
(c) Co m p l e x  c o n j u g a t e  z e r o - p a i r  g i v i n g  an
o p t i m u m  p l a c e m e n t  of not ch  f r e q u e n c i e s
ar ou nd  F , for f a c t or s M=2 and L=2 of s

s a m p l i n g  rate a l t e r a t i o n

fa c to r  M-2 or L=2 im p lie s  e lim in a t io n  o f th e  unwanted 

fre q u e n c y -tra n s la te d  components, re s p e c t iv e ly  a l ia s  and 

image, which correspond to  th e  po le  arguments 

0 i = 2u(F - f  ) / 2 F  and 0 ., = 2 tt(F +f  ) / 2F . Th is  can bepi S O S  pi S O S
achieved by means o f an FIR t r a n s fe r  fu n c tio n  which 

corresponds to  the  complex con jugate  z e ro -p a ir  i l lu s t r a t e d  

in  F i g . 2 . 2 1 - c  and which is  expressed as

2
( 2 . 12 )  . . .  h (Z) = E h.Z 1

i=o

where th e  u n it  d e lay  p e rio d  is  1 / 2Fg . In  order to  o b ta in  

the design equations fo r  o p tim is a tio n  o f the  c o e f f ic ie n ts  

h 1 and we co nsider f i r s t  the  product

(2 . 13-a) z-z. Z - z . =K [z-i
jH(F

) ' (z-c,-31,<Fs-fo>/Fs’
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y ie ld in g

(2.13-b) ... (z-zi).(z-z*) =Z2 . K . | l - 2 c o s [ 7 T ( F s - f 0 ) / F s] . Z ' ^ Z " 2

where K is  an a r b i t r a r y  g a in  co n s tan t. By sim ple geom etric  

c o n s id e ra tio n s  i l lu s t r a t e d  in  F i g . 2 . 2 1 - c ,  th e  modulus of 

( 2 . 1 3 - b )  a t  midband frequency f  ^s g iven by

( 2 . 1 3 - c )  . . . Z-Z. Z-Z, _ i2TTf0 / 2 F t
= K .4  . c o s ( lT f0 /F«

Z=e

Hence, from ( 2 . 1 3 - a )  and ( 2 . 1 3 - b ) ,  and fo r  K=1 a t  midband 

frequency f  , we o b ta in  th e  design equations g iven in  Table

2.1 fo r  th e  optimum c o e f f ic ie n ts  h^, h 1 , and -

2
H (Z )  = Z h . Z  

1=0

hQ=h3= [4cos(7T f0 / F s )]  1

h = COSr7r(FR-fo)/Fs] 
2 2 c o s  (TTf0 / F s )

U n ity  g a in  @ f

T a bl e 2.1: De si gn  e q u a t i o n s  for o p t i m u m  FIR
t r a n s f e r  f u n c t i o n s  for f a c t or s M=2 
and L=2 of s a m p l i n g  rate a l t e r a t i o n
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Another o fte n  used fa c to r  o f sam pling ra te  a l t e r a t io n

is  M=L=3, which im p lie s  e lim in a t io n  o f th e  unwanted

fre q u e n c y -tra n s la te d  components up to  3F - f  ass o

i l lu s t r a t e d  in  F i g . 2 . 2 2 - a .  The z e ro -p a t te rn  shown in

(a ) (b)

F i g . 2.22: (a) R e p r e s e n t a t i o n  of the c o m p l e x  c o n j u g a t e
p o l e - p a i r  in F i g . 2 . 2 1 - a  on the unit c i r c l e
fr om DC to 3F ; (b ) C o m p l e x  c o n j u g a t e  zero-

spairs g i v i n g  an o p t i m u m  p l a c e m e n t  of not c h  
f r e q u e n c i e s  a r ou nd  F and 2F , for f a ct or s

S SM=3 and L=3 of s a m p l i n g  rate a l t e r a t i o n

F i g . 2 . 2 2 ~ b  leads to  an FIR t r a n s fe r  fu n c tio n  o f th e  form

4
( 2 . 1 4 ) . . .  H (Z )  = Z h ±Z_1

i = o

where th e  u n it  d e lay  p e rio d  is  1 / 3Fg . The design equations  

fo r  th e  op tim ised  FIR c o e f f ic ie n ts  a re  summarised in  Tab le

2 . 2 .

Optimum FIR t r a n s fe r  fu n c tio n s  fo r  h ig h e r fa c to rs  o f 

sampling r a te  a l t e r a t io n  can a ls o  be d e riv ed  using the  

above procedure, fo r  subsequent im p lem enta tion  using a 

s in g le  stage SC decim ator or in te r p o la to r  c i r c u i t .

A l te r n a t iv e ly ,  we can employ th e  e lem entary t r a n s fe r

fu n c tio n s  fo r  M=L=2 or M=L=3 in  o rder to  im plem ent SC
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4
H(Z) = Z h.Z 

i=o

hO =h4 =Y/16 

h i=h 3= (l-a2 -B2)-Y/4

h 2 = (3-4a2 -432 -8a2 $ 2 )-y/8

a=cos[7T(Fs -f0 )/3Fs ] 

3=cos [tt (2Fs-f0 ) / 3 F s ]

Unity gain @ f Q

T a bl e 2.2: De si gn  e q u a t i o n s  for o p t i m u m  FIR t r a n s f e r
f u n c t i o n s  for fa ct or s M=3 and L=3 of 

s a m p l i n g  rate a l t e r a t i o n

declinators and in te r p o la to r s  w ith  cascade s tru c tu re s .  

Examples o f both o f th ese  approaches w i l l  be g iven  in  

Chapter 4 and in  Chapter 5»

2 .6  SUMMARY

We s ta r te d  th is  C hapter by exam ining th e  aspects o f 

a l ia s in g  and im aging in  SC f i l t e r s ,  c o n s is tin g  o f a 

m u l t i p l i c i t y  o f in p u t and o u tp u t fre q u e n c y -tra n s la te d  bands 

above th e  N yq u is t frequency o f th e  SC f i l t e r ,  which r e la t e  

to  th e  baseband response below the N yq u is t freq uen cy.
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Based on th e  m an ip u la tio n  o f those s p e c tra l  

c h a r a c te r is t ic s ,  we discussed va rio u s  o p e ra tin g  modes fo r  

SC f i l t e r  systems which depend on th e  s e le c t io n  o f 

a p p ro p ria te  in p u t and o u tp u t frequency bands, e ith e r  

baseband or fre q u e n c y -tra n s la te d . H ith e r to , SC f i l t e r  

systems have operated  in  th e  co n ven tio n a l baseband 

f i l t e r i n g  mode, corresponding to  th e  s e le c t io n  o f th e  

frequency band below th e  N yq u is t freq uen cy. In  th is  

C hapter, we in tro d u ced  novel SC system o p e ra tin g  modes, 

corresponding to  the  s e le c t io n  o f s p e c if ie d  in p u t and 

ou tpu t fre q u e n c y -tra n s la te d  bands above th e  N yqu ist 

frequency, which are  p a r t ic u la r ly  im p o rta n t fo r  bandpass 

f i l t e r i n g  a p p lic a t io n s  w ith  very  narrow r e la t iv e  

bandw idths. We then describ ed  th e  genera l a rc h ite c tu re  fo r  

im p lem enta tion  o f SC f i l t e r  systems, w ith  baseband and 

fre q u e n c y -tra n s la te d  o p e ra tin g  modes, which a re  re q u ire d  to  

have a p p ro p ria te  AAF and A IF w ith  lowpass and bandpass 

responses, re s p e c t iv e ly .  In  g e n e ra l, th e  AAF and AIF  

c o n s is t o f a com bination o f lo w -s e le c t iv i t y  lo w -p re c is io n  

co n tin u o u s-tim e  f i l t e r s  fo r  a t te n u a t in g  unwanted s ig n a l 

components a t  h igh frequency, to g e th e r  w ith  e f f i c i e n t  SC 

decim ator and in te r p o la to r  c ir c u i ts  fo r  a tte n u a tin g  

unwanted s ig n a l components w ith  frequency c lo se  to  th e  

passband o f th e  system. SC decim ators and in te r p o la to rs  can 

have H R  or FIR t r a n s fe r  fu n c t io n s , or even a com bination  

of bo th , which have to  be d e riv ed  b earin g  in  mind the  

o p e ra tin g  mode o f th e  system, th e  sampling r a t io  o f th e  SC 

f i l t e r  and th e  a n t i - a l ia s in g  and a n ti- im a g in g  

s p e c if ic a t io n s . For FIR t r a n s fe r  fu n c tio n s  we in tro d u ced  a
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s i m p l e  o p t i m i s a t i o n  t e c h n i q u e ,  w h i c h  a l l o w s  u s  t o  p l a c e  t h e  

n o t c h  f r e q u e n c i e s  i n  s u c h  a  w a y  t h a t  t h e  a t t e n u a t i o n  o f  t h e  

u n w a n t e d  a l i a s  o r  i m a g e  c o m p o n e n t s  i s  m a x i m i s e d .
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3.1 INTRODUCTION

SC b iq u a d ra t ic  s e c t io n s  (b iquads) a re  u t i l i s e d  in  

va rio u s  p a r ts  o f th e  SC bandpass f i l t e r  systems th a t  we 

s h a l l  d e s c r ib e  in  Chapter 5. Cascade SC biquad s t ru c tu re s  

w ith  moderate s e n s i t i v i t y  a re  employed fo r  SC decim ators  

and in t e r p o la t o r s ,  whereas f o r  h ig h - q u a l i t y  SC bandpass 

f i l t e r s  we employ in s te a d  SC coupled-biquad s tru c tu re s  

based on th e  s im u la t io n  o f low s e n s i t i v i t y  LCR lad d e r  

p ro to ty p e  f i l t e r s .  The purpose o f t h is  Chapter is  to  

develop SC biquad b u i ld in g  blocks which a re  s u i ta b le  fo r

such a p p l ic a t io n s ,  and to  study t h e i r p r o p e r t ie s ,

p a r t i c u l a r l y w ith  resp ec t to  the problem of la rg e

capac itance r a t io s  which a r is e  in f i l t e r s w ith high

s e l e c t i v i t y .

In  o rder to  dea l w ith  th e  synthesis  and a n a ly s is  of SC 

biquads we need v e r s a t i l e  to o ls  t h a t  are  s im ple to  use and 

g ive  a good in t e r p r e t a t io n  o f th e  o p e ra t io n  of the  

c i r c u i t s .  The SC e q u iv a le n t  c i r c u i t s  e s ta b lis h e d  by Laker

[ 3 . 1 ]  are  not e n t i r e l y  s a t is f a c t o r y ,  m ain ly  because they  

lead  to  com plicated networks th a t  are  d i f f i c u l t  to  

m anip u la te  and to  a n a ly s e . S ig n a l Flow Graph (SFG) 

techn iques prov ide  a much s im p le r  means o f re p re s e n t in g  SC 

c i r c u i t s ,  both fo r  sy n th es is  and fo r  a n a ly s is  [ 3 . 2 ] - [ 3 . 5 ] .  

The approach by Moschytz and Brugger [ 3 . 4 ] , [ 3 . 5 ] ,  a lthough  

being g e n e ra l ly  a p p l ic a b le  to  th e  a n a ly s is  o f  any type of  

SC c i r c u i t ,  does not p ro v id e  the  d e s ir a b le  p h y s ic a l  

i n t e r p r e t a t io n  of SC c i r c u i t s  t h a t  is  achieved using the  

SFG' s proposed by Haigh and Singh [ 3 . 2 ]  and which we
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g e n e ra l is e  in  Section  3 . 2 .  Such SFG' s are  then employed, in  

S ectio n  3 . 3 ,  to  develop p a r a s i t i c - in s e n s i t i v e  SC biquad  

b u i ld in g  blocks based on a Two In te g r a t o r  Loop (T IL )  

s t r u c tu r e .  In  S ection  3 . 4 ,  we presen t a f u l l  s e t  o f design  

equations fo r  SC biquads whose d is c r e te - t im e  t r a n s f e r  

fu n c t io n s  are  d e r iv e d  from co ntinuo us-tim e  t r a n s fe r  

fu n c t io n s  using the  b i l i n e a r  t ra n s fo rm a t io n . I t  i s  shown 

t h a t  th e  r e s u l t in g  SC biquads have low s e n s i t i v i t y  o f the  

frequency and q u a l i t y - f a c t o r  (Q - fa c to r )  o f th e  complex 

conjugate  p o le - p a i r  w ith  resp ec t to  changes of th e  nominal 

capac itance  va lu e s .

As we saw in  Chapter 1, the  capac itance  r a t i o  

requ irem ents  fo r  the  design of h ig h ly  s e le c t iv e  SC f i l t e r s  

become unacceptably  la r g e ,  both from the p o in t  o f view of  

t h e i r  a c cu rac ies , and from the p o in t  o f view of th e  s i l i c o n  

area re q u ire d  fo r  im p lem enta tion . The techniques c u r r e n t ly  

a v a i la b le  fo r  re d u c tio n  o f capac itance r a t io s  are  not f u l l y  

s a t is f a c t o r y ,  e i t h e r  because they  render the  frequency  

response of the  SC f i l t e r s  ra th e r  s e n s i t iv e  to  capac itance  

r a t i o  e r ro rs  [ 3 . 6 ] ,  or because they d estro y  the p a r a s i t i c  

in s e n s i t iv e  p ro p e rty  o f th e  c i r c u i t s  thus in c re a s in g  the  

e f f e c t i v e  capac itance  r a t i o  e r ro rs  [ 3 . 7 ] , [ 3 . 8 ] .  In  the  

second p a r t  of t h is  Chapter, which comprises S ections 3 . 5 ,

3 . 6 ,  and 3 . 7 ,  we p res en t a novel a n a ly s is  o f capac itance  

r a t io s  in  SC biquads, which leads to  the  proposal o f an 

optimum va lue  of the  sw itch in g  frequency y ie ld in g  ab so lu te  

minimum capac itance  spread. S ection  3 .5  in tro d u ces  the  

basic  d e f in i t io n s  and s c a l in g  op era tio n s  t h a t  can be
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a p p lie d  to  the  c a p a c ito rs  o f the  SC biquad b u i ld in g  b locks ,  

and compares, from the v ie w p o in t  o f capac itance spread, SC 

biquads using d i f f e r e n t  types of damping. The s t ra te g y  fo r  

cap ac itan ce  spread a n a ly s is  is  described in  S ection  3 .6  

w ith  re s p e c t to  an SC bandpass biquad. We in tro d u c e  the  

concept o f optimum sw itch in g  frequency y ie ld in g  ab so lu te  

minimum capac itance  spread which, as we show, t r a d e s - o f f  

w ith  re s p e c t to  th e  maximum s ig n a l hand ling  c a p a b i l i t y  of 

the  SC biquad. F u r th e r  aspects o f th e  design o f SC 

biquads, concerning not on ly  capac itance spread but a ls o  

t o t a l  c a p a c ito r  a re a , and a ls o  the choice o f the  sw itch in g  

frequency, a re  i l l u s t r a t e d  by means o f the examples given  

in  Section  3 . 7 .  In  S ection  3 .8  we p resent a summary of  

t h is  Chapter.

3 .2  DERIVATION OF GENERAL SFG1S FOR SC INTEGRATORS

3 . 2 . 1  S in g le -p h ase  SC in te g r a to r s

The p a r a s i t i c - i n s e n s i t i v e  SC in t e g r a t o r  shown in

F i g . 3 . 1 - a ,  w ith  sw itch  t im in g , is  represented  by the  SFG

given in  F i g . 3 . 1 - b  [ 3 . 2 ] .  By r e c a l l in g  the  aspects of

tim e-dom ain a n a ly s is  o f SC c i r c u i t s  g iven in  Chapter 1, the

above SFG is  in te r p r e te d  as fo l lo w s .  The branch w ith
-1tran sm iss io n  fa c to r  1 / ( 1  — Z ) rep res en ts  th e  p e r io d ic

d is c r e te - t im e  in t e g r a t io n  o f th e  SC in t e g r a t o r .  The
-1/2branches w ith  tran sm iss io n  fa c to rs  -K^ and K^.Z convey

in fo rm a tio n  of two k in d s . The powers o f Z, 0 and - 1 / 2 ,  

d e scr ib e  in s ta n ts  o f in p u t  v o lta g e  sampling a t  th e  end of 

the  sampling phases, i . e .  0 and Tg/ 2;  th e  c o e f f ic ie n t s  -K 1
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Fig.3.1: I l l u s t r a t i o n  of s i n g l e - p h a s e  SC i n t e g r at or s.
(a) E- i n t e g r a t o r ,  and (b) c o r r e s p o n d i n g  SFG 
(c) 0 - i n t e g r a t o r  , and (d) c o r r e s p o n d i n g  SFG
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and +K1 in d ic a te  th e  increm ent o f th e  a m p l i f ie r  output  

v o lta g e ,  r e l a t i v e  to  th e  in p u t  v o l ta g e ,  produced by each 

one o f th e  in p u t SC branches every sw itch ing  p e r io d . The 

branches w ith  tran sm iss io n  fa c to rs  1 (=Z^) and Z g ive  

in fo rm a t io n  of the  ou tput sampling in s ta n ts .  The ou tput  

v o lta g e  o f t h is  SC in t e g r a t o r  changes in  the  E phase 

because th e  sw itch connected to  the  in p u t  o f th e  OA is  

c o n t r o l le d  by the  E phase sw itch in g  waveform. T h e re fo re ,  

t h is  in t e g r a t o r  w i l l  be r e fe r r e d  to  as an E - in t e g r a t o r .  

In te rc h a n g e  of sw itch  phasing leads to  the  O - in te g r a to r  

shown in  F i g . 3 . 1 - c ,  where th e  ou tput v o lta g e  changes in  the  

0 phase. The sw itch  t im in g  fo r  t h is  SC in te g r a t o r  is  a ls o  

shown in  F i g . 3 . 1 - c ,  and the  corresponding SFG is  g iven in  

F i g . 3 . 1 - d .  The SC in te g r a t o r s  o f F i g . 3 . 1 - a  and F i g . 3 . 1 - c  

change th e  output v o lta g e  only  once in  each sw itch in g  

p erio d  and th e r e fo re  they w i l l  be r e fe r r e d  to  as s in g le -  

phase in t e g r a t o r s . In  these in te g r a t o r s ,  th e  ou tpu t  

v o lta g e s  sampled in  th e  E phase and in  th e  0 phase have the  

same magnitude but a re  delayed by h a l f  a sw itch in g  p e r io d .

3 . 2 . 2  Double-phase SC in te g r a to r s

In  th e  development o f th e  SC biquad b u i ld in g  blocks we 

re q u ire  a ls o  the  more g e n era l SC in t e g r a t o r  shown in  

F i g . 3 . 2 - a .  The ou tput v o lta g e  o f t h is  in t e g r a t o r  changes 

tw ic e  in  each sw itch in g  p e r io d . i . e .  in  the E phase and in  

th e  0 phase, because o f th e  two switches t h a t  a re  connected  

to  th e  v i r t u a l  ground o f the  OA. Th is  SC in te g r a t o r  w i l l  be 

r e fe r r e d  to  as a double- phase i n t e g r a t o r . The ou tput

v o lta g e  o f the double-phase in t e g r a t o r  sampled in  each
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( a )

F i g . 3.2: (a) Do ubl e pha se  in te gr at or , and (b) SFG

phase, i . e .  or V^, i s  th e  sum of the ou tpu t v o lta g e s  of 

an E - in te g r a t o r  and of an O - in te g r a to r  sampled in  th e  same 

phase. This is  represented  by the  SFG of F i g . 3 . 2 - b .  The 

two e x tra  branches a t  th e  ou tpu t re p re s e n t the  de lay  of  

h a l f  a sw itch in g  perio d  th a t  e x is ts  between the  re fe re n c e  

sw itch  t im in g s  o f the E - in te g r a t o r  and of th e  O - in te g r a to r  

(see F i g . 3 . 1 - a  and F i g . 3 . 1 - c ) .  The v o lta g e s  and in

the SFG of F i g . 3 . 2 - b  have d i f f e r e n t  magnitudes and

th e r e fo r e  they are  not r e la t e d  simply by a de lay  f a c t o r ,  as 

in  th e  case of the  SFG's of  s in g le -p h ase  in te g r a t o r s .  In  

order to  o b ta in  an SFG in  which we re p re s e n t the

r e la t io n s h ip  between these two v o lta g e s , d i r e c t l y ,  we adopt 

a procedure which is  describ ed  using th e  example of
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F i g . 3 . 3 .  F i r s t l y ,  in  th e  o r i g i n a l  SFG o f F i g . 3 . 3 - a  we

choose th e  ou tp u t v o lta g e  o f  an E - in te g r a t o r  sampled in  the

E phase, i . e .  V ^r as th e  o u tp u t v o lta g e  re fe re n c e .

Secondly, we modify th e  tran sm iss io n  fa c to rs  o f the  in p u t

branches according to  th e  phase of th e  ou tpu t v o lta g e

re fe re n c e .  In  F i g . 3 . 3 - b ,  t h is  corresponds to  th e  a d d i t io n a l  
-1/2 .d e lay  Z ' fo r  both th e  tran sm iss io n  fa c to rs  -K 2 and 

K2 . Z - 1 ^2 , where* both Z*3 and Z- ^ 2 r e f e r  to  th e  0 phase.

F i n a l l y ,  we express th e  ou tp u t v o lta g e  sampled in  the
0 . Ecomplementary phase, i . e .  VQ m  t h is  example w ith  Vq

re fe re n c e ,  as a l in e a r  com bination of the  ou tpu t v o lta g e

re fe re n c e  and a ls o  o f th e  in p u t  v o lta g e s , as shown in

F i g . 3 . 3 - c .  The e x tra  branches w ith  tran sm iss io n  fa c to rs

1 * ro . Z“ 3 ^2 and
- 1

I<2 . Z cancel th e terms K2 . Z 3 / 2 .V?? and

- K2 . Z~1 .V°  fed to  th e  ou tput v ia  the  ou tpu t re fe re n c e

VE .o The SFG in F i g . 3 . 3 - c  reduces to the s im pler form given

in F i g . 3 . 3 - d . By adopting  a s im i la r  procedure we can a ls o

d e r iv e  the  SFG' s corresponding to  th e  rem aining th re e

p o s s ib le  ou tput v o lta g e  re fe re n c e s , namely o f th e  E-
E 0in t e g r a t o r ,  and both VQ and Vq o f an O - m t e g r a t o r . The 

s im p le s t forms o f such SFG's a re  shown in  F i g . 3 . 4 ,  to g e th e r  

w ith  the  SFG d e riv e d  in  F i g . 3 . 3- d.

The in te rc o n n e c t io n  o f SC in te g r a to r s  in  o rder to  

r e a l i s e  SC biquads w i l l  be c a r r ie d -o u t  accord ing to  the  

fo l lo w in g  ru le s :

Rule 1: The ou tput o f a s in g le -p h a s e  SC in t e g r a t o r  can be 

sampled in  both the  E phase and the  0 phase.

Rule 2: The ou tput o f a double-phase SC in t e g r a t o r  is
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F i g . 3.3: I l l u s t r a t i n g  the SFG d e r i v a t i o n  of a d o u b l e - p h a s e
in te g r a t o r .  (a) O r i g i n a l  SFG; (b) R e f e r r i n g  the 
input b r a n c h e s  to the o u t p u t  vo l t a g e  r e f e r e n c e  V ;  

(c) O b t a i n i n g  the c o m p l e m e n t a r y  o u tp ut  ° 
v o l t a g e  V q ; (d) SFG in simpl e f o rm



(c ) (d )

F i g . 3 . A: G e n e r a l  SFG's for d o u b l e - p h a s e  SC in te gr at or , r e f e r r i n g  to:
(a) E - i n t e g r a t o r  w i t h  F pha s e ou tp ut  sampling;
(b) F - i n t e g r a t o r  w i t h  0 pha se ou tp ut sampling;
( c ) O - i n t e g r a t o r  w i t h  0 phase ou tp ut sampling;
(d) O-int.egrator w i t h  F phas e ou tp ut sa mp li ng
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sampled in  only one phase, which can be e i t h e r  the  E

phase or the  0 phase.

Rule 2 does not r e s t r i c t  th e  g e n e r a l i ty  o f subsequent 

developments in  t h is  Chapter. I t  s imply means t h a t  in  each 

sw itch in g  period  the sampled v o lta g e  o f a double-phase  

in t e g r a t o r  assumes only  one p o s s ib le  magnitude v a lu e . T h is ,  

of course, is  i m p l i c i t  in  s in g le -p h a s e  in te g r a t o r s ,  which 

j u s t i f i e s  Rule 1.

3 .3  DEVELOPMENT OF SC BIQUAD BUILDING BLOCKS

The d is c r e te - t im e  b iq u a d ra t ic  t r a n s f e r  fu n c t io n  is  

expressed by

l-2r cosQ Z *+r ^
( 3 . 1 )  . . .  H (Z) = K -------- 5-------- ° -

l-2r_.cos0 Z +r 2 Z P p p

where r  . 8 and r  , 0 a re  the  p o la r  co o rd in a tes  of thep p o o
poles and zeroes on the  u n i t  c i r c l e ,  r e s p e c t iv e ly ,  and K is  

a ga in  f a c t o r .  I n  the f i r s t  p a r t  o f the development o f the  

SC biquad b u ild in g  b locks , we consider a bas ic  loop of two 

SC in te g r a to r s  ( T I L )  in  order to  r e a l i s e  the  q u a d ra t ic  

denominator fu n c t io n .  Then, in  the second p a r t ,  we augment 

th e  s t ru c tu re  using feedforw ard  s w itc h e d -c a p a c ito r  branches 

from th e  in p u t te rm in a l  in  order to  r e a l i s e  a ls o  the  

q u a d ra t ic  numerator fu n c t io n .

3 . 3 . 1  Q uadratic  denominator fu n c t io n

By analogy w ith  th e  a c tiv e -R C  case, one p o s i t iv e  

in t e g r a t o r  and one n e g a t iv e  in te g r a t o r  connected to g e th e r
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form th e  basic  loop o f a T IL  b iq u a d ra t ic  s e c t io n  ( e . g .

[ 3 . 9 ] ) .  For th e  n e g a t iv e  SC in te g r a t o r  we a r b i t r a r i l y

choose the  E - in te g r a t o r  in  F i g . 3 . 1 -a ,  w ith  V^=o. This is

connected to  a p o s i t iv e  in t e g r a t o r ,  i . e .  we make V^=0 in

the c i r c u i t  of F i g . 3 . 1 - c ,  to  form the  basic  loop shown in

F i g . 3 . 5 - a .  The corresponding SFG is  g iven in  F i g . 3 . 5 -

b . 1 The d is c r e te - t im e  loop gain L (Z) is
9

( 3 . 2 - a )
v z)

C A Z

A * B ’ (l - z-1)2

and the  corresponding de term inan t A( Z) =1- L (Z) i s
9

1 +
( 3 . 2 - b ) A(Z) =

* B D I

(l - 2 - 1)2

z + z

The n a tu r a l  modes of th e loop, i . e . the ro o ts  o f the

d e te rm in a n t , a re  on th e u n i t  c i r c l e ( r  = 
P 1 ) ,  which means

t h a t  th e  loop forms a reso n ato r  w ith i n f i n i t e  q u a l i t y -

fa c to r  Q.

For f i n i t e  Q, damping fo r  th e  loop can be provided in  

th re e  ways, a l l  o f which are  shown in  F i g . 3 . 5 - c :  ( i )  w ith

c a p a c ito r  E (c a p a c i t iv e  or E-damping), ( i i )  w ith  sw itched-  

c a p a c ito r  F  ̂ ( r e s is t i v e - 1  or F^-damping) and ( i i i )  w ith  

s w itc h e d -c a p a c ito r  F^ ( r e s i s t i v e - 2  or F 2 ~dam ping).

S w itc h e d -c a p a c ito rs  F  ̂ and F2  implement n e g a t iv e  feedback

 ̂Later , we shall di sc us s an a l t e r n a t i v e  a r r a n g e m e n t  
of the switch p h a s in g leading to a nega ti ve E - i n t e g r a t o r  
and a po sitive E - i n t e g r a t o r .
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( a ) ?s— •-->— •— >— •— >, •-- >— •— >
Q _ . i_  1 A z 2 _ .t_  z
D 1-z-' B 1-z'

(b)

(d 3 )

— H( d 1 > -— d>

X l

-dj—  — ©-

XI

( d 2 )

r ®

— & -f ^ n - — ® ------ i k ii 'HU—

f r P 5̂ )  0
'violates Rule 2 ̂

/
switches j ~

(d 4 )

F i g . 3.5: I l l u s t r a t i n g  the f o r m a t i o n  of the q u a d r a t i c  d e n o m i n a t o r  function.
(a) E - i n t e g r a t o r  - 0 - i n t e g r a t o r  loop, and (b ) c o r r e s p o n d i n g  SFG;
(c) G e n e r a l  E-da mp ing , F1- d am pi ng , and F 2 - d a m p i n g  for the loop;
(d) A l t e r n a t i v e  switch p h a s i n g  for F 1- d a m p i n g , and F 2 - d a m p i n g
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paths using one o f th e  fo u r  arrangements of the  

sw itch  phasing in d ic a te d  in  F i g . 3 . 5 - d .  The arrangement o f  

F i g . 3 . 5 - d 3  leads to  a double-phase in t e g r a t o r  t h a t  is  

sampled in  both o f  th e  phases, and thus v io la t e s  Rule 2. 

The o u tpu t v o lta g e  o f th e  a m p l i f i e r  in  F i g . 3 . 5 - d 4  is  a lso  

sampled in  both o f th e  phases, and, t h e r e fo r e ,  because of 

Rules 1 and 2, i t  can on ly  be an O - in te g r a to r .  The 

rem ain ing sw itch  phasing arrangements in  F i g . 3 . 5 - d 1  and in  

F i g . 3 . 5 - d 2 ,  n e i th e r  o f which v i o l a t e  th e  in te rc o n n e c t in g  

Rules, nor impose r e s t r i c t i o n s  fo r  f u r t h e r  connections to  

th e  in p u t  o f the  a m p l i f ie r s ,  lead  to  th e  SC b iq u a d ra t ic  

loop in  F i g . 3 . 6 - a .  The corresponding SFG o f t h is  loop is

F i g . 3.6: (a) Basi c d a m p e d  loop, and (b) SFG

given  in  F i g . 3 . 6 - b ,  y ie ld in g

L g (Z)
C . 1 E .[A • tsi 1 1—' _)

D z-1 D- Lb (1
( 3 . 3 - a )  . . .
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fo r  the  d is c r e te - t im e  loop g a in , and

( 3 . 3 - b ) A(z) D ( Z ) ___________________

fo r  th e  corresponding d e te rm in an t, where the  q u a d ra t ic  

denominator fu n c t io n  D(Z)  i s  g iven by

3 . 3 . 2  Q u adratic  numerator fu n c t io n

In  order to  r e a l i s e  the  q u a d ra t ic  numerator fu n c t io n

we u t i l i s e  the techn ique of m u l t ip le  feedforw ard  paths from

the in p u t  te rm in a l [ 3 . 1 0 ] ,  le a d in g  to  the  SFG of F i g . 3 . 7 - a

which possesses fo u r  such feedforw ard  branches. The

tra n s m is s io n  fa c to rs  o f these branches may have e i t h e r  a

p o s i t iv e  or a n e g a t iv e  c o e f f i c i e n t ,  and t h e i r  de lays are

such t h a t  the  feedforw ard  tran sm iss io n  fa c to rs  to  the

ou tp u t te rm in a ls  o f 0A1 and of 0A2 have in te g e r  powers o f  

0  - 1  -  2Z, i . e .  Z , Z and Z . By co n s id er in g  the  v o lta g e  a t  the
T? p

ou tp u t of the 0 A ' s sampled in  th e  E phase, i . e .  and V^, 

we o b ta in  from th e  SFG in  F i g . 3 . 7 - a  th e  feedforw ard  

tra n s m is s io n  fa c to r  fo r  0A1

( 3 . 5 )

^ l 1 + i r ,+ T t  + T (l + t tI B  3 4 \ D z_1+ _  A T  — 2 B t 4 |Z
-2

F F j ( Z )
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(a )

v.g’ O A  2

-7----dHHHHEl— "
f  „l|) H M M

---- HJ^Hh^o]—

v.g. O A  2

f T T s - S ^  i-s-s'i

v.g. O A  2

f i V l  w i
•  v ir tu a l ground

v.g. O A  1

* i T ~  i-
I  Z l iz'w

v.g. O A  1 
I a

v.g. O A  1

(c)

F i g . 3.7: R e a l i s a t i o n  of the q u a d r a t i c  n u m e r a t o r  function.
(a) M u l t i p l e  f e e d f o r w a r d  paths f r om  the input 
t e r m in al ; (b) S w i t c h e d - c a p a c i t o r  i m p l e m e n t a t i o n ;  

(c) D i s c u s s i o n  of switch p h a s in g
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The feedforw ard  tran sm iss io n  fa c to r  fo r  0A2 is  g iven by

These expressions d e f in e  two a l t e r n a t iv e  forms fo r  the

feedforw ard  paths a re  implemented using th e  p a r a s i t i c -  

in s e n s i t iv e  SC branches shown in  F i g . 3 . 7 - b .  The modulus of  

the  c o e f f ic ie n t s  T 1 , T 2 , T^ and T^ correspond to  th e  

capac itance  r a t io s  G/D,  H/D,  I / B  and J/B,  r e s p e c t iv e ly ,  

w h ile  th e  sign ( p o s i t iv e  or n e g a t iv e )  o f th e  c o e f f ic ie n t s  

as w e l l  as the  de lays  of the  tran sm iss ion  fa c to rs  are  

determ ined by the sw itch  phasing. In  order to  o b ta in  the  

switch phasing o f th e  in p u t  SC branches, we have to  

consider th e  genera l SFG' s d e riv ed  in  th e  prev ious S ec tio n .  

For s im p l ic i t y ,  we consider t h a t  the  ou tput v o lta g e  

re fe re n c e s  fo r  the  SFG's of  the double-phase SC in te g r a to r s  

in  th e  loop co in c id e  w ith  the  sampled ou tput v o lta g e s .  This  

means t h a t  we u t i l i s e  th e  SFG of F i g . 3 . 4 - a  in  connection  

w ith  0A2, and the SFG of  F i g . 3 . 4 - d  in  connection w ith  0A1. 

Then, from both o f these SFG's we o b ta in  the sw itch  phasing  

arrangements in d ic a te d  in  F i g . 3 . 7 - c ,  which p ro v id e  the  

re q u ire d  tran sm iss ion  f a c t o r s .  In  th e  s i tu a t io n s  where the  

in p u t switches o p era te  in  d i f f e r e n t  phases we u t i l i s e  a 

sample and hold c i r c u i t  to  guarantee t h a t  the in p u t  s ig n a l  

is  constant d u rin g  th e  f u l l  sw itch in g  p e r io d , i . e .

(3.6) +

4

q u a d ra t ic  numerator fu n c t io n .  The m u lt ip le  in p u t

_ 1 / 2 .VE
i  *
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There are  n ine  d i f f e r e n t  c i r c u i t s  t h a t  we can o b ta in  

using th e  sw itch  phasing arrangements shown in  F i g . 3 . 7 - c .  

The most u s e fu l  o f these c i r c u i t s  a re  presented in  

F i g . 3 . 8 - a  and i n  F i g . 3 . 8 - b ,  which produce two a l t e r n a t iv e  

types of sw itch in g  w ith  p r a c t ic a l  i n t e r e s t  fo r  

in te rc o n n e c t in g  SC biquads in  order to  r e a l i s e  h igh order  

f i l t e r s .  The c i r c u i t  in  F i g . 3 . 8 - a  samples th e  in p u t  s ig n a l  

only in  th e  E phase, and hence does not need a sample and 

hold c i r c u i t  a t  th e  in p u t .  However, s ince i t  comprises two 

double-phase SC in te g r a t o r s ,  i t  is  always necessary to  have 

a sampling sw itch  a t  th e  ou tput o f the  a m p l i f ie r s .  This  

type o f sw itch  phasing arrangement w i l l  be r e fe r r e d  to  as 

Tvpe-A s w itc h in g . In  th e  c i r c u i t  of F i g . 3 . 8 - b ,  th e  o u tpu t  

v o lta g e  o f 0A2 does no t change from the E phase to  the  0 

phase, and th e r e fo re  we can a l t e r  th e  sw itch  phasing of  

s w itc h e d -c a p a c ito r  A in  o rd er to  o b ta in  the  c i r c u i t  in  

F i g . 3 . 8 - c .  In  t h is  c i r c u i t  formed by two E - in te g r a t o r s ,  one 

n e g a t iv e  and one p o s i t iv e ,  we may om it th e  sampling  

switches a t  th e  ou tpu t o f  e i t h e r  0A1 or 0A2 b u t, on th e  

o th er hand, th e  in p u t  s ig n a l  must be sampled and h e ld .  

This type  of sw itch phasing arrangement w i l l  be r e fe r r e d  to  

as Tvpe-B s w itc h in g . For both SC biquads in  F i g . 3 . 8 - a ,  

w ith  Type-A s w itc h in g , and in  F i g . 3 . 8 - c ,  w ith  Type-B  

s w itc h in g , th e  r e s u l t in g  c o e f f ic ie n t s  fo r  th e  feed forw ard  

SC branches a re  g iven by
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5 ^

(a )

c^ i
4 D - H H r ©

©  ©

-©-rHGH r © - ’ 
©  ©

H U -

, 5  5

F2
H h

? t
-©-Hh-rHIH’

5  f
j

F1

(b)

j-©~T
It)

*—CEHr—I H-t-HH

t  t
-©-p|GHt-©-’

©  ©

F1
Hl-

i p H  iji J

r-© -H  H r-H H "

E®^

(C )

F i g . 3.8: G e n e r a l  SC bi qu ads  w i t h  a l t e r n a t i v e
switc h p h a s i n g



137

3 . 3 . 3  B iq u a d ra t ic  t r a n s f e r  fu n c tio n s

By a l lo w in g  s im i l a r l y  s w itc h e d -c a p a c ito rs  to  share 

common sw itches, the  SC biquad b u i ld in g  blocks in  F i g . 3 . 8 - a  

and i n  F i g . 3 . 8 - c ,  can have the more e f f i c i e n t

im plem entations given in  F i g . 3 . 9 - a  and i n  F i g . 3 . 1 0 - a ,  

r e s p e c t iv e ly .  The corresponding re s p e c t iv e  SFG's g iven in  

F i g . 3 . 9 - b ,  and i n  F i g . 3 . 1 0 - b ,  a ls o  show ( in  broken l i n e )  

the  complementary ou tput v o lta g e  (sampled in  the  0 p h a s e ) , 

which we d id  not consider in  the  above d e r iv a t io n .  The 

t r a n s f e r  fu n c t io n s  corresponding to  such complementary 

o u tp u ts , e s p e c ia l ly  fo r  th e  SC biquad w ith  Type-A sw itch in g

( b)

F i g . 3.9: (a) G e n e r a l  SC bi qu ad w i th  T y p e - A  swit ch ing ;
(b) S i gn al  Fl ow Graph
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( F i g . 3 . 9 - a  and F i g . 3 . 1 0 - a ) ,  have l i t t l e  p r a c t ic a l  i n t e r e s t  

[ 3 . 1 1 ] .  The t r a n s fe r  fu n c tio n s  corresponding to  th e  output  

v o lta g e  re fe re n c e  (sampled in  th e  E phase) ,  which are  

d e riv e d  below, are  th e  same fo r  th e  SC biquads w ith  both 

types of s w i tc h in g .

F i g . 3. 10: (a) G e n e r a l  SC biqua d w i th  Ty pe -B  swit ch ing ;
(b) S i g n a l  Fl ow  Gr ap ph

By ap p ly in g  Mason's form ula [ 3 . 1 2 ] ,  th e  t r a n s f e r  

fu n c t io n s  of the SC biquads sampled in  the  E phase are  

given by

ff (z)
H^Z) =( 3 . 8 ) A(Z)



139

w ith  resp ec t to  th e  ou tput te rm in a l  o f 0A1 ( te rm in a l  1 ) ,  

and by

( 3 . 9 ) H 2 (Z)
f f 2 (z )

A(Z)

r e f e r r in g  to  the ou tput te rm in a l  o f 0A2 ( te rm in a l  2 ) .  By 

s u b s t i tu t in g  ( 3 . 7 )  in to  ( 3 . 5 )  and ( 3 . 6 )  in  order to  express  

th e  numerator q u a d ra t ic  fu n c t io n s  in  terms o f the  

capac itance  r a t io s ,  and by using ( 3 . 3 - b )  and ( 3 . 4 ) ,  we 

a r r iv e  a t  th e  expressions o f th e  b iq u a d ra t ic  t r a n s f e r  

fu n c t io n s

( 3 . 1 0 )  . . . E _ V ? |Z)
H1A(Z) Vj.(Z)

1(1 + F2
(1 + Fll-d + F2)

1 - I + J (1 + F 2 ) - AG 
1(1 + F2 )

_-l J - HA
Z + 1 (1 + B2 * Z

-2

1 -
1 + Fl - CA - (1 + F2 ) (EA - 1) -1 1 - EA

(1 + Fl )• (l + F2 )

fo r  output te rm in a l  1, and

(l + Fl)-(l + F2)

-2

( 3 . 1 1 )
4 (z)

(z) .................
_2____ = I E (1+F2) +IC-G (1+F1)
V. (Z)
r (1+F1)(1+F2)

IE+JE (1+F2) +JC-G-H (1+Fl) „-l + _________JE-H_________ . z~2

_________IE (1+F2) +IC-G (1+F1)___________ IE(1+F2) H-IC-G (1+F1)

1+F1-CA-(1+F2)(EA-1) „-l . 1-EA „-2l -  -------------------------------- - z + ------------------— • z
(1+F1H 1+ F2 ) (1 +F 1M 1+ F2 )

fo r  output te rm in a l 2. The capac itance  r a t io s  X correspond  

to  the s im p l i f ie d  re p re s e n ta t io n  given in  Table 3 . 1 .

For each type of damping, i . e .  E-damping ( F 1=F2= 0 ) , 

F^dam ping (E=F2= 0 ) , and F2"damping (E=F1= 0 ) , Table 3 .2  and 

Table  3 .3  summarise the expressions fo r  the  c o e f f ic ie n t s  of 

the b iq u a d ra t ic  d is c r e te - t im e  t r a n s f e r  fu n c t io n  ( 3 . 1 )  i n
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A/B .............................. A

Fl/B .............................. FI

I/B .............................. I

J/B .............................. J

C/D .............................. C

E/D .............................. E

F2/D .............................. F2

G/D .............................. G

H/D .............................. H

Tab l e 3.1: S i m p l i f i e d  r e p r e s e n t a t i o n
of c a p a c i t a n c e  ratios

terms of the  capac itance  r a t i o s . Since the  denominator 

c o e f f ic ie n t s  a re  a fu n c t io n  only of the  basic  loop, t h e i r  

expressions do not depend on which of the  output te rm in a ls ,  

from 0A1 or from 0A2, i s  considered. On the  c o n tra ry ,  we 

f in d  d i f f e r e n t  expressions fo r  the  numerator c o e f f ic ie n t s  

because the  feedforw ard  paths to  the  ou tput te rm in a l  1 and 

to  th e  ou tpu t te rm in a l 2 a re  d i f f e r e n t .  The q u a d ra t ic  

numerator fu n c t io n  corresponding to  ou tput te rm in a l  1 is

TYPE OF 
DAMPING

2r cos 0 
P  P

2

rp

E -CA - EA + 2 1 - EA

FI
-CA + FI + 2 1

1 + FI 1 + FI

F2
-CA + F2 + 2 1

1 + F2 1 + F2

Tab l e 3.2: C o e f f i c i e n t s  of the q u a d r a t i c
d e n o m i n a t o r  fu n c t i o n
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TYPE OF 
DAMPING

OUTPUT
TERMINAL

K 2r cos 0_ o o
2

ro

E

1 -i -AG+I+J

I

J-AH

I

2 I (E+C) -G
-G-H+IE+J(E+C) JE-H

I(E+C)-G I (E+C)-G

FI

1 i -AG+I+J J-AH

l+Fl i
^ m
I

2 i£-G(1+F1) -G-H (l+Fl) +JC H

(l+Fl) IC-G(l+Fl) IC-G(l+Fl)

F 2

1 - i
-AG+I+J(1+F2) J-AH

I (1+F2) I (1+F 2)

2 IC-G -G-H+JC H

1+F2 IC-G IC-G

Tab l e 3.3: C o e f f i c i e n t s  of the q u a d r a t i c
n u m e r a t o r  fu n c t i o n

u s u a l ly  p re fe r re d  fo r  th e  design o f cascade SC biquads 

because i t  y ie ld s  s im p ler  s o lu t io n s  fo r  the capac itance  

r a t io s  than th e  a l t e r n a t iv e  numerator fu n c t io n  

corresponding to  ou tput te rm in a l 2. But, on th e  o th e r  hand, 

fo r  the  design of SC coupled-biquad s t ru c tu re s  i t  is  

necessary to  have SC biquads both w ith  n e g a tiv e  and w ith  

p o s i t iv e  ga in  constants [ 3 . 1 3 ] ,  which the  numerator 

fu n c t io n  assoc ia ted  w ith  ou tput te rm in a l 1 does not 

r e a l i s e .  T h e re fo re , fo r  such s i t u a t io n s ,  we s h a l l  u t i l i s e  

SC biquads w ith  ou tpu t te rm in a l 1 fo r  the  r e a l i s a t i o n  of 

t r a n s f e r  fu n c t io n s  w ith  a n e g a t iv e  ga in  co n stan t, whereas 

SC biquads w ith  ou tput te rm in a l 2 are  employed fo r  the  

r e a l i s a t io n  of t r a n s f e r  fu n c tio n s  w ith  a p o s i t iv e  gain

c o n s ta n t .
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3.4 SC BIQUADS WITH BILINEAR TRANSFORMED 
TRANSFER FUNCTIONS

3.4.1 Design equations

In order to derive the discrete-time biquadratic 

transfer function from the continuous-time domain, we 

employ the bilinear s-to-Z transformation

(3.12) ... 5 = 2f  • 1 ' Z_1b r̂s -1 
1 + Z

which, as we stated in Chapter 1, maps the entire

continuous-time plan into the discrete-time plan, and, by

this means,, preserves the magnitude characteristic of the

frequency response. Such mapping, however, does not

preserve a linear relationship between the frequencies w of

the continuous-time domain, and the frequencies u> of the 

discrete-time domain. Instead, there is a tangent 

relationship

( 3 . 13 )  . . . 0) 2Fs • tan 2

the effect of which has to be taken into account by 

prewarping of the original continuous-time transfer 

function [3.14]. This will be explained below.

In the continuous-time biquadratic transfer function

( 3 . 1 4 )  . . .
a 0s 2 + a s  + a - ,  2 1 o

V S) = . 2  .  - 2
S + ^  S + P

(3.14)
2
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th e  c o e f f ic ie n t s  3.̂ , and Sq o f th e  q u a d ra t ic  numerator 

fu n c t io n ,  and th e  c o e f f ic ie n t s  ui and of th e  q u a d ra t icp  p

denominator fu n c t io n  correspond to  the  prewarped va lues of 

the d e s ired  c o e f f ic ie n t s  a 2 , a^, aq , u>p and Q of the

frequency response o f th e  SC biquad. For the  complex 

conjugate p o le - p a i r  fo r  example, the prewarped pole  

frequency u> is  r e a d i ly  c a lc u la te d  from ( 3 . 1 3 )  y ie ld in g
P

(3 . 1S) . . .  “p = 2FS‘ tan ^

For prewarping of the Q - fa c to r  we determ ine, in  the  f i r s t  

pl ace,  th e  freq u en c ies

(3.16 - a )

and

co. CO 1
P

( 3 . 16 - b)  . . .  “ 2 - “ p ( 1 + 25; )

which re p re s e n t th e  -3dB freq u en c ies  o f th e  peaking

response ( f o r ,  say Q >5) .  A f t e r  ap p ly ing  th e  prewarpingP
form ula ( 3 . 1 3 )  to  both o f the freq u en c ies  in  ( 3 . 1 6 ) ,  and by 

using ( 3 . 1 5 ) ,  we o b ta in  the  prewarped pole Q -fa c to r

( 3 . 1 7 )

tan
2F

w(1+1/2Q ) u (1-1/20 )
-E ------------ ^  _E--------------------- E.tan

2F 2F

The subsequent steps to  o b ta in  th e  design equations fo r  the
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capac itance  r a t io s  of the  SC biquad are  the  fo l lo w in g :  ( i )  

to  apply  ( 3 . 12 )  t o  ( 3 . 1 4 )  in  order to  express th e  

d is c r e te - t im e  t r a n s fe r  fu n c t io n  ( 3 . 1 )  in  terms o f th e  

prewarped co n tin u o u s-tim e  c o e f f ic ie n t s ,  and ( i i )  to  equate  

th e  r e s u l t in g  d is c r e te - t im e  c o e f f ic ie n t s  to  th e  

corresponding expressions in  terms o f the  capac itance  

r a t io s  given in  Table 3 .2  and in  Table 3 . 3 .  The r e s u l t in g  

design equations are  summarised in  Table 3 . 4 ,  f o r  th e  

q u a d ra t ic  denominator fu n c t io n ,  and in  Table 3 .5  f o r  the

m 1 + 1
E

ujp
2Fs

|2

Ta bl e 3.4: D e si gn  e q u a t i o n s  for the q u a d r a t i c
d e n o m i n a t o r  fu n c t i o n



Ta b l e  3.5: De s i g n  e q u a t i o n s  for the q u a d r a t i c  n u m e r a t o r  f u n c t i o n
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v a rio u s  s o lu t io n s  of the  q u a d ra t ic  numerator fu n c t io n  ( e . g .  

lowpass, bandpass) [ 3 . 1 1 ] .

3 . 4 . 2  E stim atio n  of s e n s i t i v i t i e s

In  SC biquads i t  i s  usual to  e s tim a te  the

s e n s i t i v i t i e s  o f th e  q u a d ra t ic  numerator fu n c t io n  w ith  

re s p e c t to  changes of the  nominal capac itance va lues on a 

case-by-case  bas i s ,  in  view of the  many p o s s ib le  forms the  

numerator may assume (see Table  3 . 5 )  [3.  15] — [ 3 . 1 7 ] .

In  order to  e s tim a te  the  s e n s i t i v i t i e s  o f the

q u a d ra t ic  denominator fu n c t io n  i t  i s  convenient to  express  

the complex conjugate p o le - p a i r  o f the  SC biquad in  terms 

of th e  p o la r  co ord in a tes  [ 3 . 1 8 ] ,  which leads to

( 3 . 1 8 - a ) U) = 2F P s

1 - 2r cos0 + r 2~|l/2 
P P P

1 + 2r_cos0 +r ^  P P p

fo r  the  frequency, and

( 3 . 1 8 - b )
% = 2F_

[(l -  2rpcos0p + rp2 ) . ( l  + 2rpcos0p + rp2 )]1/2
1 - rp2

fo r  the  Q- f a c t o r  o f the complex conjugate p o le - p a i r .  By 

e n te r in g  the expressions of Table 3 .2  in to  ( 3 . 1 8 ) ,  we 

o b ta in  the  expressions in  terms of the  capac itance va lues  

given in  Table 3 . 6 .  Then, by ap p ly in g  the  c la s s ic a l  

d e f i n i t i o n  of d i f f e r e n t i a l  s e n s i t i v i t y  [ 3 . 1 9 ]

x

6oj
( 3 . 1 9 )  . . .
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we o b ta in ,  a f t e r  some sim ple a lg e b ra ic  m a n ip u la t io n s , the  

genera l s e n s i t i v i t y  expressions fo r  ana f or q

summarised in  Table  3 . 7 ,  and which we discuss below.

TYPE OF 
DAMPING

, 2 
(wp/2Fs) 2Qp

r , 1/2
AC [AC (4BD - 2EA - AC)]

E 4BD - 2EA - AC EA

AC [AC (4BD + 2F1D - AC)]
FI 4BD + 2FjD - AC F^D

AC
, , 1/2 
lAC(4BD + 2F2B - AC)J

F2 4BD + 2F2B - AC F 2B

Tab le 3.6: E x p r e s s i o n s  for the a n a l y s i s  of
the s e n s i t i v i t i e s  of the q u a d r a t i c  

d e n o m i n a t o r  fu nc ti on

The va lues o f th e  capac itance  r a t io s  o f th e  q u a d ra t ic

denominator fu n c t io n  depend on the  Q -fa c to r  Q , on th e  one

hand, and on the sampling r a t i o  F / f  , on th e  o th e r  hand.s p

For SC biquads w ith  moderate to  h igh Q -fa c to rs  ( e . g .  Qp >5)
A A A ^

th e  damping terms are  s m a ll ,  i . e .  EA<<1, F^<<1 or F2 <<1f

and, when th e  sampling r a t i o  is  h igh , i . e .  F / f  >>1, wes p
*

have a ls o  CA<<1. In  both these s i t u a t io n s ,  the  

s e n s i t i v i t i e s  o f the  po le  frequency w ith  re s p e c t to  the  

capac itance  va lues A, B, C and D are  ap prox im ate ly

The s e n s i t i v i t i e s  o f u>
P w ith  re s p e c t to  th e  damping
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T Y P E  O F  

D A M P I N G
C A P A C I T O R  X

s u p

X X

n 2 1

E ( X ) E  (X)

B
2 2

E ( X ) E  (X)

A  A

2 - E A
A  A

2 - E A

E  (X) E  (X)

2 2

E  (X) E  (X)

E A 4 - E A - A C
L

E  (X) E  ( X )

A
2 2 + F l - A C

F j  (X) F j  (X)

B
2 2

F i ( X ) F 1 (X)

F I C
2 + F 1 2 + F 1 - A C

F !  (X) F \ (X)

D
2 + F l 2 + F i - A C

F i (X) F i  (X)

F I
F 1 4 + F i - A C

F 1 (X) F 1 (X)

* 2 2  + F  2 - A C

F 2 ( X ) F 2 ( X )

2 + F 2 2 + F 2 - A C

F 2 (X) F 2 ( X )

F 2 P 2 + F 2 2 + F 2 + A C
w

F 2 ( X ) F 2 ( X )

2 2

F 2 (X) F 2 ( X )

F 2
F 2 4 + F 2 - A C

f 2 (x ) F 2 ( X )

E ( X )  =  4 - 2 E A - A C  

F I ( X )  =  4 + 2 F j - A C  

F 2 ( X )  =  4 + 2 F 2 - A C

T a bl e 3.7: S e n s i t i v i t y  e x p r e s s i o n s  of the pole fre q ue nc y,
and pole Q - f a c t o r
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c a p a c ito rs  E, F 1 a n ( 3 a re  much s m a lle r ,  e s p e c ia l ly  when

th e  r a t i o  F / f  becomes very  la r g e .  On the o th er  hand, the  s p
la r g e r  s e n s i t i v i t i e s  o f th e  Q -fa c to r  occur w ith  resp ec t to  

th e  damping c a p a c ito rs  g iv in g  approx im ate ly

Another s i t u a t io n  o f p r a c t ic a l  i n t e r e s t  in  some SC 

biquads is  when we adopt a low sampling r a t i o  Fg/ f  fo r  the  

purpose o f capac itance spread m in im is a t io n , as we s h a l l  

discuss in  S ection  3 . 6 .  For Fg/ f  =4,  fo r  example, we have 

CA=2 y ie ld in g

Ul Ul Ul , Ul
S P bA = S P B = s p :bD I s p *c

which in d ic a te s  some in c re a s e  o f the s e n s i t i v i t i e s  o f the  

pole frequency compared to  the  previous s i tu a t io n s  w ith  

h ig h e r  sampling r a t i o  Fg/ f  . Th is  s i t u a t io n  t r a d e s - o f f  w ith  

improved accuracy of th e  capac itance  r a t io s ,  which we 

o b ta in  by means of reducing Fg/ f  . When th e  SC biquads  

have ve ry  high Q - f a c t o r s ,  say above 50, i t  is  c r u c ia l  to  

adopt a low sampling r a t i o .  O therw ise , as we mentioned in  

S ectio n  3 . 1 ,  th e  capac itance  r a t io s  become unacceptably  

la r g e ,  both from the p o in t  o f view of t h e i r  accurac ies  and 

from th e  p o in t  of view of the  s i l i c o n  area  re q u ire d  fo r  

im p le m e n ta t io n .

O v e ra l l ,  th e  s e n s i t i v i t i e s  o f the  q u a d ra t ic

denominator fu n c t io n  o f SC biquads a re  comparable to  the  

case o f a c tive -R C  biquads, and, th e r e fo r e ,  have s im i la r
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p ro p e r t ie s  w ith  resp ec t to  th e  s e n s i t i v i t y  o f  the  

am plitud e  response [ 3 . 9 ] , [ 3 . 1 9 ] , [ 3 . 2 0 ] .

3 .5  PRINCIPLES FOR THE ANALYSIS OF CAPACITANCE SPREAD

3. 5 . 1  D e f in i t io n s  and o p era tio n s

In  the  SC biquads d e r iv e d  in  S ection  3 .3  we s h a l l  

consider the  fo l lo w in g  th re e  groups, or sets ,  of

c a p a c i to r s :

The L o o p  C ap ac ito r  Set (LCS) comprises the c a p a c ito rs  A, B, 

C and D that, form the reso n ato r  loop o f th e  SC biquad and 

the  c a p a c ito rs  E, F  ̂ and F2 t h a t  d e f in e  th e  type of  

damping. This c a p a c ito r  s e t  determ ines th e  q u a d ra t ic  

denominator fu n c t io n  and is  s y m b o lic a lly  represented  by the  

SFG shown in  F i g . 3 . 11 .

c

F i g . 3. 11: Loop C a p a c i t o r  Set

The In te g r a t o r  C ap ac ito r  S e t - 1 ( I CS- 1)  comprises the

c a p a c ito rs  o f the  SC in t e g r a t o r  asso c ia ted  w ith  0A1, i . e .  

the  in p u t  c a p a c ito rs  I  and J, th e  loop c a p a c ito rs  A and B 

and th e  damping c a p a c ito r  F ^ , This c a p a c ito r  se t is  

represented  by the  SFG o f F i g . 3 . 12 ,  where a l l  th e
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connected to  th e  v i r t u a lc a p a c ito rs  have one te rm in a l 

ground o f th e  a m p l i f ie r .

The In te g ra to r  C ap ac ito r S e t-2. ( IC S -2 ) comprises the  in p u t  

c a p a c ito rs  G and H, th e  loop c a p a c ito rs  C and D and the  

damping c a p a c ito rs  E and F2r a l l  o f which have one te rm in a l  

connected to  th e  v i r t u a l  ground o f 0A2, which forms the  

o th e r SC in te g r a to r  in  th e  lo o p . This c a p a c ito r  s e t is  

rep resen ted  by th e  SFG o f F i g . 3 . 13 .

F i g .3.13:
I n t e g r a t o r  C a p a c i t o r  Set-2

In  each c a p a c ito r  se t th e re w i l l  be a maximum and a minimum

cap ac itan ce  v a lu e , th e r a t io  o f which d e fin e s th e

cap ac itan ce  spread o f th e c a p a c ito r s e t . U s u a lly , th e

maximum cap ac itan ce va lues  are asso c ia ted  w ith the

c a p a c ito rs  A, B, C and D o f th e  reso n ato r loop , whereas the

minimum cap ac itan ce  va lues  a re  asso c ia ted  e ith e r  w ith  th e  

damping c a p a c ito rs  E, and F 2  o r w ith  th e  in p u t  

c a p a c ito rs  G, H, I  and J th a t  d e fin e  th e  type o f response
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of th e  SC biquad. Hence, we have:

C a p a c i t a n c e  L o o p  S p r e a d ( C.LS) =.
Max- A, B, C, D ■

Min. E, F1 , F2 ■

C apacitance Set Spread- 1 (C.SS-1 ) =
Max- A, B

Min- F V I , J  -

C apacitance Set Spread- 2 (CSS-2)=
Max- C, D

Min e , f 2 , g , h -

There are  two s c a lin g  o p e ra tio n s , namely capac itance  

s c a lin g  and v o lta g e  s c a lin g , th a t  a f f e c t  th e  capac itance  

va lues  in  th e  SC biquad, which are  viewed as o p era tio n s  o f 

contour s c a lin g  [ 3 . 1 0 ]  i n  the SFG's shown above. 

C apacitance s c a lin g  is  a p p lie d  to  a contour around e ith e r  

node I  or node I I  ( v i r t u a l  grounds o f th e  0 A ' s ),  

r e s p e c t iv e ly  in  th e  graphs o f ICS-1 and I CS-2,  as 

i l lu s t r a t e d  in  the  example o f F i g . 3 . 1 4 .  I n  F i g . 3 . 1 4 - a ,  l e t  

I  be th e  minimum cap ac itan ce  va lu e  I CS-1.  For cap ac itan ce  

n o rm a lis a tio n , w ith  1 = 1 , we app ly  a s c a lin g  fa c to r  1 / 1  to  

th e  closed contour around node I  such th a t  th e  incoming  

branches (A, F ^ , I  and J) a re  m u lt ip l ie d  by 1/1,  w h ile  the  

outgo ing branch ( 1 / B)  i s  d iv id e d  by th e  s c a lin g  f a c t o r ,

i . e .  m u lt ip l ie d  by I .  Th is produces the  norm alised  

cap ac itan ce  va lues in  F i g . 3 . 1 4 - b .  Such capac itance  s c a lin g  

o p era tio n s  can be c a r r ie d -o u t  in d ep en d en tly  to  e i th e r  CCS-1 

or CCS-2 ( t he c a p a c ito r  sets d e fin e  two sep ara te  contours)
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(a) O r i g i n a l  c a p a c i t a n c e  va lue s 
(I = m i n i m u m )

(b) N o r m a l i s e d  c a p a c i t a n c e  value s 
( m i n i m u m : 1 unit)

F i g . 3. 14: C a p a c i t a n c e  s c a l in g

such th a t ,  fo r  example, th ey  have equal minimum capac itance  

va l ues .  Then, th e  c a p a c ito r  s e t w ith  la r g e r  cap ac itan ce  

spread w i l l  determ ine th e  o v e r a l l  capac itance  spread o f th e  

SC biquad.

The o p e ra tio n  o f v o lta g e  s c a lin g  is  employed in  o rd er  

to  m odify th e  s ig n a l am p litud e  a t  the  ou tpu t o f th e  OA' s 

such th a t ,  fo r  example, th ey  have equal maximum v a lu e  in  

o rd er to  o b ta in  maximum s ig n a l hand ling  c a p a b i l i ty  [ 3 . 2 1 ] .  

V o lta g e  s c a lin g  co n s is ts  o f ap p ly in g  an o p e ra tio n  o f 

contour s c a lin g  around th e  ou tpu t te rm in a ls  o f th e  OA’ s , 

which are  represen ted  by node 1, and by node 2, in  th e  SFG 

o f F i g . 3 . 11 .  In  the  example shown in  F i g . 3 . 1 5 ,  th e  s c a lin g

A V2-i-M 1/M.D V2/M A.M
>  — >

F i g . 3. 15: V o l t a g e  sc al ing

o p e ra tio n  m u lt ip l ie s  th e  o u tpu t v o lta g e  o f 0A2 by a fa c to r
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1/M, i . e .  the  incoming branches (1 /D)  a re  m u lt ip l ie d  by 

1/M, w h ile  th e  outgoing branches A) a re  m u lt ip l ie d  by

M. Since such s c a lin g  o p e ra tio n  a f f e c t s  on ly  c a p a c ito r  A o f 

I CS-1,  and c a p a c ito rs  F^ and D o f ICS-2,  th e  corresponding  

c a p a c ito r  se t spreads w i l l  be a f f e c t e d .  A s im ila r  

s itu a t io n  occurs when we sc a le  th e  o u tp u t v o lta g e  o f 0A1.

3 . 5 . 2  Loop v o lta g e  m a g n ific a tio n  and loop gain

The loop v o lta g e  m a g n ific a tio n  and the  loop g a in  are  

d e fin e d  w ith  resp ec t to  th e  SFG o f F i g . 3.11 where, fo r  

s im p l ic i ty ,  we n e g le c t th e  damping c a p a c ito rs  E, F  ̂ and F ^ • 

This approxim ation  is  v a l id  fo r  moderate to  high Q - f a c t o r s .  

The loop v o lta g e  m a g n ific a tio n  corresponds to  th e  r a t io  

between th e  ou tpu t v o lta g e s  o f th e  a m p li f ie r s ,  i . e .

( 3 . 2 0 ) C/D 
_ A/B_

1 /2

For maximum s ig n a l h an d lin g  c a p a b i l i t i y ,  i . e .  Lm=1 , we have 

C/D=A/B. O therw ise, th e  r a t io  ( C / D ) / ( A / B )  determ ines the  

m a g n ific a tio n  o f one o u tp u t v o lta g e  w ith  resp ec t to  the  

o th e r .

The product ( C/ D) .  (A / B ) =L d e fin e s  th e  loop gai n L o f9 9
th e  SC biquad, which is  e s s e n t ia l ly  a fu n c tio n  o f the  

sam pling r a t io  Fg/ f  . Th is  is  ob ta ined  from the expressions  

in  Tab le  3 .4  y ie ld in g

L
A  ________ 4
B( 3 . 2 1 )  . . .

1 + (2Fs/ip )2
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where the  term  (1/Q ) . ( &  / 2F )<<1 has been approxim ated to
p P s

zero.  U n ity  loop ga in  is  ob ta ined  when th e  sam pling r a t io  

is

( 3 . 2 2 ) F = tt/3 f su p

in  terms o f th e  prewarped po le  frequency  

th e  po le  frequency f  t h is  g ives
r

f
P

In  term s o f

( 3 . 2 3 ) su 6.2 fp

For low er sampling r a t io s  w ith  FS<FSU the loop gain  o f th e

SC biquad is  L >1, whereas fo r  h ig h er sampling r a t io s  w ith

F >F th e  loop ga in  is  L <1. s su g

3 . 5 . 3  C apacitance loop spread

In  th is  a n a ly s is  o f th e  capac itance  loop spread we 

s h a ll  co ns ider th e  c o n d itio n  fo r  maximum s ig n a l han d lin g  

c a p a b i l i t y ,  i . e .  C/D=A/B y ie ld in g  Lm= 1 . L a te r  on, we s h a ll  

a ls o  examine s itu a t io n s  o f non-maximum s ig n a l h an d lin g  

c a p a b i l i t y ,  i . e .  C/D*A/B,  which is  re q u ire d  fo r  cap ac itan ce  

spread o p tim is a tio n . For L =1, we have

( 3 . 2 4 ) 1 + (2fs ^ ) 2]"1/2

which w i l l  determ ine th e  maximum capac itance  va lu e  among A,

B, C and D. When F =F th e  loop ga in  is  u n ity ,  and we ' s su  ̂ 2 '
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make a l l  capac itance va lues eq u a l, i . e .

( 3 . 2 5 -a) ... a  = B = C = D , F g = F su

F <F y ie ld s  L >1, thus C=A w i l l  be th e  la r g e s t  s su ■* g
cap ac itan ce  va lu e s , i . e .

( 3 . 2 5 - b )  . . .  A  = C = B v ^ "  = d /l ^  , F s < F su

For F >F , we have L <1, and then B=D become th e  la r g e s t  s su g
cap ac itan ce  va lu e s , i . e .

( 3 . 2 5 - c ) ... - | _  = - ^ = B  = D , F s > F su

W ith resp ec t to  th e  damping c a p a c ito rs  E, F^, and F 2 , we 

o b ta in  from th e  expressions in  Table  3 .4  th e  cap ac itan ce  

r a t i o

( 3 . 2 6 ) Uip
FS

fo r  th e  SC biquad w ith  E-damping, and th e  cap ac itan ce  

r a t io s

( 3 . 2 7 ) _B_ = _5_ = 5 ii.
FI F2 4 F S

,2"

fo r  the  SC biquad e i t h e r  w ith  F^-damping or w ith  F 2 -  

damping. The cap ac itan ce  loop spread fo r  th e  SC biquad  

w ith  E-damping is  o b ta in ed  by e n te r in g  the  c o n d itio n s
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( 3 . 2 5 )  in to  ( 3 . 2 6 ) ,  which g ives

( 3 . 2 8 - a )  . . . C n ^
c l s e  = I  = Qp  if F s  C F su

and

( 3 . 2 8 - b )  . . 0),
CLSE = i  = 8p 2F 1 +

^ s '2

Uo
p ■ J

1/2
, F s > F su

S im i la r ly ,  th e  cap ac itan ce  loop spread fo r  th e  SC biquad  

w ith  F-dam ping, i . e .  w ith  resp ec t e ith e r  to  F  ̂ or to  F 2 » is  

ob ta ined  from ( 3 . 2 5 ) ,  and from ( 3 . 2 7 ) .  Th is  leads to

( 3 . 2 9 - a ) A  _ C ~

CLSF " FI F2 S  2FS
1 +

2^ x 2 1/2
< F su

and to

( 3 . 2 9 - b )  . . . CLS.
_B_
F«

0)
•

M "V
o 1

D

F 2

II

•c
P*

i
i-» +

P
f F > F s su

The above equations ( 3 . 2 8 )  and ( 3 . 2 9 )  can be expressed in  

term s o f th e  po le  freq uen cy , f  and Q -fa c to r , Q , o f th e
r P

SC biquad by using the  w arping equations ( 3 . 1 5 )  and ( 3 . 1 7 ) ,  

r e s p e c t iv e ly .

A comparison between th e  capac itance  loop spreads o f

an SC biquad w ith  E-damping, and o f an SC biquad w ith  F -

damping, both w ith  maximum s ig n a l h and ling  c a p a b i l i t y ,  is

presented in  F i g . 3 . 1 6 .  Both types o f damping produce

ap p ro x im a te ly  th e  same CLS when F =F . When F >F ,^  s su s su' th e
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— E-Damping — F-Damping

F i g .3.16: E v a l u a t i o n  of CLS of 
SC bi qu ad s w i th  E- 
- d a m p i n g , and w i t h  
^ ,F ^ - d am pi ng , for 
L =1 (m a x i m u m  si gn al  
h a n d l i n g  c a p a b i l i t y )

CLS fo r  an SC biquad w ith  E-damping remains c o n s ta n tly  

equal to  Q Th is  is  much b e tte r  than the  CLS fo r  an SC
4

biquad w ith  F-damping, which in creases  w ith  the  sam pling

r a t io  F / f  . On th e  o th e r hand, fo r  F <F , th e  CLS fo r  an s p s su
SC biquad w ith  F-damping is  b e t te r  than w ith  E-damping. I t  

is  in te r e s t in g  to  note  th a t  s im ila r  conclusions are  

ob ta ined  in  [ 3 . 2 2 ] ,  fo r  th e  e v a lu a tio n  o f th e  capac itance  

spread in  the  SC biquads g iven in  [ 3 . 6 ] ,  [ 3 . 1 5 ]  and [ 3 . 2 3 ] .  

A l l  these SC biquads can be d e rived  from th e  g en era l SC 

biquad b u ild in g  blocks presented in  th is  Chapter [ 3 . 1 1 ] .

In  o rder to  o b ta in  th e  o v e ra ll  cap ac itan ce  spread in  

th e  SC biquad we have to  consider a l so the  in p u t c a p a c ito rs  

G, H, I ,  and J. These c a p a c ito rs  e n te r  th e  q u a d ra tic  

num erator fu n c tio n , and thus determ ine th e  type o f response 

of th e  SC biquad. Th is  w i l l  be e x p la in ed  in  th e  next 

S ection  co n s id erin g  th e  example o f an SC bandpass b iquad.
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3 .6  DESIGN OF SC BANDPASS BIQUADS 
FOR MINIMUM CAPACITANCE SPREAD

3 . 6 . 1  C apacitance s e t spreads

In  th e  g en era l SC biquad w ith  Type-B sw itch in g  

( F i g . 3 . 1 0 - a ) ,  we consider I - J ,  and G=H, such th a t  th e  in p u t  

s w itc h e d -c a p a c ito rs  a re  rep laced  by two unswitched  

c a p a c ito rs , r e s p e c t iv e ly  I  and G, as i l lu s t r a t e d  in  

F i g . 3 . 1 7 - a  [ 3 . 1 5 ] .  Th is  leads to  th e  SC biquad shown in  

F i g . 3 . 1 7 - b , w ith  E-damping (F 1 =f 2 =0 ) ,  and o u tpu t te rm in a l

I

F i g . 3. 17: (a) SC t r a n s f o r m a t i o n  of two SC b r a n c h e s
w i t h  e q ua l c a p a c i t a n c e  values; (b) SC 
ba n d p a s s  b i qu ad  w i t h  T y pe -B  switchi ng,  

and w i th  E - d a m p i n g

from OA1 , which we s h a ll  co nsider in  o rd er to  r e a l is e  the  

q u a d ra tic  num erator fu n c tio n  o f a b i l in e a r  SC bandpass 

biquad, i . e .
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( 3 . 3 0 ) N (Z)  = K ( l  -  Z ” 2 )

From Table  3 . 5 ,  we o b ta in  th e  fo llo w in g  co n d itio n s  fo r  th e  

cap ac itan ce  r a t io s

( 3 . 3 1 )  . . .  f - l f - f  ; G = H' I = J

and th e  fo llo w in g  design eq uation

( 3 . 3 2 - a ) B _ 1
1  = Ho

' f2Fs
+ CP\ <3p + QPU f s j.

which we approxim ate to

( 3 . 3 2 - b )

where Hq is  th e  d e s ire d  midband ga in  o f th e  SC b iquad. In  

th e  fo llo w in g  a n a ly s is  we s h a ll  make Hq= 1 ; la t e r  on, the  

d e s ire d  midband gain  Hq w i l l  be re s to re d  by a sim ple  

o p e ra tio n  o f contour s c a lin g  around the  in p u t node.

In  the  SC biquad o f F i g . 3 . 17,  ICS-1 co n ta in s  the  

c a p a c ito rs  A, B and I .  The minimum capac itance  va lu e  is  I  

whereas th e  maximum cap ac itan ce  va lu e  is  e i th e r  A or B, 

depending on th e  sam pling r a t io  Fg/ f  . From ( 3 . 3 2 - b )  and 

from th e  c o n d itio n s  in  ( 3 . 2 5 ) ,  th e  cap ac itan ce  spread of 

ICS-1 is  determ ined by
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(3.33-a) 

and by

03
css-i = -  = 6

I F
l +

s *-
2FS \2”) 1/2

> j
< Fsu

(3.33-b) css-l B
I

F > F s su

For high sampling ratios with Fs>F f CSS-1=B/I depends
511

only on the Q-factor Q of the SC biquad. But, for lowP
sampling ratios with Fs<Fsui CSS-1=A/I depends additionally 

on the loop gain Lg of the SC biquad.

Depending also on the sampling ratio Fg/f , the 

maximum capacitance value in ICS-2, for the SC biquad in 

Fig.3.17, can be either C or D, and the minimum capacitance 

value can be either E or G. By using a similar procedure as 

above, we obtain the following expressions for the 

capacitance spread of ICS-2

(3.34-a) css- 2
£  = c
G E F s < F S U

and

(3.34-b) CSS-2 > F su

Unlike CSS-1, we can see in the above expressions that

CSS-2 does not depend on the loop gain of the SC biquad.

For low sampling ratios with F <F , C is the largests su
capacitance value in ICS-2, and, hence, C/E and C/G depend
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on ly  on the  Q -fa c to r  Qp j n th e  same way, fo r  h igh sam pling

r a t io s  w ith  F >F D becomes the  la rg e s t  cap ac itan ce  va lu e  s su
in  I CS-2,  which a ls o  means th a t  D/G and D/E depend on ly  on 

th e  Q -fa c to r  Qp o f th e  SC biquad.

3 . 6 . 2  Optimum sw itch in g  frequency

For an example w ith  Q =30,  F i g . 3.18 shows th eP
v a r ia t io n  of CSS-1,  ob ta ined  from ( 3 . 3 3 ) ,  and of  CSS-2,

ob ta ined  from ( 3 . 3 4 ) ,  as a fu n c tio n  o f th e  sam pling r a t io

F / f  . As we saw above, CSS-2,  as w e ll as the  p o rt io n  o f s p

F i g . 3. 18: O v e r a l l  c a p a c i t a n c e
spread in the SC
b a n d p a s s  bi qu ad wi th

L = 1 m

3 9 15

Normalised Frequency [Fs /fp]

CSS-1 fo r  F >F ( B / I ) ,  a re  c h a r a c te r is t ic  o f th e  s su ' '
b iq u a d ra t ic  t r a n s fe r  fu n c t io n . B ut, fo r  F <F , thes su'
cap ac itan ce  r a t io  B / I  has been m u lt ip l ie d  by th e  loop ga in  

fa c to r  ^J Lg , in  o rd er to  s a t is f y  th e  c o n d itio n  C/D=A/B fo r  

maximum s ig n a l han d lin g  c a p a b i l i t y .  Th is  produced a la rg e r  

v a lu e , A / I ,  fo r  th e  cap ac itan ce  spread. In  o rder to  o b ta in  

the  o r ig in a l  r a t io  B / I  a ls o  when F <F , we have to  sc a le  

th e  o u tp u t v o lta g e  o f 0A2 by a fa c to r  1/ ^  L , making A=B,

o C/E=C/G

' V

D/G=D/E

CSS-2
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th e  r e s u lt  o f which is  i l lu s t r a t e d  in  F i g . 3 . 1 9 .  T h e re fo re , 

th e  a b s o lu te  minimum capac itance  spread o f th e  SC biquad is  

o b ta in ed  when CSS-1=CSS-2 w hich, from ( 3 . 3 3 - b ) ,  and from  

( 3 . 3 4 - a ) ,  leads to  the  optimum sw itch in g  frequency

° 3si ■■■

In  terms o f th e  po le  frequency o f th e  SC biquad th is  g ives

( 3 . 3 6 )  . . .  F = 4fS D
opt *

Normalised Frequency l | / y

Fig . 3 19: SC b a n d p a s s  bi qu ad
w i th  a b s o l u t e  m i n i m u m  
c a p a c i t a n c e  spread, 

for C S S - 1 = C S S - 2

The optimum sw itch in g  frequency g iven  in  ( 3 . 3 5 )  im p lie s ,

from ( 3 . 2 1 ) ,  th e  loop g a in  L = ( C / D ) . ( A / B ) = 2 ; s in ce  A=B, the
y

r e s u lt in g  v o lta g e  m a g n ific a tio n  in  th e  SC biquad, eq uation

( 3 . 2 0 ) ,  becomes L = \/"2 . As a r e s u l t ,  th e  s ig n a l hand ling  

c a p a b i l i ty  o f th e  SC biquad w i l l  be reduced by 3dB, in  

order to  s a t is f y  th e  c o n d itio n  fo r  ab so lu te  minimum 

cap ac itan ce  spread.
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3 . 6 . 2  Optimum sw itch in g  frequency versus ga in

In  o rder to  re s to re  th e  midband ga in  Hq We ap p ly  a

contour s c a lin g  around th e  in p u t node o f th e  SC biquad

y ie ld in g  th e  cap ac itan ce  va lues  G. Hq and I . H Q, as

i l lu s t r a t e d  in  F i g . 3 . 2 0 - a .  Th is  o p e ra tio n  w i l l  a f f e c t  the

cap ac itan ce  spread in  th e  SC biquad as fo llo w s . For Hq< 1 ,

we can see in  F i g . 3.19 th a t  both CSS-2 and CSS-1 in c re a s e ,

and thus keeping th e  optimum sw itch in g  frequency F =4 f
s opt p

ap p ro x im ate ly  co n s tan t, as shown in  F i g . 3 . 2 0 - b .  In c re a s in g

of th e  midband gain  H , i . e .  H >1, does not m odify CSS-2o o

because the  capac itance  r a t io s  C/E and D/E a re  not a f f e c t e d

( a ) o  vc

Hq.1

B e fo re  sc al in g : 
Af ter sc ali ng  :

(b)

V = 1 . V .
= H . V 1 o o 1

(c)

Normalised Frequency [f̂ /fpl

F i g . 3.20: O p t i m u m  s w i t c h i n g  f r e q u e n c y
ve rsu s gain. (a) Input sc a l i n g
for gain H ; (b) H <1; (c ) H >1o o o

)
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by th e  s c a lin g  o p e ra tio n . On th e  c o n tra ry , CSS-1 decreases  

when Hq in c re a s e s . O v e ra ll ,  fo r  HQ>1, th e re  w i l l  be a 

re d u c tio n  o f the  ab so lu te  minimum capac itance  spread, as 

w e ll as an in c re as e  o f th e  optimum sw itch in g  freq uen cy , as 

shown in  F i g . 3 . 2 0 - c .

In  g e n e ra l, th e  o p e ra tio n  o f ga in  s c a lin g  can be 

employed in  o rder to  reduce th e  capac itance  spread in  an SC 

biquad, e i t h e r  w ith  or w ith o u t th e  optimum sw itch in g  

freq uen cy, whenever th e  cap ac itan ce  va lues o f th e  in p u t  

c a p a c ito rs  G, H, I ,  and J , a re  s m a lle r than th e  capac itance  

va lues o f th e  damping c a p a c ito rs  E, F  ̂ , and F 2 . Such 

mechanism o f capac itance  spread red u c tio n  is  ex p la in ed  w ith  

re fe re n c e  to  th e  example in  F i g . 3 . 21 .  In  the  design o f an

A (D 1/B A/E ®  E/B

F i g . 3.21: Gain sc al in g for c a p a c i t a n c e
sprea d r e d u c t i o n

SC biquad fo r  a g iven  sam pling r a t io ,  we sc a le  the  

cap ac itan ce  va lues  o f I CS-1,  and IC S -2 , in  o rder to  o b ta in  

cap ac itan ce  va lues G=1 and 1=1, r e s p e c t iv e ly , as shown in  

F i g . 3 . 2 1 - a .  The minimum cap ac itan ce  spread which depends 

only  on th e  c h a r a c te r is t ic s  o f th e  q u a d ra tic  denom inator 

fu n c tio n  w i l l  be ob ta ined  when th e  minimum capac itance  

va lu e  o f th e  SC biquad corresponds to  th e  damping c a p a c ito r
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E. In  order to  ach ieve t h is ,  we app ly  a g a in  s c a lin g  

fa c to r  E such th a t th e  in p u t c a p a c ito rs  and th e  damping 

c a p a c ito r  have th e  same cap ac itan ce  v a lu e . Th is  produces a 

re d u c tio n  by a fa c to r  E o f th e  cap ac itan ce  spreads o f ICS-1  

and ICS-2,  as shown in  F i g . 3 . 2 1 - b ,  and thus a re d u c tio n  o f 

th e  o v e r a ll  capac itance  spread o f th e  SC biquad.

D esigning fo r  minimum cap ac itan ce  spread, as we d id  

b e fo re , reduces th e  t o t a l  c a p a c ito r  area o f th e  SC biquad  

although  i t  does not n e c e s s a r ily  y ie ld  an ab so lu te  minimum 

c a p a c ito r  area .  Th is  aspect must be considered s e p a ra te ly  

when we compare va rio u s  p o s s ib le  design s o lu tio n s  o f an SC 

biquad, as we i l l u s t r a t e  in  th e  examples g iven  in  th e  next 

S e c t io n .

3 .7  DESIGN EXAMPLES

The design example i l lu s t r a t e d  in  F i g . 3. 22 r e f e r s  to  

an SC bandpass biquad w ith  th e  s p e c if ic a t io n s  g iven  in  

Table  3 .8  [ 3 . 1 5 ] .  The SC biquad in  F i g . 3 . 2 2 - a  re s u lts  from  

the  genera l SC biquad b u ild in g  b lock in  F i g . 3 . 1 0 - a ,  w ith  

F2=0, J=0, and G=H. F o llo w in g  th e  procedure describ ed  above 

fo r  a n a ly s is  o f th e  o v e r a ll  cap ac itan ce  spread, we a r r iv e  

a t  th e  curves p lo t te d  in  F i g . 3 . 2 2 - b ,  both fo r  the  SC biquad

Q - f a c t o r  ......................................................  16

C e n tre  fre q u e n c y  ........................ 1633Hz

M id -b a n d  g a in  ....................................  lOdB

V o lta g e  m a g n i f ic a t io n  ..................  OdB

Table 3.8: D e si gn  s p e c i f i c a t i o n s  for a
b i l i n e a r  SC ba n d p a s s  bi qu ad
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Design A Design B

A 9.62922 10.05080
1
CO B 8.20335 16.09541
o F1

I 1 1

(VI C 17.85130 9.91316
1
cn D 15.225U 15.83180
o E 1 1
•— « G 1.581U 1.58114

T o ta l 54.490 55.5 3 2
Capacitance

(b)

F i g . 3.22: (a) SC b a n d p a s s  biquad; (b) O v e r a l l  c a p a c i t a n c e
spread, and n o r m a l i s e d  c a p a c i t a n c e  va lu es for 
d e s i g n  so l u t i o n s  A, and B; (c) C o m p u t e r  si m u l a t e d

a m p l i t u d e  r e s p o n s e
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w ith  E-damping ( f u l l  l i n e ) ,  and fo r  the  SC biquad w ith

F '|-damping (broken l i n e ) .  S o lu tio n  C, w ith  F^-dam ping, and

sam pling r a t io  Fs / f p^3. 5 ,  y ie ld s  th e  minimum cap ac itan ce

spread ( 114) .  The cap ac itan ce  spread is  a ls o  low in  both of

th e  s o lu tio n s  w ith  E-damping, i . e .  I118 in  s o lu t io n  A, and

116 in  s o lu t io n  B. By adopting  s o lu t io n  B w ith  a h igher

sam pling r a t io  F / f  H10, which on ly  s l ig h t ly  in c re as es  thes p
c a p a c ito r  area in  the  SC biquad, we have th e  advantage of 

reducing th e  requ irem ents  o f th e  AAF and A IF in  a com plete  

SC f i l t e r  system. On th e  o th e r hand, adoption  o f a h ig h er

sam pling r a t io  reduces th e  s e le c t iv i t y  o f th e  upper

stopband due to  a s m a lle r  e f f e c t  o f th e  b i l in e a r  

tra n s fo rm a tio n . Th is  can be seen in  F i g . 3 . 2 2 - c ,  showing the  

am plitud e  responses corresponding to  s o lu tio n s  A and B.

The example i l l u s t r a t e d  in  F i g . 3.23 r e f e r s  to  an SC 

lowpass notch biquad w ith  the design s p e c if ic a t io n s  g iven  

in  Tab le  3 . 9 .

Q p - fa c to r  .............................................................................  30

P o le - fr e q u e n c y  ......................................................  1700Hz

N o tc h -fre q u e n c y  .................................................... 1800Hz

G a in  @ DC ..............................................................................OdB

V o lta g e  m a g n i f ic a t io n  ............................................  OdB

T a b l e  3.9: De sig n s p e c i f i c a t i o n s  for a b i l i n e a r
SC l o w p a s s  not ch  biquad

The SC biquad in  F i g . 3 . 2 3 - a  re s u lts  from the g e n era l SC 

biquad b u ild in g  b lock in  F i g . 3 . 1 0 - a ,  w ith  F2=0, H=0 and 

I= J . Three design s o lu tio n s  are  compared on th e  b as is  of 

the  curves shown in  F i g . 3 . 2 3 - b ,  which rep res en t th e  o v e r a ll
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400

■o0 a>
&  2001o

E-Damping
F1-Damping /a

V

0 50 100
Normalised Frequency [Fs/fp]

Design B Design C

A 26.39533 1
1

to B 28.1£6££ 11.9952 A
o F1 1
M

I 25.8£19 8 10.68535
rsi C 1.0088£ 2.50200
1

i f ) D 1 30.012U
O E 1

G 1.0 0 8 8 A 2.50200
Total

Capacitance
86.£01 59.697

(b)

J
Design B 
Design C

r

—60-*------------------ ---------------L -J------------------ -------------------------------------
0 1 2 3 £ 5

FREQUENCY [KHz]

F i g . 3.23: (a) SC l o w p a s s  not ch biquad; (b) O v e r a l l
c a p a c i t a n c e  spread, and n o r m a l i s e d  
c a p a c i t a n c e  va lu es  for d e s i g n  s o l u t i o n s  

B, and C; (c) Co m p u t e r  s i m u l a t e d  
a m p l i t u d e  r e s p o n s e
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cap ac itan ce  spread o f th e  SC biquad. S o lu tio n  A, w ith  F^-

damping, and sampling r a t io  F / f  ~75 is  re je c te d  because
5  p

o f th e  enormous capac itance  spread "350.  D esigning th e  SC 

biquad a ls o  w ith  F^-damping, but w ith  the  optimum sam pling  

r a t io  Fg/ f  ~6, s o lu t io n  B, g ives th e  minimum cap ac itan ce  

spread 128.  For a s m a lle r  c a p a c ito r  a re a , we could adopt 

in s te a d  s o lu t io n  C, w ith  E-damping. Th is  s o lu t io n  has th e  

a d d it io n a l advantage o f much h ig h er sampling r a t io ,  and 

thus s im p ler requ irem ents fo r  the  AAF and A IF . As we can 

see in  F i g . 3 . 2 3 - c ,  th e  adoption  o f a h ig h er sam pling r a t io  

a ls o  reduces the  e f f e c t  of  the  sample and hold a t te n u a t io n ,  

compared w ith  s o lu t io n  B w ith  lower sam pling r a t io .

3 .8  SUMMARY

In  th e  f i r s t  p a r t  o f th is  C hapter, we developed  

g en era l SC biquad b u ild in g  blocks based on th e  Two 

In te g ra to r  Loop s t ru c tu re , which are  f u l l y  in s e n s it iv e  to  

grounded p a r a s it ic  ca p ac ita n ce s , and have low s e n s i t iv i t y  

o f th e  po le  frequency and po le  Q -fa c to r  w ith  re s p e c t to  

cap ac itan ce  r a t io  e r r o r s .  Design form ulae were presented  

fo r  d is c re te - t im e  t r a n s fe r  fu n c tio n s  d e riv ed  from  

co n tin u o u s-tim e  t r a n s fe r  fu n c tio n s  using the  b i l in e a r  

tra n s fo rm a tio n .

The second p a r t  o f th is  Chapter was concerned w ith  the  

a n a ly s is  o f cap ac itan ce  r a t io s  in  SC biquads d e riv e d  from  

the  genera l s tru c tu re s . By co n s id erin g  the example o f an 

SC bandpass b iquad, we showed th a t  th e  o v e r a ll  cap ac itan ce  

spread is  determ ined by two types o f capac itance  r a t io s ,
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namely those which depend s o le ly  on th e  b iq u a d ra tic

t r a n s fe r  fu n c t io n , and those which, in  a d d it io n , r e la t e  to  

th e  s ig n a l h and ling  c a p a b i l i ty  o f th e  SC biquad. For 

a p p lic a t io n s  w ith  low Q - f a c t o r s ,  i t  is  a p p ro p ria te  to

design th e SC biquad w ith maximum s ig n a l hand ling

c a p a b i l i t y , a t th e  expense o f in c re a s in g  the o v e r a l l

cap ac itan ce  spread. On th e  o th er hand, fo r  h ig h ly  s e le c t iv e  

f i l t e r i n g  a p p lic a t io n s , i t  is  v i t a l  to  m inim ise the  

cap ac itan ce  spread o f th e  SC biquad, even im p ly in g  some 

re d u c tio n  o f th e  s ig n a l hand ling  c a p a b i l i t y .  Th is  is  

achieved by design ing  th e  SC biquad using an optimum va lu e  

of the sw itch in g  freq u en cy , which leads to  an ab s o lu te  

minimum cap ac itan ce  spread, and, as a r e s u l t ,  maximises the  

accuracy o f th e  cap ac itan ce  r a t io s ,  and reduces th e  t o t a l  

c a p a c ito r  a re a .

F u rth e r  aspects o f th e  design o f SC biquads, which we 

i l l u s t r a t e d  by means o f num erical examples, a re  concerned  

w ith  th e  t o t a l  c a p a c ito r  area req u ire d  fo r  im p lem entation  

as w e ll as th e  range o f optimum, or n e a rly  optimum, 

sw itch in g  frequency which a llow s fo r  th e  best compromise 

between th e  co m p lex ity  o f the AAF and A IF in  an SC f i l t e r  

system and, fo r  example, th e  s e le c t iv i t y  o f th e  am p litu d e  

response o f the  SC biquad.
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4 .1  INTRODUCTION

As we mentioned in  Chapter 2, SC decim ators and 

in te r p o la to r s  can have H R  or FIR t r a n s fe r  fu n c t io n s , or 

even c o n s is t o f a com bination o f c i r c u i t s  having I IR  and 

FIR t r a n s fe r  fu n c t io n s , depending on th e  a n t i - a l ia s in g  and 

a n ti- im a g in g  system s p e c if ic a t io n s . I IR  SC decim ators and 

in te r p o la to rs  a re  more s u ita b le  fo r  wideband stopband 

ap p rox im ation s , and a re  implemented using th e  g en era l SC 

biquad b u ild in g  blocks d e riv e d  in  the prev ious C hapter. 

This Chapter dea ls  w ith  SC decim ator and in te r p o la to r  

c ir c u i t s  which a re  s u ita b le  fo r  m u ltin o tc h  stopband 

approxim ations based on th e  optimum FIR t r a n s fe r  fu n c tio n s  

in tro d u ced  in  S ectio n  2 . 5 .

FIR t r a n s fe r  fu n c tio n s  can be r e a lis e d  using re c u rs iv e  

and n o n -re c u rs iv e  s tru c tu re s . The use o f SC biquads fo r  

r e a l is in g  FIR t r a n s fe r  fu n c tio n s  is  considered in  th e  f i r s t  

p a r t  o f th is  C hapter, in  S ec tio n  4 . 2 .  Based on our 

exp erim en ta l work, we show th a t  th e  re c u rs iv e  n a tu re  o f the  

c ir c u i t s  produces e rro rs  o f th e  im pulse response 

c o e f f ic ie n ts ,  which a re  ra th e r  dependent on th e  n o n -id e a l 

c h a r a c te r is t ic s  o f th e  OA's,  and which a f f e c t  th e  exact 

placem ent o f the  notch fre q u e n c ie s . Such e rro rs  become more 

im p o rta n t when th e  sw itch in g  frequency is  h igh which, as a 

r e s u l t ,  l im i t s  the  o p e ra tin g  speed o f th is  typ e  o f SC 

c i r c u i t s .

The main purpose o f th is  Chapter is  to  develop non- 

re c u rs iv e  polyphase s tru c tu re s  fo r  SC decim ators and 

in te r p o la to r s ,  which a re  t y p ic a l ly  used in  m u lt i r a te
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d i g i t a l  s ig n a l p rocess ing . The r e s u lt in g  SC decim ator and 

in te r p o la to r  c i r c u i t s ,  whose development is  describ ed  in  

th e  second p a r t  o f th is  C hapter, from S ection  4 .3  to  

S ection  4 . 5 ,  a re  found to  be ve ry  a t t r a c t iv e  from th e  

p o in ts  o f v iew  o f low cap ac itan ce  spread, h igh  o p e ra tin g  

speed, and, a ls o , low power consumption s in ce  th ey  employ 

few OA' s . In  S ection  4 . 3 ,  we b r ie f l y  d e scrib e  th e  g en era l 

p r in c ip le s  o f th e  polyphase s tru c tu re s  and show how such 

s tru c tu re s  are  d e riv ed  from a g iven  im pulse response o f th e  

decim ator and in te r p o la to r .  In  S ectio n  4 . 4 ,  we co nsider  

the  b as ic  SC b u ild in g  b locks fo r  im p lem enta tion  and a ls o  

discuss va rio u s  arrangem ents o f th e  sw itch  phasing which 

a llo w  m u lt ip le x in g  o f th e  in p u t SC branches. Examples o f 

th e  r e a l is a t io n  o f both s in g le -s ta g e  and cascade polyphase  

SC decim ators and in te r p o la to rs  a re  presented in  S ection

4 . 5 .

In  th e  t h i r d  p a r t  o f th is  C hapter, corresponding to  

S ection  4 . 6 ,  we d e scrib e  an a l t e r n a t iv e  type o f SC 

decim ator and in te r p o la to r  c i r c u i t  in  which we combine H R  

SC biquads to g e th e r w ith  FIR SC polyphase s tru c tu re s , as a 

means o f o b ta in in g  an optimum m u ltin o tc h  am plitud e  response  

w ith  in creased  s e le c t iv i t y .  A summary o f th e  Chapter is  

presented in  S ectio n  4 . 7 .



179

4 . 2  SC RECURSIVE QUADRATIC STRUCTURES

4 . 2 . 1  Design example

An SC biquad can be employed fo r  r e a l is in g  a q u a d ra tic  

FIR t r a n s fe r  fu n c t io n , prov ided  th e  q u a d ra tic  denom inator 

o f th e  t r a n s fe r  fu n c tio n  reduces to  u n ity .  A sim ple  

s o lu t io n  co n s is ts  o f making a l l  th e  c a p a c ito rs  o f the  

c a p a c ito r  loop s e t equal to  u n ity ,  i . e .  A=B=C=D=E=1, as 

shown in  th e  g e n era l SC biquad in  F i g . 4.1 w ith  Type-A  

s w itc h in g . From th e  g en era l expressions g iven  in  th e

Fig.4.1: FIR SC bi qu ad  w i t h  T y p e - A  s w i t c h i n g

prev iou s  Chapter (T ab le  3 .2  and Tab le  3 .3  in  S ec tio n  3 . 3 ) ,  

th e  d is c r e te - t im e  t r a n s fe r  fu n c t io n  o f th e  FIR  SC biquad is  

g iven  by

-1 - 2(4.1) ... h (z) = I + (G - I - J) z + (j - H) z

y ie ld in g  th e  design equations
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( 4 . 2 ) . . .  I  = h ; J -  H = h ; G + H =  h + h  + h 0
o 2 0 1 2

fo r  th e  in p u t c a p a c ito rs  G, H, I  and J.

We consider th e  example o f an SC bandpass f i l t e r  a t  

midband frequency f Q=20KHz and sw itch in g  frequency

Fs=80KHz, where i t  is  re q u ire d  to  in c re a s e  th e  sam pling  

r a te  to  4Fg=320KHz. T h e re fo re , fo r  th is  a p p lic a t io n , we 

have to  design an SC in te r p o la to r  w ith  a fa c to r  L=4 fo r  

sam pling ra te  in c re a s e , which produces notch freq u en c ies  a t  

F ±f , 2F ± f , and 3F ± f . We consider th e  cascade o f two 

FIR SC biquads shown in  F i g . 4 . 2 .  The f i r s t  SC biquad w ith  

sw itch in g  frequency 2Fg=160KHz produces th e  notch

freq u en c ie s  a t  Fs± f Q, and t h e i r  r e p e t i t io n s  a t  3Fs± f Q,

w h ile  th e  second SC biquad w ith  sw itch in g  frequency

2 ~ i n  i
3 U m _ jri

1/320 KHz - H

F i g . 4 . 2 :  Cascade SC in te r p o la to r  L=4
w ith  FIR SC biquads
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4Fs=320KHz y ie ld s  th e  notch freq u en c ies  a t  2Fs± f Q. The 

o p tim ised  FIR  c o e f f ic ie n ts ,  which are  d e riv e d  using the  

techn iqu e  describ ed  in  S ec tio n  2 . 5 ,  and th e  r e s u lt in g  

cap ac itan ce  va lues  ob ta ined  from ( 4 . 2 )  a re  g iven  in  Table

4 . 1 .  The c i r c u i t  in  F i g . 4 . 2  was co nstru cted  as a d is c re te

1st STAGE: F  — *2F 
s s

2nd STAGE: 2F — ► 4F 
s s

COEFFICIENTS CAPACITANCES COEFFICIENTS CAPACITANCES

hQ =0.3536
G l’H l= 1 *2071

hQ =0.2706
G 2~H 2 = 1 *0412

V 1 V 1
h 1=0.5

1^=0.3536

h =0.5

I 2=0.2706

h 2=0.3536 W 1 h 2=0.2706 J 2- I 2 =l

Ta bl e 4.1: O p t i m i s e d  c o e f f i c i e n t s  and c a p a c i t a n c e
va lu es  for an SC bi qu ad  r e a l i s a t i o n  of 

an i n t e r p o l a t o r  w i t h  L=4

component model, us ing CMOS 4016 analogue sw itches and

BiMOS 3140 OA's.  The measured am plitud e  response o f th is  SC

in te r p o la to r  is  presented in  F i g . 4 . 3 .  A t low er freq u en c ie s

(<50KHz) ,  and in  th e  v i c i n i t y  o f th e  notch freq u en c ie s  a t

F ± f (60KHz and 100KHz), and a t  3F ± f (220KHz and s o  s o

260KHz), th e  measured am p litu d e  response is  f a i r l y  c lo se  to  

th e  computed ( id e a l )  response. On th e  c o n tra ry , th e re  is  a 

v is ib le  d e te r io r a t io n  o f th e  am plitud e  response a t  the  

notch freq u en c ies  2Fgi f Q (140KHz and 180KHz), which are  

produced by th e  SC biquad w ith  h ig h er sw itch in g  frequency  

( 4Fg=320KHz) .  Th is  is  due to  d i f f e r e n t  e r ro rs  a f fe c t in g  the



1 8 2

--- m e a s u r e d  ----c o m p u t e d

F i g . 4.3: M e a s u r e d  b a s e b a n d  r e s p o n s e  of
the SC i n t e r p o l a t o r  w i t h  L=4

term s o f th e  FIR t r a n s fe r  fu n c t io n , which, in  tu rn , we 

s h a ll  e x p la in  below as r e s u lt in g  from the re c u rs iv e  n a tu re  

of th e  c i r c u i t s .

4 . 2 . 2  Speed l im i t a t io n

The above FIR  SC biquads have very  low capac itance  

r a t io s ,  and thus h igh cap ac itan ce  r a t io  accuracy. The 

e rro rs  which a f f e c t  th e  terms o f th e  FIR t r a n s fe r  fu n c tio n  

r e s u l t  p r im a r ily  from th e  f i n i t e  ga in  bandwidth product of 

the  OA's,  the e f f e c t  o f which in creases  as th e  sw itch in g  

frequency in creases  [ 4 . 4 ] - [ 4 . 6 ] .  Looking a t  th e  c i r c u i t  in



183

F i g . 4 . 1 ,  and th e  corresponding d is c re te - t im e  t r a n s fe r  

fu n c t io n  ( 4 . 1 ) ,  we can see th a t  th e  term  I . Z^ is  th e  le a s t  

a f fe c te d  by such a m p li f ie r  im p e rfe c tio n s  because th e  SC 

branch c o n ta in in g  c a p a c ito r  I  l in k s  th e  in p u t te rm in a l 

d i r e c t ly  to  th e  v i r t u a l  ground o f th e  OA (0A1) whose ou tpu t 

te rm in a l is  th e  ou tpu t te rm in a l o f the c i r c u i t ;  th e  term
_ i

( G - I - J ) . Z  is  more a f fe c te d  because i t  has an a d d it io n a l
-1 -2 .path  v ia  0A2, i . e .  (G.Z ) ;  th e  term  ( J - H ) . Z  is  th e  most

a f fe c te d  because i t  has a fu r th e r  path  v ia  th e  e n t ir e  loop
_ o

o f th e  SC b iquad, i . e .  ( J . Z  ) .  This re c u rs iv e  n a tu re  o f 

th e  SC biquad y ie ld s  d i f f e r e n t  e r ro rs  fo r  th e  d i f f e r e n t  

term s o f th e  FIR t r a n s fe r  fu n c tio n  which, as we s h a ll  see 

in  th e  Appendix, im p lie s  poorer accuracy o f th e  m u ltin o tc h  

am p litu d e  response. Th is  becomes more c r i t i c a l  a t  h igh  

sw itch in g  freq u en c ie s  because th e  OA's a re  more a f f e c t e d .  

In  o rder to  overcome th is  problem , we develop an 

a l t e r n a t iv e  n o n -re c u rs iv e  typ e  o f s tru c tu re s  fo r  FIR  SC 

decim ators and in te r p o la to r s ,  which employ p a r a l le l  

processing  and on ly  one OA per t r a n s fe r  fu n c t io n . As we 

s h a ll  show, these s tru c tu re s  a re  much more t o le r a n t  to  th e  

n o n -id e a l c h a r a c te r is t ic s  o f th e  OA's.

4 . 3 .  NON-RECURSIVE POLYPHASE STRUCTURES 
FOR DECIMATION AND INTERPOLATION

4 . 3 . 1  Polyphase s tru c tu re  fo r  decim ation

As we saw in  Chapter 2, th e  o p e ra tio n  o f decim ation  

co n s is ts  o f reducing  th e  sam pling ra te  from a h igh va lu e  

MF (M is  an in te g e r  >1) to  a low er va lu e  F ,
5 S

and is
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im plemented by a decim ator c i r c u i t  s y m b o lic a lly  rep resen ted  

as in  F i g . 4 . 4 - a .  The conceptual o p e ra tio n  o f th e  decim ator 

in  th e  tim e-dom ain is  i l lu s t r a t e d  in  F i g . 4 . 4 - b .  The 

p ro to ty p e  f i l t e r  a t  th e  h e a rt o f th e  decim ator re c e iv e s

o

Decimator

■o

(a  )

a

Prototype
Filter

o

input

MFS

1

decimated 
signal 

• • •

(b)

F i g . 4.4: S a m p l i n g  rate r e d u c t i o n  by a fa ct or  M.
(a) S y m b o l i c a l  r e p r e s e n t a t i o n  of the 
d e c i m a t o r ;  (b) I l l u s t r a t i o n  of d e c i m a t i o n

in time

in p u t samples a t  th e  h ig h e r ra te  MF w eights and combines 

those samples, and then  produces o u tpu t samples a t  lower 

r a te  F . The p ro to ty p e  f i l t e r  is  a l in e a r  t im e - in v a r ia n t  

f i l t e r  w ith  d is c r e te - t im e  t r a n s fe r  fu n c tio n  H(Z)  w hich, fo r  

FIR dec im ato rs , has th e  genera l form

N-l
= Z h z n n

(4.3) H(Z)
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where th e  u n it  d e lay  p e rio d  is  1/MFg . The le n g th  N, and 

th e  c o e f f ic ie n ts  hn o f th e  p ro to ty p e  f i l t e r  can be 

op tim ised  using th e  procedure described  in  S ec tio n  2 . 5 ,  

whereby th e  notches o f th e  frequency response are  p laced  

e x a c t ly  a t  th e  c e n tre  o f th e  unwanted a l ia s  components 

as so c ia ted  w ith  th e  o u tp u t s ig n a l a t  low er r a te  F .

An analogue sam pled-data decim ator can be implemented  

using th e  polyphase s tru c tu re  shown in  F i g . 4 . 5  [ 4 . 1 ] - [ 4 . 3 ] ,  

in  which the  p ro to ty p e  f i l t e r  is  decomposed in to  a s e t o f M

F i g . 4.5: P o l y p h a s e  s t r u c t u r e  for d e c i m a t i o n

s u b - f i l t e r s  th a t  o p era te  a t  low er r a te  F . The d is c r e te -s
tim e t r a n s fe r  fu n c tio n  Hm(Z) o f each polyphase f i l t e r  

(m=0, 1 , . . . , M - 1 ) is  g iven by

( 4 . 4 ) H (Z) 
m

= Z 
i=0

h  - w Zm+iM
-iM

where th e  c o e f f ic ie n ts  o f the  polyphase f i l t e r s  are

equal to  th e  c o e f f ic ie n ts  hn in  ( 4 . 3 )  w ith  n=m+iM; th e

le n g th  I  o f each polyphase f i l t e r  m is  such th a t  ( I  -1 )  is  m m
th e in te g e r  p a r t  o f (N -1 -m )/M . This process o f polyphase  

decom position o f the  p ro to ty p e  f i l t e r  is  i l lu s t r a t e d  w ith  

the  sim ple example g iven  in  F i g . 4 . 6 ,  fo r  a fa c to r  M=2 o f
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sam pling r a te  re d u c tio n . The o r ig in a l  im pulse response o f 

F i g . 4 . 6 - a  is  decomposed in to  two s im p ler im pulse responses  

shown in  F i g . 4 . 6 - b ,  y ie ld in g  th e  polyphase s tru c tu re  o f 

F i g . 4 . 6 - c .  The de lay  between e q u iv a le n t samples o f each 

s u b - f i l t e r  corresponds, in  th e  frequency domain, to  a phase 

s h i f t  and hence th e  s u b - f i l t e r s  a re  designated  polyphase  

f i l t e r s .

•° h«!

0 1 2
Samples in time

( a )

m = 0

m = 1

(b)

(c)

F i g . 4.6: E x a m p l e  of an FIR p o l y p h a s e  d e c i m a t o r  M=2.
(a) P r o t o t y p e  filter; (b) D e c o m p o s e d  
p o l y p h a s e  fi lt ers ; (c) P o l y p h a s e  s t r u c t u r e
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4 . 3 . 2  Polyphase s tru c tu re  fo r  in te r p o la t io n

The o p e ra tio n  o f in c re a s in g  th e  sampling r a te  from a 

low v a lu e  Fg -to a h ig h e r va lu e  LFg (L is  an in te g e r  >1) is  

known as in te r p o la t io n  and complements th e  o p e ra tio n  o f 

dec im ation  describ ed  above. An in te r p o la to r  c i r c u i t  is  

s y m b o lic a lly  rep resen ted  as in  F i g . 4 . 7 - a .  The in te r p o la t io n  

o f sampled and h e ld  s ig n a ls , which occur in  SC c i r c u i t s ,  is  

i l l u s t r a t e d  in  F i g . 4 . 7 - b .  Every p e rio d  1 /F  o f th e  in p u t  

s ig n a l , th e  p ro to ty p e  f i l t e r  produces a sequence o f L 

samples, each o f which a re  determ ined by i t s  d is c re te - t im e  

t r a n s fe r  fu n c tio n  H( Z ) ,  and which are  a ls o  h e ld  fo r  a 

p e rio d  1/L F g . The frequency response o f th e  p ro to ty p e  

f i l t e r  is  a ls o  im p o rta n t because i t  should e lim in a te  th e  

image components asso c ia ted  w ith  the  in p u t s ig n a l a t  low er

a

(a )

■O

!" Sample 

! Hold

i------------1

Prototype
Filter

Fs

input sionafr— «— ^

interpolated 
_signal

(b)

F i g . 4.7: S a m p l i n g  r a te  i n c r e a s e  by a f a c t o r  L.
(a) S y m b o l i c a l  r e p r e s e n t a t i o n  of the 
i n t e r p o l a t o r ;  (b) I n t e r p o l a t i o n  of a 

sa m p l e d  and held signa l
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r a t e .  In  SC bandpass f i l t e r  systems, th e  decim ators and 

in te r p o la to r s  may have th e  same fa c to r  o f sampling ra te  

a l t e r a t io n ,  i . e .  M=L, and t h e i r  o r ig in a l  p ro to ty p e  f i l t e r s  

may a ls o  have th e  same d is c re te - t im e  t r a n s fe r  fu n c tio n  

H( Z ) .  But because th e  o p e ra tio n  o f in te r p o la t io n  r e fe rs  to  

sampled and he ld  s ig n a ls , th e  o r ig in a l  p ro to ty p e  f i l t e r  fo r  

in te r p o la t io n  can be m o d ified  accord ing to

L -l - l
• 5 ) • • • H' (Z) = H(Z). I Z

1=0

where th e  u n it  de lay  p e rio d  is  1 /L Fg .

An analogue sam pled-data in te r p o la to r  w ith  m o d ified  

p ro to ty p e  f i l t e r  can be implemented using th e  polyphase  

s tru c tu re  o f F i g . 4 . 8 .  Each one o f th e  L polyphase f i l t e r s  

a t  low er ra te  Fg produce one ou tpu t sample determ ined by 

t h e i r  t r a n s fe r  fu n c tio n s  H^( Z) .  The o u tp u t s ig n a l o f th e  

in te r p o la to r  is  o b ta in ed  by resam pling  th e  outputs o f th e  

polyphase f i l t e r s  a t  h ig h e r ra te  LFg . The im pulse responses 

o f th e  polyphase f i l t e r s  a re  d e riv e d  from the im pulse  

response o f th e  m o d ified  p ro to ty p e  f i l t e r  using a 

decom position process s im ila r  to  th a t  fo r  th e  d ec im ato r. A 

sim ple example o f th is  process fo r  L=2 is  g iven  in  F i g . 4 . 9 .

F i g . 4.8: P o l y p h a s e  s t r u c t u r e  for i n t e r p o l a t i o n
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The p ro to ty p e  f i l t e r  w ith  th e  o r ig in a l  im pulse response o f 

F i g . 4 . 9 - a  is  m o d ified  accord ing  to  ( 4 . 5 )  y ie ld in g  the  

im pulse response shown in  F i g . 4 . 9 - b .  Then, th is  is  

decomposed in to  L=2 s im p le r im pulse responses represen ted  

in  F i g . 4 . 9 - c  which y ie ld s  th e  polyphase s tru c tu re  o f 

F i g . 4 . 9 - d .

0 1 2 
Samples in time

( a )

h0*hi ♦h2

0 1 2  3

(b)

M h 2

0 y ,  1

K-Z“1 .

1 = 0

1=1

(c)

Fig .4.9: E x a m p l e  of an FIR i n t e r p o l a t o r  L=2.
(a) O r i g i n a l  and (b) m o d i f i e d  p r o t o t y p e  
filters; (c) D e c o m p o s e d  p o l y p h a s e  filter s;
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Fc

(d )

F i g . 4.9 (c on tin ued (d) P o l y p h a s e  s t r u c t u r e  for 
FIR p o l y p h a s e  i n t e r p o l a t o r  L=2

4 . 4 .  SC BUILDING BLOCKS FOR POLYPHASE STRUCTURES

4 . 4 . 1  G eneral S tru c tu re s

The co n ven tio n a l form o f r e a l is in g  an FIR t r a n s fe r  

fu n c tio n  is  by means o f th e  tra n s v e rs a l tapped d e lay  l in e  

shown in  F i g . 4 . 1 0 ,  in  which th e  delays g iv in g  th e  re q u ire d  

powers o f Z a re  ob ta ined  by means o f a form o f s e r ia l  

process ing . Th is  s tru c tu re  can be implemented in  SC form  

e ith e r  using OA' s [ 4 . 7 ]  or us ing u n ity  ga in  b u ffe rs  [ 4 . 8 ] ,  

but none o f these types o f c i r c u i t s  a re  s u ita b le  fo r  h ig h -  

q u a l i t y  SC decim ators and in te r p o la to r s ,  on account o f 

t h e i r  s e n s i t iv i t y  to  p a r a s i t ic  capac itances and to  th e  

n o n -id e a l c h a r a c te r is t ic s  o f the  a c t iv e  elem ents.

F i g . 4.10: N o n - r e c u r s i v e  t r a n s v e r s a l  s t r u c t u r e
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A d d it io n a l ly ,  th e re  is  th e  problem of s e r ia l  processing  

which renders  such n o n id ea l c h a r a c te r is t ic s  even more 

severe because o f th e  p ro p ag atio n  o f e rro rs  th roughout the  

d e lay  l in e .

The p r a c t ic a l  l im ita t io n s  mentioned above fo r  th e  

co n ve n tio n a l SC tapped d e la y  l in e ,  a re  overcome by the  

ad op tion  o f th e  a l t e r n a t iv e  d ire c t- fo rm  s tru c tu re  o f 

F i g . 4.11 [ 4 . 9 ] ,  using p a r a l le l  p rocess ing . An a d d it io n a l

ho

Fig. A. 11: M o d i f i e d  d i r e c t - f o r m  n o n - r e c u r s i v e
s t r u c t u r e

advantage o f th is  s tru c tu re  is  th a t  each term  o f th e  FIR  

t r a n s fe r  fu n c tio n  can be implemented s e p a ra te ly  w ith  

passive  SC elem ents employing on ly  analogue sw itches and 

c a p a c ito rs . Not on ly  th is  improves t h e i r  accuracy, thus  

le a d in g  to  h ig h er p re c is io n  o f th e  m u ltin o tc h  am plitud e  

response, but a ls o  in cre as es  th e  speed o f o p e ra tio n . For 

th e  SC d ec im ato r, th is  d ire c t - fo rm  s t ru c tu re  fo r  th e  

in d iv id u a l polyphase f i l t e r s  produces to  th e  g en era l 

polyphase s tru c tu re  shown in  F i g . 4 . 1 2 - a ,  using M+1 

accu m u la to rs . However, s in ce  th e  outputs o f th e  polyphase  

f i l t e r s  and th e  ou tpu t o f th e  decim ator a re  a t  th e  same
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(a )

F i g . A . 12: P o l y p h a s e  d e c i m a t o r  st ru c t u r e s  w i t h
d i r e c t - f o r m  p o l y p h a s e  fi lt er s

low er r a te  F , on ly  one accum ulator is  needed, as shown in  

F i g . 4 . 1 2 - b .  For th e  SC in te r p o la to r ,  th e  r e s u lt in g  genera l 

polyphase s tru c tu re  w ith  d ire c t - fo rm  polyphase f i l t e r s  is  

shown in  F i g . 4 . 1 3 - a .  Th is  s tru c tu re  needs L accum ulators  

a t  low er ra te  F , th e  ou tputs o f which are  resampled a t  

h ig h e r ra te  LFg . However, s in ce  th e  ou tputs o f the  

polyphase f i l t e r s  on ly  m atte r du ring  the  p erio d s  o f tim e  

when they  are  connected to  th e  o u tp u t o f the  in te r p o la to r ,
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F i g . A . 13: P o l y p h a s e  i n t e r p o l a t o r  s t r u c t u r e s  w i t h  di re ct -
f o r m  p o l y p h a s e  filter s. (a) L a c c u m u l a t o r s  at 
l o w e r  ra te F g ; (b) 1 t i m e - s h a r e d  a c c u m u l a t o r

at h i g h e r  rate LF
s

i t  is  p o s s ib le  to  u t i l i s e  on ly  one tim e-sh ared  accum ulator, 

as shown in  F i g . 4 . 1 3 - b .

The im p lem enta tion  in  SC form o f th e  polyphase  

s tru c tu re s  in  F i g . 4 . 1 2 - b  and F i g . 4 . 1 3 - b  can be d iv id e d  in to  

two p a r ts . The f i r s t  p a r t  corresponds to  th e  im p lem entation  

o f th e  tran sm iss io n  fa c to rs  using SC elem ents w ith  on ly
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sw itches and c a p a c ito rs . These SC elem ents r e a l is e  the  

o p era tio n s  o f sam pling, d e lay  and w e ig h tin g , and t h e i r  

d is c re te - t im e  in p u t-o u tp u t r e la t io n  is  o f th e  form

( 4 . 6 )  . . .  Ao = C z”nv. (Z)
n n 1

The capac itance  va lues  correspond to  th e  c o e f f ic ie n ts  of 

the  tran sm iss io n  fa c to rs , i . e .  th e  im pulse response 

c o e f f ic ie n ts ,  w h ile  th e  de lays a re  ob ta ined  by an 

a p p ro p ria te  sw itch  phasing fo r  each SC elem ent. The second 

p a r t  o f the polyphase s tru c tu re s  co n s is ts  o f an SC 

accum ulator th a t  r e a lis e s  th e  a d d it io n  o f th e  charge 

packets AQn (Z) produced by th e  SC elem ents. I t s  id e a l  

d is c re te - t im e  in p u t-o u tp u t r e la t io n  is  o f th e  form

( 4 . 7 )  . . . v  (Z) = -  E AO (Z)
o C n

N ext, we s h a ll  co ns ider th e  SC im plem entations o f these  

b lo cks , s ta r t in g  w ith  th e  accum ulator.

4 . 4 . 2  SC accum ulator

For the SC d ec im ato r, implemented using th e  polyphase  

s tru c tu re  in  F i g . 4 . 1 2 - b ,  th e  accum ulator may be r e a lis e d  as 

shown in  F i g . 4 . 1 4 .  D uring th e  re fe re n c e  p e rio d  o f the  

d ec im ato r, i . e .  one p erio d  o f th e  ou tpu t s ig n a l . the  

incom ing charge packets AQn (Z) corresponding to  a l l  terms 

o f th e  FIR p ro to ty p e  f i l t e r  a re  tra n s fe r re d  in to  the  

memoried feedback c a p a c ito r  C. A t th e  end o f th e  re fe re n c e  

p e rio d , in  s lo t  1, th e  new o u tpu t v o lta g e  is  sampled by the
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C
A Q 0(Z)-----<---- ------- 1|------ r -{T}-oVo(Z)

A C l^lZ)------«

AQ,(Z)------<---- ■ ►

h— Reference period - -h
, , (1/FS)

_ m _____ r2i ________[t l

-M 0

F i g . 4.14: SC a c c u m u l a t o r  for d e c i m a t i o n

fo llo w in g  SC c i r c u i t  and a ls o  by the  feedback TSC branch; 

th en , in  s lo t  2 o f th e  n e x t re fe re n c e  p e rio d , th e  TSC 

branch t ra n s fe rs  i t s  charge to  th e  feedback c a p a c ito r  and 

thus re s e ts  th e  prev ious o u tp u t v o lta g e . A t th e  same tim e , 

a new cy c le  o f charge accum ulation  is  executed . By ta k in g  

in to  account th e  p a r a s i t ic  capac itance  Cp we o b ta in  th e  

fo llo w in g  d is c r e te - t im e  in p u t-o u tp u t r e la t io n

As we saw in  F i g . 4 . 1 3 - b ,  th e  p re fe r re d  s tru c tu re  fo r  

in te r p o la t io n  employs o n ly  one tim e-sh ared  SC accum ulator. 

Th is  is  shown in  F i g . 4 . 15 fo r  th e  sim ple case o f L = 2 . 

D uring one re fe re n c e  p e rio d  o f th e  in te r p o la to r ,  i . e .  one 

p e rio d  o f th e  in p u t s ig n a l . th e re  a re  L=2. cycles  o f th e  

o p e ra tio n  o f th e  SC accum ulato r, each o f which produces one

N - l
I AQ (Z) n

( 4 . 8 ) V (Z) 
o
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cycle 1 i cycle

J lilfo U IU ru iL
--------------1--------------1------------------1------------1 T"

2 1 0 
M-1/2FS-H

^-Reference period— H  
(1 / Fs)

F i g . 4.15: A s i m p l e  t i m e - s h a r e d  SC a c c u m u l a t o r
for i n t e r p o l a t i o n  (L=2)

sample o f th e  o u tpu t in te rp o la te d  s ig n a l.  F i r s t l y ,  in  s lo t  

0, th e  charge packets o f th e  polyphase f i l t e r  1=0 are  

t r a n s fe r re d  to  th e  o u tp u t o f th e  accum ulator, w h ile  the  

prev iou s  ou tpu t v o lta g e  is  re s e t  by th e  charge t r a n s fe r  

from th e  feedback TSC branch. In  s lo t  2, the  new ou tpu t 

v o lta g e  is  sampled by the  feedback TSC branch. In  the  

second c y c le , th e  charge packets o f th e  polyphase f i l t e r  

1=1 a re  t ra n s fe r re d  to  th e  ou tpu t o f the  accum ulator in  

s lo t  1, w h ile  the  prev iou s  ou tpu t v o lta g e  is  re s e t by the  

charge t r a n s fe r  from th e  feedback TSC branch. Th is  second 

c y c le  ends w ith  s lo t  3, when th e  new ou tpu t v o lta g e  is  

sampled by th e  feedback TSC branch. W ith such an

arrangem ent o f th e  sw itch  phasing th e  ou tpu t o f the  

in te r p o la to r  is  im p l ic i t l y  sampled and h e ld , because the  

o u tp u t v o lta g e  changes on ly  du rin g  s lo ts  0 and 1. The
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d is c r e te - t im e  in p u t-o u tp u t r e la t io n  o f th e  SC accum ulator 

fo r  th e  f i r s t  in te rp o la te d  sample, in  s lo t  0 , is  g iven  by

( 4 . 9 - a )
Ol

I - 1
°Z AQ.(Z)  

1 3/2 i - 0  1

c i + a  z"1
C

and fo r  th e  second in te rp o la te d  sample, in  s lo t  1, by

i l - l

( 4 . 9 - b )

I  Aq . ( z ) 
i  „ l / 2  i=Q X

V02 r i + a  z- 1

We can observe in  ( 4 . 8 ) ,  and i n  ( 4 . 9 ) ,  th a t  th e  

d is c re te - t im e  expressions in  th e  num erators a re  not 

a ffe c te d  by th e  p a r a s i t ic  cap ac itan ce  Cp o f th e  MOS 

c a p a c ito r  ( to p -p la te )  and sw itch es . S ince these num erators  

d e fin e  th e  FIR t r a n s fe r  fu n c tio n s  o f th e  SC decim ators and 

in te r p o la to r s ,  th e  lo c a t io n  o f th e  notches o f th e  am p litud e  

response w i l l  no t be a f fe c te d  e i t h e r .  The p a r a s i t ic  

cap ac itan ce  C does in tro d u c e  a p a r a s i t ic  po le  a t  Z=-C /C ,
r  r

and a DC ga in  v a r ia t io n  o f - 2 01og( 1+C^/ C) , but both o f 

these e f f e c t s  a re  u s u a lly  n e g l ig ib le .  In  o rder to  improve  

th e  accuracy o f th e  am p litu d e  response, th e  e f fe c ts  o f th e  

p a r a s i t ic  cap ac itan ce  can be e lim in a te d  by em ploying the  

PCTSC re s e t  branch shown in  F i g . 4.14 [ 4 . 1 0 ] .

4 . 4 . 3  D ire c t- fo rm  SC elem ents

Now, we s h a ll  lo ok  a t  th e  im p lem enta tion  o f the  

tran sm iss io n  fa c to rs  o f th e  polyphase s tru c tu re s  in  

F i g . 4 . 1 2 - b  and F i g . 4 . 1 3 - b  using SC elem ents. I t  is
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conven ient to  r e f e r  th e  o p e ra tio n  and th e  sw itch  phasing o f 

such SC elem ents to  th e  re fe re n c e  perio ds  d e fin e d  fo r  th e  

SC accum ulators . V ariou s  s itu a t io n s  have to  be considered  

depending on th e  number o f term s, i . e .  th e  le n g th , o f th e  

polyphase f i l t e r s .

Simple SC elem ents im plement th e  f i r s t  term  o f the  

polyphase f i l t e r s ,  i . e .  th e  terms w ith  tran sm iss io n  

fa c to rs  hm or h i ,  and correspond to  a s i tu a t io n  where th e  

in p u t s ig n a l is  sampled du ring  th e  re fe re n c e  p e rio d . Such 

SC elem ents can be r e a lis e d  using co n ven tio n a l SC branches 

sw itched in  th e  normal manner, which means th a t  du rin g  th e  

re fe re n c e  p e rio d  the  tim e s lo t  fo r  sam pling precedes th e  

tim e s lo t  fo r  charge t r a n s fe r .  The TSI branch in  

F i g . 4 . 1 6 - a  re a lis e s  p o s it iv e  c o e f f ic ie n ts ,  whereas th e  OFR 

branch in  F i g . 4 . 1 6 - b  r e a lis e s  n e g a tiv e  c o e f f ic ie n ts .  An 

a l t e r n a t iv e  r e a l is a t io n  o f th e  terms w ith  n e g a tiv e  

c o e f f ic ie n ts  uses th e  PCTSC branch in  F i g . 4 . 1 6 - c .  For th e  

SC d ec im ato r, the  de lays  o f these SC branches r e fe r  to  th e  

re fe re n c e  p erio d  in  F i g . 4 . 1 6 - d ,  and a re  determ ined w ith  

resp ec t to  the  sam pling s lo t s . e . g .  s lo t  1. On the  

c o n tra ry , fo r  th e  SC in te r p o la to r  th e  de lays should be 

r e fe r re d  to  th e  charge t r a n s fe r  s lo t s . e . g .  s lo t  2. The SC 

elem ents in  F i g . 4. 16 a re  canonic in  th e  sense th a t  th ey  

u t i l i s e  on ly  one SC branch w ith  one c a p a c ito r  in  o rder to  

r e a l is e  one term  o f th e  FIR im pulse resp o n ses .1

We assume that the 
2 C is e q u i v a l e n t  to 
[ 4 . 101 .

PCTSC br 
an SC

anch with two c a p a c i t o r s  
branch with one c a pa ci to r Ca n
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(a) Vi(Z)o-----[7}
C ♦CZ‘n2O

(b) Vj(Z)o— Q}
C
\\ o—

Fs

-C Z 'n2 — > - o

(c)
-C Z'n2 
— >-- o

(d ) _ _ _ rn_ m_ _
,--------- 1— i— i

- m *n2 -ni o
n- -  ■ Reference period —<

ri/Fsj

Fig . 4 . 1 6 : SC e l e m e n t s  for the first t e r m  of the 
p o l y p h a s e  filters, usi ng a n o r m a l  
s e q u e n c e  of s a m p l i n g  f o l l o w e d  by 

c h ar ge  t r a n s f e r

The SC elem ents th a t  im plement th e  term s w ith  

tran sm iss io n  fa c to rs  hm+M.Z~M or h1+L.Z _L correspond to  a 

s itu a t io n  where the  in p u t s ig n a l is  sampled in  th e  perio d  

preceed ing  th e  re fe re n c e  p e rio d . Such SC elem ents can be 

r e a lis e d  by in v e r t in g  th e  sequence o f sampling and charge 

t r a n s f e r , d u rin g  th e  re fe re n c e  p e rio d . Th is  o p e ra tio n  can 

on ly  be achieved using TSI and PCTSC branches because, in  

these branches, sam pling and charge t r a n s fe r  ta k e  p lace  in  

d i f f e r e n t  s lo ts .  The TSI branch in  F i g . 4 . 1 7 - a  r e a lis e s
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p o s it iv e  

r e a lis e s  

these SC

( a )

c o e f f ic ie n ts ,  w h ile  th e  

n e g a tiv e  c o e f f ic ie n ts  

elem ents are  a ls o  canon

PCTSC branch in  

I t  is  easy to  

ic ,  as be f or e .

CZ

F i g . 1 7- b  

see th a t

£2-(M*ni)
— >---o

t i m_ _ _ _ m  f2i
i------------1------------1------1 i------------1----- 1

-2 m  -(M-nD -m  -n2 -m o
*• - Reference period—  

d/Fs )

F i g . A . 17: SC e l e m e n t s  for the second t e r m  of the
p o l y p h a s e  filter s, usi ng an i n v e r t e d  
s e q u e n c e  of c h a r g e  t r a n s f e r  fo l l o w e d  

by s a mp li ng

In  o rder to  im plement term s w ith  tran sm iss io n  fa c to rs

hm+2NTZ ° r  hl + 2 L ,Z 2Lf hm+3M'Z 3M or hl + 3 L * Z ^ ' and SO
fo r t h ,  i t  is  necessary to  in tro d u c e  SC branches w ith

reduced sam pling r a te  th a t  can sample th e  in p u t s ig n a l a t

two, th re e  or more perio ds  b e fo re  th e  re fe re n c e  p e rio d .

B ut, because o f th e  reduced sam pling r a t e ,  i t  is  a ls o

necessary to  have m u lt ip le  SC branches to  ensure th a t  such

term s are  r e a lis e d  every re fe re n c e  p e rio d . Such a scheme is

i l lu s t r a t e d  in  F i g . 4 . 18 ,  fo r  a tran sm iss io n  fa c to r  
-  2Mh lOM.Z . The SC elem ent co n s is ts  o f two p a ra l le le d  SC m+2M



201

branches, w ith  reduced sam pling r a te  F / 2 r and w ith  an 

in v e r te d  sequence o f charge t r a n s fe r  fo llo w ed  by sam pling.

Vj(Z)o—t -Q

4 B

m
AQ(Z)

U P

r 7 -(2M *ni) v  ♦ C Zo—«jr  ----->------o
fs

_j2i_rn.
2 / F s ----- 4

J2U T L

-(2M+ni)

H-----2/Fs----
_______________

— i--------- 1— i
-h -m o

—H Reference period (4—
, (1 / Fs)

R _ f 3 l _

----- 1---
-(2M*-nD

------I------------------------------------T—I

- m -n i o
— *  Reference period^—

Fig. 4. 18: E x a m p l e  of a n o n - c a n o n i c a l  SC el e m e n t
for the thi rd  t e r m  of the p o l y p h a s e  
filters, usi ng  SC br a n c h e s  w i t h  re d u c e d  

sa m p l i n g  rate

We should note th a t  a lthough th is  SC elem ent is  non-canonic  

w ith  resp ec t to  th e  number o f SC branches and c a p a c ito rs ,  

i t  is  s t i l l  a d ire c t - fo rm  im plem entation  s in ce  i t  r e a lis e s  

on ly  one term  o f th e  FIR im pulse response.

4 . 4 . 4  M u ltip le x e d  SC elem ents

There a re  o th e r  forms o f no n-can on ica l im plem entations  

o f th e  SC elem ents which may le a d , in  some cases, to  a 

re d u c tio n  o f th e  t o t a l  number o f SC branches and 

c a p a c ito rs . These a re  th e  m u ltip le x e d  im plem entations o f SC
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elem ents which lead  to  n o n -d ire c t-fo rm  SC s tru c tu re s . An 

example o f a polyphase s tru c tu re  w ith  a m u ltip le x e d  

im p lem entation  o f SC elem ents is  shown in  F i g . 4 . 1 9 - a .  

H ere, th e  SC branch w ith  c a p a c ito r  is  sw itched a t  h ig h er  

r a t e  2Fs , and r e a l is e s  terms th a t  correspond to  d i f f e r e n t

J ^ J 2 U T U 2 U T U 2 L

J3l___ft]__ [3l__
-2 3 6

h —Reference period—H 
(1 / Fs)

( a )

foi fn m foi m
K- 1 / 2 Fs—*

3 S
•-Reference period— *

(1/FS)

(b)

F i g . 4.19: A l t e r n a t i v e  i m p l e m e n t a t i o n s  of p o l y p h a s e
filter s, (a) M u l t i p l e x e d  SC ele me n ts , and 

(b) d i r e c t - f o r m  SC e l e m e n t s
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polyphase f i l t e r s .  The a l t e r n a t iv e  d ire c t- fo rm

im p lem en ta tio n  is  shown in  F i g . 4 . 1 9 - b .

M u ltip le x e d  schemes a re  e s p e c ia lly  a t t r a c t iv e  fo r  

a p p lic a t io n s  o f SC decim ators in  which th e  p ro to ty p e  f i l t e r  

has equal c o e f f ic ie n ts  and th e  le n g th  is  N=M [ 4 . 1 1 ] - [ 4 . 1 3 ] .  

I t  is  easy to  see th a t  in  such cases th e  polyphase f i l t e r s  

have on ly  one term , and thus on ly  one SC branch is  needed 

to  im plement th e  polyphase s tru c tu re . Th is  form o f 

m u lt ip le x in g  is  i l lu s t r a t e d  in  F i g . 4 . 2 0 - a  (M=2) ,  and we can 

compare i t  w ith  the  e q u iv a le n t d ire c t- fo rm  r e a l is a t io n  in

VjlZJo-----(7} _,AQ(Z)
0 — «-i

m=o

2Fs _
m=i

o
N -1 /2F S-H

_ rn _ [2 U T [_ f2 i_

o
^-Reference period— •< 

(1/FS )

( a )

iUl m=0 L

2Fe .
m=i

[21 m  foi m
li 5

u— Reference period—
(1/FS)

(b)
Si mp le  p r o t o t y p e  filt er s w i t h  equ a l  
c o e f f i c i e n t s .  (a) M u l t i p l e x e d ,  and 
(b) d i r e c t - f o r m  SC i m p l e m e n t a t i o n

Fig .4.20:
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F i g . 4 . 2 0 - b .  Th is  m u lt ip le x in g  scheme is  p a r t ic u la r ly  

advantageous when M is  la rg e  [ 4 . 1 2 ] , [ 4 . 1 3 ] .

4 . 4 . 5  Memoried SC elem ents

One c h a r a c te r is t ic  common to  a l l  p rev ious SC elem ents  

is  th a t  th ey  are  m em orieless, in  th e  sense th a t  b e fo re  each 

new sam pling phase th e y  have been d ischarged to  zero  

v o lta g e . The S ing le -P hase  F lo a t in g  C ap ac ito r (SPFC) [ 4 . 1 4 ]  

branch shown in  F i g . 4 . 2 1 ,  on the  c o n tra ry , is  a memory

V;(Z)o-
£  aq (zi

T — I — «—
-cz -n i

-T- U p

jn

~  o j f

CZ -m-M

- m -n i
n------ Reference period-

I1/Fs)

Fig. 4.21: M e m o r i e d  SC e l e m e n t  (SPFC)

possessing elem ent, which holds in fo rm a tio n  between two

co nsecu tive  sam pling in s ta n ts . T h e re fo re , an SPFC branch

c o n tr ib u te s  to  th e  r e a l is a t io n  o f terms w ith  tran sm iss io n

fa c to rs  hm+iM.z"lM and hm+  ( i  + 1 )iyj. z" {1+1 )M, in  th e  polyphase

f i l t e r s  fo r  d e c im atio n , or w ith  tran sm iss io n  fa c to rs

h.I J . T . Z- l L  and h , , . . , . . T .Z in  th e  polyphase f i l t e r s1+ iL  l + ( i + 1 ) L
fo r  in te r p o la t io n .  Th is  is  i l lu s t r a t e d  in  th e  polyphase  

s tru c tu re  fo r  dec im ation  M=2 shown in  F i g . 4. 22 [ 4 . 1 5 ] .
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J 2 [

H-1/2Fs—H1___[2l
-2 -1 0 

-̂Reference period-H 
(1/FS)

F i g . 4.22: I m p l e m e n t a t i o n  of p o l y p h a s e  fi lt er s
us ing  a m e m o r i e d  SC e l e m e n t

As we can see i n  F i g . 4 . 21 ,  th e  SPFC branch is  not s t r i c t l y  

in s e n s it iv e  to  grounded p a r a s i t ic  cap ac itan ces , s in ce  the  

sw itched te rm in a l o f the  c a p a c ito r  remains f lo a t in g  a f t e r  

th e  sam pling phase. I t  was found in  p ra c t ic e  th a t  th is  

c h a r a c te r is t ic  a f f e c t s  c o n s id e rab ly  th e  perform ance o f SC 

c ir c u i t s  [ 4 . 1 5 ] , [ 4 . 1 6 ] ,  and, th e re fo re , d e s p ite  i t s  

s im p l ic i ty ,  th is  type o f memoried SC elem ent is  no t ve ry  

a t t r a c t iv e  fo r  h ig h -q u a li ty  SC decim ators and 

in t e r p o la t o r s .

4 .5  DESIGN EXAMPLES OF NON-RECURSIVE POLYPHASE 
SC DECIMATORS AND INTERPOLATORS

This S ec tio n  i l l u s t r a t e s  th e  system atic  procedure fo r  

th e  design o f polyphase SC decim ators and in te r p o la to r s ,  

co n s id erin g  examples which a re  s u ita b le  fo r  the
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a p p lic a t io n s  o f SC bandpass f i l t e r  systems th a t  we s h a ll  

d e scrib e  in  th e  next C hapter.

4 . 5 . 1  S in g le -s ta g e  SC decim ator M=4

For a narrow SC bandpass f i l t e r  cen tered  a t  f  =20KHzo

i t  is  re q u ire d  to  reduce th e  sampling ra te  from 4Fg=192KHz

to  Fs=48KHz . The am plitud e  response o f th e  p ro to ty p e

f i l t e r  must have th e  notches a t  freq u en c ie s  3F ± f . 2F ± fs o s o

and Fg± f o , and by using the  sim ple techn ique d escrib ed  in  

S ection  2 .5  we a r r iv e  a t  th e  optimum im pulse response g iven  

in  F i g . 4 . 2 3 - a .  The p ro to ty p e  f i l t e r  is  decomposed in to  M=4 

polyphase f i l t e r s  le a d in g  to  th e  polyphase s tru c tu re  g iven

n  —  —eo ini cm oo

F i g . 4.23: FIR p r o t o t y p e  f i l t e r  for a d e c i m a t o r
M = 4 . (a) O p t i m i s e d  i m p u l s e  res po n se ;
(b) C o r r e s p o n d i n g  p o l y p h a s e  s t r u c t u r e
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in  F i g . 4 . 2 3 - b .  The SC im plem enta tion  in  d ire c t - fo rm  leads  

to  th e  polyphase SC decim ator shown in  F i g . 4 . 2 4 - a ,  which 

op erates  w ith  th e  tim e frame o f F i g . 4 . 2 4 - b .  I t  is  easy to  

observe th e  correspondence between th e  SC decim ator and the  

polyphase s t ru c tu re . For example, th e  in p u t s ig n a l is  

sampled in  s lo t  0 by th e  polyphase f i l t e r  m=0, in  s lo t  1 by 

th e  polyphase f i l t e r  m=1, and so fo r t h .  The terms w ith  

tran sm iss io n  fa c to rs  h^ are  r e a lis e d  by SC branches 

sw itched in  the  normal manner, and thus th e  charge t r a n s fe r

<t>) fn in m foi m
M/192KHZ-1

h----------------------------1 /4BKHZ-----------------------------M

F i g . 4.24: (a) S i n g l e - s t a g e  p o l y p h a s e  SC d e c i m a t o r  M=4;
(b) Time fra me
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s lo ts  appear a f t e r  the  sam pling s l o t s .  But th e  term s w ith  

tran sm iss io n  fa c to rs  hm+4.Z -4  a re  r e a lis e d  by SC branches  

w ith  an in v e r te d  sequence o f charge t r a n s fe r  fo llo w e d  by 

sam pling, and thus th e  charge t r a n s fe r  s lo ts  appear b e fo re  

th e  sampling s lo ts  w ith in  th e  re fe re n c e  p e rio d .

Th is  SC decim ator c i r c u i t  was b u i l t  using d is c re te  

components: CMOS 4016 analogue sw itch es , BiMOS 3140 0 A ' s

and capac itance  va lues rang ing  from 18.17pF to 59.68pF.  By 

using a baseband sweeping mode, as d e fin ed  in  S ectio n  2 . 2 ,  

we o b ta in  th e  measured am plitud e  response in  F i g . 4 . 2 5 - a ,  

which in c lu d es  a d d it io n a l notch freq u en c ie s  a t  m u lt ip le s  o f 

Fg=48KHz due to  th e  sample and hold e f f e c t .  Th is  e f f e c t  was 

a ls o  s im u la ted  in  th e  computed response using th e  computer 

program SWITCAP [ 4 . 1 7 ] .  In  th e  ex p erim en ta l cu rve, th e  

s l ig h t  a t te n u a t io n  a t  DC is  due to  th e  p a r a s it ic  

cap ac itan ce  in  the  feedback TSC branch o f the  SC 

accum ulator, as we saw in  ( 4 . 8 ) .  Th is e f f e c t  is  n e g lig ib le  

in  th e  passband cen tred  a t  f q=20KHz . We can o b ta in  the  

e f f e c t i v e  a n t i - a l ia s in g  perform ance o f th is  SC decim ator by 

using an a l ia s  sweeping mode, a ls o  d e fin e d  in  S ectio n  2 . 2 ,  

g iv in g  th e  measured am plitud e  response shown in  F i g . 4 . 2 5 - b .

4 . 5 . 2  Cascade SC in te r p o la to r  L=4

In  th is  example we design an SC in te r p o la to r  which is

complementary to  the  prev ious d ec im ato r. We adopt a cascade

approach where th e  f i r s t  s e c tio n  in creases  th e  sampling

r a te  from F =48KHz to  2F =96KHz, and then  th e  second s s
s e c tio n  fu r th e r  in creases  th e  sam pling r a te  from 2Fg=96KHz 

to  4Fg=192KHz. The notch freq u en c ie s  in  th e  f i r s t  s e c tio n
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DETECTOR FREQUENCY [KHz]

F i g . A . 25: E v a l u a t i o n  of the SC d e c i m a t o r  M = 4.
(a) B a s e b a n d  r e s p on se
(b) A l i a s i n g  r e s p on se
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are  p laced a t  Fg±f  but they  a re  a ls o  repeated  a t  3Fs± f Q;

th e  notch freq u en c ie s  a t  2F ± f a re  in tro d u ced  in  th es o

second s e c tio n . For th e  requ irem ents o f th e  f i r s t  s e c tio n , 

fo r  example, we o b ta in  th e  FIR  p ro to ty p e  f i l t e r  w ith  th e  

o r ig in a l  im pulse response g iven in  F i g . 4 . 2 6 - a .  This im pulse  

response is  m od ified  accord ing to  ( 4 . 5 ) ,  on account o f th e  

sampled and h e ld  s ig n a ls  a t  th e  in p u t . Then, th e  m o d ified  

im pulse response in  F i g . 4 . 2 6 - b  is  decomposed in to  L=2

1
Samples in time 

( a )

1 2
Samples in time

(b)

F i g . A . 26: FIR p r o t o t y p e  for an i n t e r p o l a t o r  L = 2.
(a) Or igi nal , and (b) m o d i f i e d  i m p u l s e  

re sp o n s e s ;  (c) P o l y p h a s e  s t r u c t u r e
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polyphase f i l t e r s  in d ic a te d  in  F i g . 4 . 2 6 - c .  Th is  polyphase  

s tru c tu re  leads to  th e  polyphase SC in te r p o la to r  shown in  

F i g . 4 . 2 7 - a ,  w ith  th e  tim e  frame g iven in  F i g . 4 . 2 7 - b .

(b) ^ .J I U o L fz l_ _ _ _ m j3l_
ta----------1/96KHZ ------N

N---------------------------------1/4.6KHZ --------------------m

Input signal

F i g . 4.27: (a) P o l y p h a s e  SC i n t e r p o l a t o r  L = 2;
(b ) Time frame

In  o rder to  observe th e  correspondence between th e  SC 

in te r p o la to r  and th e  polyphase s tru c tu re  we should look  a t  

th e  charge t r a n s fe r  s lo ts .  The f i r s t  o u tp u t sample is  

produced by th e  polyphase f i l t e r  1=0 in  s lo t  0 , and the  

second ou tpu t sample is  produced by th e  polyphase f i l t e r  

1=1 in  s lo t  1. The SC branches th a t  r e a l is e  th e  terms w ith  

tran sm iss io n  fa c to rs  h1 have th e  sampling s lo ts  b e fo re  th e  

charge t r a n s fe r  s lo ts ;  bu t s in ce  th e  in p u t s ig n a l is  

sampled and h e ld , on ly  one sam pling s lo t  is  needed, s lo t  4.
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For th e  terms w ith  tran sm iss io n  fa c to rs  h ^ ^ .z   ̂ th e  SC 

branches have an in v e r te d  sequence, o f charge t r a n s fe r  

fo llo w e d  by sam pling; as be f or e ,  on ly  one sam pling s lo t  is  

needed, s lo t  3.

By using a s im ila r  procedure we o b ta in  th e  s tru c tu re  

fo r  th e  second SC in te r p o la to r  s e c tio n , and then the  

cascade r e a l is a t io n  o f F i g . 4.28 r e s u l t s .  No sample and

9.66 10 3.15 10

M------------------------- 1 /9 6K H z---------------------------N

_______ ( £ l l 0 l l 2 I___________________ l 1 l I 3 l Ijmg_Frfl.rnf_i
M---------------------------------------------------------------------  1 /£ 0 KHz ---------------------------------------------------H

H----------- 1/192KHZ— H

fZ I  fo l  i n _____________ fl~l 131 Time Frome 2

(b)

F i g . 4.28: (a) C a s c a d e  p o l y p h a s e  SC i n t e r p o l a t o r  L=4;
(b ) Time frame

l

hold  c i r c u i t  is  needed to  in te r fa c e  th e  two sec tio n s  

because the  o u tpu t o f th e  f i r s t  SC in te r p o la to r  s e c tio n  is  

im p l ic i t l y  sampled and h e ld  in  th e  s lo ts  0 and 1 o f tim e  

fram e 1. We b u i l t  a d is c re te  component model o f th is  SC 

in te r p o la to r  c i r c u i t  using th e  same type o f components 

in d ic a te d  before;  th e  nominal cap ac itan ce  va lues range from
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3 2 . 28pF t o  1 0 2 . 44pF. The measured baseband baseband 

response o f th e  SC in te r p o la to r  is  g iven in  F i g . 4 . 29  and 

compared to  th e  computed response.

Fig. 4.29: Ba s e b a n d  r e s p o n s e  of the ca s c a d e
SC i n t e r p o l a t o r  L=4

4 . 5 . 3  S in g le -s ta g e  SC in te r p o la to r  L=4

Here, we design a polyphase SC in te r p o la to r  L=4 using  

on ly  one OA. We co nsider th e  same req u irem en t which was 

used fo r  th e  cascade biquad r e a l is a t io n  o f th e  F IR  SC 

in te r p o la to r  L=4 considered in  S ection  4 . 2 ,  and shown in  

F i g . 4 . 2 .  For th is  s in g le -s ta g e  SC in te r p o la to r ,  th e  

optim ised  im pulse response o f th e  p ro to ty p e  f i l t e r  is  g iven  

in  F i g . 4 . 3 0 - a ,  and th e  corresponding m o d ified  im pulse  

response is  shown in  F i g . 4 . 3 0 - b .  In  th e  polyphase
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O r i g in al , and (b) m o d i f i e d  i m p u ls e r e s p o n s e s  

(c) P o l y p h a s e  s t r u c t u r e
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(b) M -------- 1/80 KHz--------- *

1/320 KHz N-------H
8 0 4 1 5  2 6  3 7

_ n m L _ n iL _ M _ m

_n__n_____ ru i_ j_____ n
0' V 7' 0" 1" 7"

H*--------- ---- 1/^0 KHz---------------------------------to

F i g . 4.31: (a) S i n g l e - s t a g e  p o l y p h a s e  SC i n t e r p o l a t o r  L = 4
(b) Time frame
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s tru c tu re  o f F i g . 4 . 3 0 - c ,  th e  im p lem enta tion  o f th e  term s  

w ith  tran sm iss io n  fa c to rs  h^+g. z  • i n th e  polyphase  

f i l t e r s  1=0 and 1=1, re q u ire s  non-canonic SC elem ents w ith  

m u lt ip le  SC branches. The scheme g iven  in  F i g . 4 . 18  is  

a p p ro p ria te  fo r  th is  purpose. The r e s u lt in g  polyphase SC 

in te r p o la to r  is  shown in  F i g . 4 . 3 1 - a  which op erates  w ith  the  

tim e frame of F i g . 4 . 3 1 - b .  Th is  SC in te r p o la to r  c i r c u i t  was 

a lso  b u i l t  w ith  standard  d is c re te  components and we 

obta ined  the  measured am plitud e  response shown in  F i g . 4 . 3 2 .

F i g . 4.32: B a s e b a n d  r e s p o n s e  of the s i n g l e - s t a g e
SC i n t e r p o l a t o r  L=4

In  th e  l ig h t  o f th e  a n a ly s is  o f the  n o n -id e a l e f f e c t s  th a t  

we s h a ll  p resen t in  th e  Appendix, th e  in creased  co m p lex ity  

of th is  s in g le  a m p li f ie r  SC in te r p o la to r  w ith  re s p e c t to
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th e  number o f in p u t SC branches, and tim e  s lo ts ,  may 

e x p la in  th e  poorer accuracy o f th e  am p litud e  response 

compared to  th e  cascade polyphase n o n -re c u rs iv e  s tru c tu re .  

A b r ie f  summary o f th e  r e s u lts  d e riv ed  in  th e  Appendix, 

p a r t ic u la r ly  w ith  re s p e c t to  capac itance  r a t io  and tim in g  

e r ro rs , w i l l  be presented n e x t.

4 .5 .4  P r a c t ic a l  c o n s id e ra tio n s

The e rro rs  produced in  th e  im pulse response 

c o e f f ic ie n ts  o f th e  FIR t r a n s fe r  fu n c tio n s  o f th e  SC 

polyphase s tru c tu re s  are  p r im a r ily  due to  cap ac itan ce  r a t io  

e rro rs  asso c ia ted  w ith  th e  in p u t SC branches. C onsidering  

th e  example o f th e  SC decim ator M=4 in  F ig .4 .2 4 -a ,  we can 

m inim ise th e  e f f e c t  o f such e rro rs  by im plem enting the  

cap ac itan ce  r a t io s  as i l lu s t r a t e d  in  F i g .4 .3 3 . The most

Relative ratiomg of coefficients

F i g . 4.33: R a t i o i n g  s t r a t e g y  for the p o l y p h a s e
SC d e c i m a t o r  M=4, w h i c h  r e d u c e s  

i m p u l s e  c o e f f i c i e n t  er ro rs

c r i t i c a l  cap ac itan ce  r a t io s  

c a p a c ito rs  o f th e  in p u t  

cap ac itan ce  r a t io s  r e la t iv e  to

a re in  r e la t io n  to the

SC branches, whereas th e

th e feedback c a p a c ito r o f
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th e  OA, which a re  most c r i t i c a l  in  co n ven tio n a l SC f i l t e r  

c i r c u i t s ,  a re  here less  im p o rta n t. C ap ac ito rs  corresponding  

to  symmetric im pulse response c o e f f ic ie n ts ,  fo r  in s ta n c e  h^ 

and hg r have equal a re a s , and thus th e  cap ac itan ce  r a t io  

accuracy is  maximum. The r a t io s  between h o r iz o n ta l ly  

a d ja c e n t c a p a c ito rs , h^ and h 1 , fo r  example, a re  a ls o  

maximised, because such r a t io s  correspond to  a d if fe re n c e  

between a d ja c e n t im pulse response c o e f f ic ie n ts ,  which is  

s m a lle r  than t h e i r  ab s o lu te  v a lu e s . In  th e  case o f 

im p lem entation  in  in te g ra te d  c i r c u i t  form , i t  is  a ls o  

im p o rta n t th a t  equal va lued  c a p a c ito rs  on -ch ip  a re  

p h y s ic a lly  c lo se  to  each o th e r , in  o rd er to  m inim ise  

e f fe c ts  o f ox ide th ickn es s  v a r ia t io n s ,  fo r  example, thus  

m axim ising tra c k in g  o f cap ac itan ce  va lues [ 4 .1 8 ] .

The tim in g  o f th e  n o n -re c u rs iv e  polyphase SC decim ator 

and in te r p o la to r  c i r c u i t s  is  a f fe c te d  by d i f f e r e n t i a l  tim e  

e rro rs  between each c r i t i c a l  s lo t  in  th e  tim e fram e, i . e .  

th e  tim e s lo ts  th a t  determ ine th e  powers o f Z in  the  

corresponding FIR  t r a n s fe r  fu n c t io n . These e r ro rs  are  

e s s e n t ia l ly  due to  th e  d i g i t a l  tim e s lo t  g e n e ra to rs . In  

order to  m inim ise such e r ro rs , which produce la rg e  

v a r ia t io n s  of th e  m u ltin o tc h  am plitude response, we 

designed tim e s lo t  g enerato rs  w ith  id e n t ic a l  d i g i t a l  paths  

fo r  th e  tim e s lo ts .  Th is  ensures th a t  th e  tim in g  e rro rs  

r e s u l t  on ly  from d i f f e r e n t i a l  p rop ag atio n  de lays o f s im ila r  

g a tes , and thus can be ac cep tab ly  sm a ll.
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4 .6  DESIGN OF DECIMATORS AND INTERPOLATORS WITH 
COMBINED SC BIQUAD-SC POLYPHASE STRUCTURES

In  fre q u e n c y -tra n s la te d  SC systems we have to  r e je c t  

unwanted a l ia s  and image fre q u e n c y -tra n s la te d  components 

below as w e ll  as above th e  d e s ire d  passband, fo r  which i t  

is  necessary to  u t i l i s e  SC decim ators and in te r p o la to rs  

w ith  highpass or w ith  bandpass am plitude responses. Such 

SC decim ators and in te r p o la to rs  a re  u s u a lly  re q u ire d  to  

have h ig h er s e le c t iv i t y  than  th e  SC lowpass decim ators and 

in te r p o la to r s  o f th e  p rev ious  examples.

Highpass and bandpass FIR  polyphase SC decim ators and 

in te r p o la to r s  can be d e riv e d  by employing th e  procedure  

d escrib ed  above fo r  lowpass FIR polyphase SC decim ators and 

in te r p o la to r s .  In  o rder to  in c re as e  the  s e le c t iv i t y  o f the  

m u ltin o tc h  am plitude response, fo r  g iven L and M, we have 

to  in c re a s e  the  number o f notch freq u en c ie s  w hich, in  tu rn ,  

im p lie s  in c re a s in g  th e  le n g th  o f th e  optimum FIR p ro to ty p e  

f i l t e r  fo r  decim ation  and th e  m o d ified  p ro to ty p e  f i l t e r  fo r  

in te r p o la t io n .  Th is  may lead  to  SC c i r c u i t s  which may not 

be p r a c t ic a l  fo r  im p lem en ta tio n , m ain ly  due to  th e  many 

tim e s lo ts ,  thus sw itch in g  waveforms, re q u ire d  to  o p erate  

th e  SC bran ches. We co nsider here an a l t e r n a t iv e  type  o f SC 

decim ator and in te r p o la to r  c i r c u i t s ,  in  which we combine an 

FIR polyphase SC s tru c tu re  to g e th e r w ith  an H R  SC biquad  

as a means o f a c h ie v in g  th e  re q u ire d  in creased  s e le c t iv i t y  

of th e  m u ltin o tc h  am plitud e  response. We s h a ll  consider an 

example o f th e  design o f such SC decim ators and 

in te r p o la to r s  w ith  fa c to rs  o f sampling ra te  a l t e r a t io n  M--3
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and L=3, re s p e c t iv e ly , and w ith  highpass m u ltin o tc h  

am plitud e  responses.

4 .6 .1  SC decim ator M=3

For an SC bandpass f i l t e r  w ith  c e n tre  frequency

f -|=4KHz and sw itch in g  frequency Fs=16KHz, the  a l ia s  

frequency components in  th e  frequency range up to  3Fg=48KHz 

are  s y m b o lic a lly  rep resen ted  on th e  d is c r e te - t im e  u n it  

c i r c le  as shown in  F ig .4 .3 4 -a .  In  th e  frequency band from

F.-h

( a ) (b)

F i g . 4.34: (a) S y m b o l i c a l  r e p r e s e n t a t i o n  of an SC b a n d pa ss
f i lt er  w i t h  s w i t c h i n g  f r e q u e n c y  F , on the unit
c i rc le  fr om  DC to 3F ; (b) P o l e - z e r o  p a t t e r n  of
SC d e c i m a t o r  for s e l e c t i o n  of the f r e q u e n c y -

t r a n s l a t e d  band c e n t re d at f =F +f«o s 1

DC to  3Fg/2=24KHz, an SC decim ator M=3 is  re q u ire d  to  

s e le c t  th e  a l ia s  fre q u e n c y -tra n s la te d  component a t  f Q=20KHz 

and to  r e je c t  th e  unwanted baseband component a t  4KHz as 

w e ll as the  unwanted a l ia s  fre q u e n c y -tra n s la te d  component 

a t  12KHz. For in creased  s e le c t iv i t y  o f such SC decim ator we 

consider the  p o le -z e ro  p a tte rn  i l lu s t r a t e d  in  F ig .4 .3 4 -b  

(th e  p o le -z e ro  p a tte rn  in  th e  upper h a l f - c i r c le  is  repeated  

in  th e  low er h a l f - c i r c l e ) ,  which leads to  th e  fo llo w in g
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d is c r e te - t im e  t r a n s fe r  fu n c tio n

(4 .1 0 ) H (Z) hoi+hn z~ S i 2~2
l - 2 r  cos© Z * + r  ^Z 2 

P P P
h02+h +h22Z

where th e  u n i t  d e lay  p e rio d  is  1 /3 F s . The num erator of the

b iq u a d ra t ic  fu n c tio n  corresponds to  th e  complex con jugate  

*z e r o -p a ir  Z^.Z^ y ie ld in g  th e  notch frequency a t  4KHz and

th e  f i r s t  r e p e t i t io n  a t  44KHz. The denom inator o f th e

b iq u a d ra tic  fu n c t io n , which is  a ls o  designed d i r e c t ly  on

th e  d is c r e te - t im e  domain corresponds to  th e  re q u ire d

complex co n ju gate  p o le -p a ir  (e q u iv a le n t Q -fa c to r  is

ap p ro x im a te ly  Qp=2, and th e  po le  frequency is  ap p ro x im ate ly

fp=20K H z). The FIR q u a d ra tic  fu n c tio n  corresponds to  th e
*complex con ju gate  z e r o -p a ir  ^2 * Z2 y ie ld in g  th e  notch  

frequency a t  12KHz and th e  f i r s t  r e p e t i t io n  a t  36KHz. The 

optim ised  c o e f f ic ie n ts  fo r  th e  t r a n s fe r  fu n c t io n  ( 4 . 1 0 )  a re  

given  in  Tab le  4 . 2 .

B iq u a d r a t ic  F u n c t io n F IR  Q u a d r a t ic  F u n c t io n

ho r h 2 i = 0 - 14434 h0 2 =h22 =° * 5

h 11= - o .2 5 h l 2= °

r  2= 0 .2 5  
P

- 2 r  cos0 = 0 .8 6 6 0 3  
P P

Ta bl e A . 2: O p t i m i s e d  c o e f f i c i e n t s  for d e c i m a t o r  M=3,
w i t h  IIR SC b i q u a d - F I R  SC p o l y p h a s e  s t r u c t u r e
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The a r c h ite c tu r e  o f th e  SC decim ator M=3 which 

im plements th e  above t r a n s fe r  fu n c tio n  is  i l lu s t r a t e d  in  

F i g . 4 . 3 5 - a .  F i r s t ,  we have the  H R  SC biquad w ith  sw itch in g

iir
SC Biquad

FIR !
SC Fblyphase J

nunu rur%>
3FS !Fs

SC Decimator M=3 

(a)

**-1A8KHz -*

L 5
1/16 KHz ■M

F i g . 4.35: (a) A r c h i t e c t u r e ,  and (b) circuit, of
d e c i m a t o r  M=3 w i t h  c o m b i n e d  SC b i q u ad -  

SC p o l y p h a s e  s t r u c t u r e

frequency 3Fg=48KHz, which r e a l is e s  the  b iq u a d ra tic  

fu n c t io n ; then we have th e  FIR  polyphase SC s tru c tu re ,  

which r e a lis e s  th e  FIR q u a d ra tic  fu n c t io n , and reduces the  

sam pling ra te  to  Fg=16KHz. The re s u lt in g  SC decim ator w ith  

tim e  fram e is  shown in  F i g . 4 . 3 5 - b ,  and th e  norm alised  

cap ac itan ce  va lues are  g iven  in  Tab le  4 . 3 .  The SC c i r c u i t  

in  F i g . 4 . 3 5 - b  was co n stru cted  as a d is c re te  component
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LLR SC B iq u ad F IR  SC P o ly p h as e

A -  1 0 .0 7 8 1 h =1

IC
S

- o
B -  6 .9 2 8 2 tr

to
II

I  -  1 C =2 a

C -  5 4 .7 1 1 0 C =2 r
CN D -  3 7 .6 1 0 9
CO
uM

E -  1 9 .3 9 1 7  

G -  1

T a b l e  4.3: N o r m a l i s e d  c a p a c i t a n c e  value s
for SC d e c i m a t o r  M=3

model, using CMOS 4016 analogue sw itches and CMOS 7611 

OA' s . The measured and computed baseband am plitud e  

responses o f th e  c i r c u i t  a re  shown in  F i g . 4 . 3 6 .  The 

notches a t  16KHz, 32KHz, and 48KHz, r e s u lt  from the sample

F i g . 4.36: M e a s u r e d  b a s e b a n d  a m p l i t u d e  r e s p o n s e
of SC d e c i m a t o r  M=3
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and hold e f f e c t ,  which a ls o  produces th e  a tte n u a t io n  a t  

midband frequency f o=20KHz.

4 . 6 . 2  SC in te r p o la to r  L=3

For an SC in te r p o la to r  L=3 which is  complementary to  

th e  p rev ious SC d ec im ato r, th e  o r ig in a l  t r a n s fe r  fu n c tio n  

of th e  p ro to ty p e  f i l t e r  has th e  same form as in  ( 4 . 1 0 ) .  For 

th e  m o d ified  p ro to ty p e  f i l t e r  we have to  in c re a s e  the  

s e le c t iv i t y  o f th e  b iq u a d ra tic  fu n c tio n  (e q u iv a le n t Q- 

fa c to r  is  ap p ro x im a te ly  Qp=5) in  o rder to  compensate fo r  

th e  sample and hold e f f e c t  a t  th e  low er sam pling ra te  

Fg=16KHz, which a tte n u a te s  th e  d e s ire d  ou tpu t image a t  

f o=20KHz. The sample and hold  e f f e c t  a ls o  im p lie s  a 

m o d if ic a tio n  o f th e  o r ig in a l  FIR fu n c tio n , which w i l l  be 

implemented by a polyphase SC s tru c tu re  fo r  in te r p o la t io n .  

The r e s u lt in g  d is c r e te - t im e  t r a n s fe r  fu n c tio n  is  

( 4 . 1 1 )  . . .

H ' ( Z )  = hO !+ h l  l Z"^ h 21Z ~ 2+h31 2 " 3^  l 2
-4 .I h 0 2 +h12Z’ 1+h22Z

-2

 ̂ l - 2 r  cos© Z * + r  
ô - 2

where th e  u n it  d e lay  p e rio d  is  1/3F . The optim ised  

c o e f f ic ie n ts  are  g iven  in  Table  4 . 4 .

The genera l form o f the  SC in te r p o la to r  L=3 , which

implements th e  m o d ified  t r a n s fe r  fu n c tio n  ( 4 . 1 1 )  is

i l lu s t r a t e d  in  F i g . 4 . 3 7 - a .  Now, th e  polyphase SC s tru c tu re

comes f i r s t ,  in  o rd er to  in c re as e  th e  sampling r a te  from

Fs=16KHz to  3Fg=48KHz y ie ld in g  th e  notch frequency a t

12KHz, and th e  r e p e t i t io n  a t  36KHz. Then, we have th e  SC

biquad w ith  sw itch in g  frequency 3F =48KHz, which r e a lis e ss
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B iq u a d r a t ic  F u n c t io n M o d if ie d  F IR  F u n c t io n

h0 2 =h22=° * 32390

h 12= ~ 0 * 56101

r p 2= 0 .7 0 2 1 5

- 2 r  cos9 = 1 .3 9 3 4 6  
P P

h0 1 = h l l =h31 =h41 = 0 - 5  

h 21 ■ 1

Ta bl e 4.4: O p t i m i s e d  c o e f f i c i e n t s  for i n t e r p o l a t o r  L = 3,
w i th  FIR SC p o l y p h a s e - I I R  SC. bi qua d s t r u c t u r e

Sample/Hold

! T

F I R
SC Polyphase

i i r
SC Biquad

no
ru

3FS <3FC

SC Interpolator L=3

(a )

E l 6
N - 1/48 K H z-H

(b)

F i g . 4.37: (a) A r c h i t e c t u r e ,  and (b) circuit,
of i n t e r p o l a t o r  L=3 w i t h  c o m b i n e d  
SC p o l y p h a s e - S C  bi qu ad  s t r u c t u r e
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th e  b iq u a d ra tic  fu n c tio n  y ie ld in g  the  notch frequency a t  

4KHz and th e  r e p e t i t io n  a t  44KHz. The r e s u lt in g  SC 

in te r p o la to r  w ith  tim e  fram e is  shown in  F i g . 4 . 3 7 - b ,  w ith  

th e  norm alised cap ac itan ce  va lues g iven in  Table  4 . 5 .  Th is  

was co nstru cted  as a d is c r e te  component model, us ing CMOS 

4016 analogue sw itches and CMOS 7611 OA1s . The measured and 

computed baseband am plitud e  responses o f th e  SC c i r c u i t  in  

F i g . 4 . 3 7 - b  a re  shown in  F i g . 4 . 38 .

IL R  SC B iq u ad F IR  SC P o ly p h as e

1
A - 5 .4 3 2 0 5 V 1

IC
S B - 3 .0 8 7 3 8 V 1

I  - 1 V 2
C - 3 5 .6 6 8 8 V 1

CM
D - 2 0 .2 7 2 8 7

IC
S

- E -  

G -

3 .4 3 1 8 7

1

Ca=2

C r=2

Tab le 4.5: N o r m a l i s e d  c a p a c i t a n c e  values
for SC i n t e r p o l a t o r  L=3

F i g . 4.38: M e a s u r e d  b a s e b a n d  a m p l i t u d e  r e s p o n s e
of SC i n t e r p o l a t o r  L=3
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4 . 7  SUMMARY

In  th is  Chapter we presented  SC decim ator and 

in te r p o la to r  c i r c u i t s  which a re  id e a l ly  s u ita b le  fo r  

m u ltin o tc h  stopband ap prox im ation s .

The s o lu t io n  o f FIR  SC biquads fo r  sam pling ra te  

a l t e r a t io n  has th e  advantage o f sim ple sw itch in g  schemes a t  

th e  expense o f a la r g e r  number o f OA' s . FIR SC biquads have 

good accuracy o f th e  am plitude response a t  low fre q u e n c ie s , 

whereas a t  h igh  freq u en c ie s  t h e i r  re c u rs iv e  n a tu re  renders  

th e  c i r c u i t s  more a f fe c te d  by th e  im p e rfe c tio n s  o f th e  

a m p lif ie r s  thus reducing  the  speed o f o p e ra tio n .

For in creased  speed of o p e ra tio n  as w e ll as improved 

accuracy o f th e  m u ltin o tc h  am plitude response we adopted  

in s te a d  n o n -re c u rs iv e  polyphase SC s tru c tu re s  employing  

on ly  one OA per t r a n s fe r  fu n c t io n . In  these s tru c tu re s , th e  

d e s ire d  FIR t r a n s fe r  fu n c tio n  o f th e  p ro to typ e  f i l t e r  fo r  

decim ation  or m o d ified  p ro to ty p e  f i l t e r  fo r  in te r p o la t io n  

depends on th e  in p u t SC branches w ith  a p p ro p ria te  sw itch  

phasings. D ire c t- fo rm  SC polyphase s tru c tu re s  y ie ld  a 

o n e -to -o n e  correspondence between th e  in p u t SC branches and 

each term  o f th e  FIR  t r a n s fe r  fu n c t io n , which a llo w s  

m axim isatio n  o f th e  accuracy o f th e  m u ltin o tc h  am plitud e  

response a g a in s t cap ac itan ce  r a t io  e rro rs  and tim in g  

e r ro rs . The good perform ance o f such d ire c t - fo rm  SC 

polyphase s tru c tu re s  was dem onstrated using p r a c t ic a l  

d is c re te  component models o f a s in g le -s ta g e  SC decim ator  

M=4 and o f a cascade SC in te r p o la to r  L=4 . A s in g le -s ta g e  SC 

in te r p o la to r  L=4 showed some d eg rad a tio n  o f th e  accuracy o f



228

th e  m u ltin o tc h  am plitud e  response, which can be e x p la in ed  

in  view  o f th e  in creased  co m p lex ity  o f th e  in p u t SC 

branches, and th e  in h e re n t h ig h er s e n s i t iv i t y  to  

cap ac itan ce  r a t io  e rro rs  and tim in g  e r r o r s . For 

a p p lic a tio n s  re q u ir in g  in creased  s e le c t iv i t y  o f th e  

m u ltin o tc h  am p litu d e  response, FIR  SC polyphase s tru c tu re s  

may not be ve ry  a t t r a c t i v e ,  on account o f a g re a te r  

s o p h is t ic a t io n  o f th e  sw itch in g  schemes. T h e re fo re , we 

considered a l t e r n a t iv e  SC decim ator and in te r p o la to r  

c ir c u i t s  which employ a com bination o f FIR SC polyphase  

s tru c tu re s , w ith  reduced co m p lex ity , to g e th e r w ith  an H R  

SC biquad w ith  op tim ised  d is c re te - t im e  b iq u a d ra tic  t r a n s fe r  

fu n c t io n .
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APPENDIX: N o n -id e a l e f fe c ts  in  n o n -re c u rs iv e  
SC polyphase s tru c tu re s

A 4 .1 V a r i a b i l i t y  o f the  frequency response

The e v a lu a tio n  o f th e  FIR t r a n s fe r  fu n c tio n  ( 4 . 3 )  on

th e  u n it c i r c l e ,  Z = e ( " ^ ) f g ives

(A4. 1)  . .
N-l  . 0

H(jfi) = l h e n n n=0

where Q=ai/MF , fo r  an SC d ec im ato r, and Q=uj/LF  fo r  an SC
S  5

in te r p o la to r .  For p o s it iv e  symmetry FIR t r a n s fe r  

fu n c t io n s , i . e .  ^n=hN_^_n , we can w r ite  (A4. 1)  as [ 4 . 1 9 ]

(A4. 2)  .. _. I M  o 
H(jft) = e 3 2

where H(Q) is  th e  am plitud e  response. The corresponding  

a t te n u a t io n , in  d e c ib e ls , is

(A4.3)  . . .  A(fi) = -20 log H(fi) dB

L e t us consider complex v a r ia t io n s  o f th e  nominal

terms h .n
sucj1 -that

(A4. 4)  . . hn (jG) = ( l  + Ah ).e"jAsn  ̂ .h a ' n / n

where Ahn and Asr correspond to  a capac itance  r a t io  e r ro r  

and to  a tim in g  e r r o r ,  r e s p e c t iv e ly .  In  SC polyphase

s tru c tu re s  in  d ire c t - fo r m , AhR is  asso c ia ted  w ith  the
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c a p a c ito r  Qf  th e  in p u t SC branches w h ile  Asn is  

as so c ia ted  w ith  the tim e  s lo t  th a t  produces the  d e la y  Z n . 

A tim in g  e r ro r  may occur e i th e r  due to  a de lay  or due to  an 

advance o f th e  a c tu a l tim e s lo t  r e la t iv e  to  th e  nominal 

tim e s l o t ,  as i l lu s t r a t e d  in  F i g . A 4 . 1 .  U s u a lly , such tim in g

Advance

v:At Nominal

V-At Delay

h ----Reference period Ts ----H

As = i At/Ts

Fig .AA.1: I l l u s t r a t i o n  of ti mi ng  error s

e rro r  is  s m a ll, i . e .  Asn<<1, and thus we can w r ite  (A4.4)  

as

( A4 .5) h n ( jB )  = ( l  + Ahn + jA s nf i ) h e  jn f l

where we have n eg lec ted  th e  term  Ah .As <<Ah .As . Byn n n' n 1

e n te r in g  (A4. 5)  in to  ( A4 . 1 ) ,  and by using ( A4 . 2 ) ,  we o b ta in

(A4.6) H (jfi) =cL
- 3

N-l n + ( Ah + jA s  f t)h  < ' n n 1 n
-jnfi

The e r ro rs  in  th e  passband o f th e  SC decim ator and

in te r p o la to r  c i r c u i t s ,  where H(Q)"1,  a re  s m a ll, s ince

Ah <<1, and, a ls o  As <<1. On th e  c o n tra ry , th e  e rro rs  n n
which a r is e  in  th e  m u ltin o tc h  stopband, even i f  th ey  are  

sm a ll, become much more im p o rta n t s ince H(Q)^0.
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A 4 .2 E v a lu a tio n  o f s in g le -s ta g e  SC decim ator M=4

(a ) C apacitance r a t io  e r ro rs

For conciseness, we s h a ll  consider now th e  e v a lu a tio n  

o f th e  s in g le -s ta g e  SC decim ator M=4 rep resen ted  in  

F i g . 4 . 2 4 - a  w ith  resp ec t to  th e  capac itance  r a t io  e rro rs  

(Asn= o ) . An e r ro r  Ah which a f fe c ts  a l l  cap ac itan ce  r a t io s  

a t  th e  same tim e , produces a frequency response in  th e  form

. N - l  o
( A 4 . 7 )  . . .  h  ( j f l )  = e " 3 " 2 “ “ h {S2).(1 + A h )

which in d ic a te s  a mere v a r ia t io n  o f th e  ga in  o f the  

am plitud e  response, w h ile  nominal notch freq u en c ie s  are  

preserved . Th is  is  a fe a tu re  o f the  im p lem enta tion  in  

d ir e c t - f o r m .

Another fe a tu re  o f th e  SC polyphase s tru c tu re  in  

d ire c t - fo rm  is  th a t  th e  capac itance  r a t io s  asso c ia ted  w ith  

th e  in p u t SC branches r e p l ic a t e  th e  symmetry o f th e  FIR  

im pulse response, i . e .  capac itance  r a t io  e rro rs  

corresponding to  symm etric FIR c o e f f ic ie n ts  a re  eq u a l. For 

an e r ro r  Ah o f two such symmetric capac itance  r a t io s ,  i . e .  

hn=hN -1 _n , th e  a c tu a l frequency response (A4. 6)  can be 

w r it te n  as 

(A4. 8)  . . .

H ( j f t )  = a
”D

N - l
2 a + Ah.h - jn f t

n + 4 h ' V l - n ' e
- j  ( N - l - n ) f t

y ie ld in g

(A4. 9) H ( jf t )  
a

H(ft) + 2Ah.h cos n
n



234

A t th e  nominal notch fre q u e n c ie s , H(Q)=0,  th e  f i n i t e  

a tte n u a t io n  provided by the  SC decim ator w i l l  be

( A4 .10)  . . .

The p e r io d ic  

F i g . A4 .2,  f o r

A(fi) = -20 log <1 2Ah .h^cos |7_ N-l
L\n - ~ nL

N o tch es

e r ro r  hn . c o s [ ( n - ( N - 1 ) / 2 ) . Q ]  is  p lo tte d  in  

the  p a irs  o f c a p a c ito rs  in  th e  SC decim ator

F i g .A 4 .2: P e r i o d i c  e r ro rs  a s s o c i a t e d  w i t h  the pairs
of c a p a c i t o r s  h Q - h 6> h -h,., and h 2 _ h / • 

the s i n g l e - s t a g e  SC d e c i m a t o r  M=4

of F i g 4 . 2 4 - a  w ith  equal capac itance  v a lu e s , i . e .  h^-hg,  

h.j-hg , and h^-h^ . S ince these p e r io d ic  e rro rs  a re  re a l  

q u a n t it ie s ,  they  produce d e v ia tio n s  o f th e  nominal notch  

fre q u e n c ie s , as shown in  F i g . A 4 . 3 .  These curves were 

ob ta ined  by s im u la tio n  o f th e  SC decim ator using the  

SWITCAP program, c o n s id e rin g  v a r ia t io n s  o f ±0.5% f o r  the
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c a p a c ito r -p a irs  w ith  equal capac itance  v a lu e s .

Fig.A4.3: C o m p u t e r  s i m u l a t e d  a m p l i t u d e  r e s p o n s e s  of the
SC d e c i m a t o r  M=4, ar ou nd not c h f r e q u e n c y  at 
68KHz, for *0.5'/ v a r i a t i o n s  of eq ua l c a p a c i t o r s  
c o r r e s p o n d i n g  to s y m m e t r i c  i m p u l s e  r e s p o n s e

c o e f f i c i e n t s

The capac itance  r a t io  asso c ia ted  w ith  the  c a p a c ito r  h^ 

in  th e  SC decim ator M=4 is  a s p e c ia l case o f th e  above 

s it u a t io n ,  s ince i t  corresponds to  th e  c o e f f ic ie n t  a t  th e  

c e n tre  o f symmetry o f th e  FIR im pulse response. The a c tu a l 

frequency response fo r  an e r ro r  Ah in  h^ becomes

( A 4 .11)
- j3  G

Ha (jft) = e . [H(fi) + Ah.h3

Since th e  e r ro r  term Ah.h^ is  a re a l co nstan t q u a n t ity , th e  

v a r ia t io n  o f th e  notch freq u en c ies  w i l l  be sym m etrical 

around t h e i r  nominal v a lu e s , as we can see in  F i g . A 4 . 4 .
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Fi g.A 4. 4: C o m p u t e r  s i m u l a t e d  a m p l i t u d e  r e s p o n s e  of the
SC d e c i m a t o r  M = 4, ar ou nd notc h f r e q u e n c i e s  at 
28KHz, 68KHz, and 76KHz, for ±0.5 7. v a r i a t i o n  

of c a p a c i t o r  h^

C apacitance r a t io  e r ro rs  Ah asso c ia ted  w ith  each

c a p a c ito r  h (n*3)  im ply complex e r ro r  fu n c tio n s  which lead  n
to  am p litud e  responses w ith  f i n i t e ,  ra th e r  than i n f i n i t e ,  

a tte n u a t io n  in  th e  v ic i n i t y  o f th e  nominal notch

fre q u e n c ie s . The a t te n u a t io n  a t  th e  nominal notch

freq u en c ie s  is  g iven by

(A4. 12)  . . .  A(fi)| = -20 log(Ah.hn )
I Notches

The v a r ia t io n  of the am p litud e  response o f th e  SC decim ator 

around some o f th e  notch freq u en c ies  is  shown in  F i g . A 4 . 5 ,  

which were ob ta ined  c o n s id e rin g  v a r ia t io n s  o f ±0.5% o f th e  

nominal capac itance  va lues  o f th e  in p u t c a p a c ito rs .
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capa citor h and c a p a c i t o r  h_1 ------ D

c a p a c i t o r  h_. and c a p a c i t o r  h.-----------------  2 ------ ---- -------------  4

F i g .A 4 .5: C o m p u t e r  s i m u l a t e d  a m p l i t u d e  r e s p o n s e s  of the
SC d e c i m a t o r  M=4, ar ou nd  notch f r e q u e n c i e s  at 
2 8 K H z , 6 8 KH z , and 76KHz, for ± 0 . 5 Z v a r i a t i o n

of si ng le  c a p a c i t o r s  (*h^)

(b ) Tim ing e rro rs

Each polyphase f i l t e r  o f an SC polyphase s tru c tu re  in  

d ire c t - fo r m  is  assigned on ly  one sampling s lo t  fo r

d ec im atio n , and o n ly  one charge t r a n s fe r  s lo t  fo r
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in te r p o la t io n .  T h e re fo re , one such s lo t  a f f e c t s  th e  tim in g  

o f a l l  th e  terms o f th e  corresponding polyphase f i l t e r .  In  

th e  SC decim ator M=4 in  F i g . 4 . 2 4 - a ,  w ith  th e  tim e frame in  

F i g . 4 . 2 4 - b ,  th e  s im p le s t s i tu a t io n  fo r  a n a ly s is  o f t im in g  

e rro rs  is  fo r  s lo t  3, s in ce  i t  corresponds to  a polyphase  

f i l t e r  w ith  on ly  one term . For a r e la t iv e  tim in g  e r ro r  As^, 

th e  a c tu a l frequency response in  (A4.6)  becomes

A t the  nominal notch fre q u e n c ie s , H(Q)=0,  th e  a t te n u a t io n  

is  g iven by

which in d ic a te s  an e r ro r  v a r ia t io n  which in creases  w ith  

freq uen cy. T h e re fo re , th e  a t te n u a t io n  around th e  notches  

a t  h ig h er freq u en c ie s  becomes much more c r i t i c a l .  Th is  

e f f e c t  can be observed in  the curves o f F i g . A 4 . 6 ,  which 

were ob ta ined  co n s id e rin g  an advance o f 65.1ns of  s lo t  3,

i . e .  1/80 o f th e  u n it  d e lay  p e rio d  1/192KHz.

( A4 .13)

( A4 .14)  . . . A (ft) = -20 log ( As^.h^.ft )

Notches
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N - nominal amplitude response

FREQUENCY iKHzl FREQUENCY IKHzl FREQUENCY IKHzl

N - nominal amplitude response

Fig.A4 .6:  C o m p u t e r  s i m u l a t e d  a m p l i t u d e  r e s p o n s e s  of the
SC d e c i m a t o r  M=4, a r ou nd  notch f r e q u e n c i e s  at 
2 8 K H z , 6 8 KHz , 76KHz, 116KHz, 124KHZ, and

168KHz, for 65 .1 ns  a d v a n c e  of ti me slot 3

(c)  A m p lif ie r  DC ga in

The no n id ea l c h a r a c te r is t ic s  o f th e  OA a f f e c t  th e  

perform ance o f th e  SC polyphase s tru c tu re s  by p re v e n tin g  

com plete t r a n s fe r  o f charge from both th e  in p u t and the  

feedback SC branches to  th e  feedback c a p a c ito r  o f th e  OA. 

The e f f e c t  of  f i n i t e  DC g a in , fo r  example, can be viewed as
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y ie ld in g  e rro rs  o f th e  cap ac itan ce  r a t io s  as so c ia ted  w ith  

th e  in p u t SC branches. Id e a l ly ,  th e  fe a tu re  o f p a r a l le l  

processing of th e  polyphase s tru c tu re s  would make the  

perform ance o f th e  c i r c u i t  immune to  such e rro rs  whose 

e f f e c t  would then correspond m erely  to  a v a r ia t io n  o f th e  

ga in  o f the am plitud e  response. The d e v ia tio n s  th a t  can be 

observed a lso  w ith  resp ec t to  th e  v a r i a b i l i t y  o f th e  

m u ltin o tc h  c h a r a c t e r is t ic ,  r e s u l t  from th e  fa c t  th a t  th e  

v o lta g e  a t  the  n e g a tiv e  in p u t te rm in a l o f th e  a m p li f ie r  

depends, a t  each tim e , on th e  o u tpu t v o lta g e  o f th e  

a m p l i f ie r .  T h e re fo re , th e  c o n d itio n s  o f charge t r a n s fe r  a re  

not th e  same fo r  a l l  the  in p u t SC branches. N e v e rth e le s s , 

th e  o v e r a l l  e f f e c t  is  low, as we can see from th e  r e s u lts  

g iven  in  F i g . A 4 . 7 ,  corresponding to  th e  s im u la tio n , using  

th e  SWITCAP program, o f th e  SC decim ator M=4 w ith  a DC ga in  

of 500 fo r  the 0A .

Fig. AA .7:  C o m p u t e r  s i m u l a t e d  a m p l i t u d e  r e s p o n s e s  of the
SC d e c i m a t o r  M=4, a r ou nd  notch f r e q u e n c i e s  at 
2 8 K H z , 6 8 K H z , and 76KHz, c o n s i d e r i n g  a f i ni te

DC gain of 500 for the a m p l i f i e r
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A 4 .3 Clock Feedthrough

The problem o f c lo ck  feedthrough in  th e  polyphase SC 

decim ator M=4 re s u lts  from th e  p a r a s it ic  capac itances  which 

a re  connected between th e  c o n tro l te rm in a ls  o f th e  sw itches  

and th e  n e g a tiv e  te rm in a l o f th e  OA, as shown in  F i g . A 4 . 8 -  

a.  Such p a r a s i t ic  capac itances produce an in je c t io n  o f 

charge in to  th e  feedback c a p a c ito r  whose main e f f e c t  i s  to

F i g .A 4 .8 : (a) P a r a s i t i c  c a p a c i t a n c e s  a s s o c i a t e d  w i th  
the c o n t r o l  t e r m i n a l s  w h i c h  c o n t r i b u t e  to 
clock-feedthrough; (b) W a v e f o r m s  in the 
SC d e c i m a t o r  M=4, w i t h  zero inp u t vo l t a g e
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produce an o f f s e t  v o lta g e  a t  th e  ou tpu t o f th e  a m p l i f ie r ,  

as shown in  the  waveforms o f F i g . A 4 . 8 - b ,  ob ta ined  w ith  zero  

in p u t v o lta g e . Waveform A shows th e  charge accum ulation  

d u rin g  one re fe re n c e  p erio d  o f th e  SC d ec im ato r, and 

waveform B shows th e  sampled DC o u tpu t v o lta g e . The DC 

o u tp u t v o lta g e  reduces th e  s ig n a l hand ling  c a p a b i l i ty  of 

the  c i r c u i t  and i t  may a ls o  p reven t th e  r e a l is a t io n  o f 

cascade s tru c tu re s  w ith  many s e c tio n s . However, in  such 

cases,  we can employ schemes th a t  a re  a v a i la b le  fo r  

re d u c tio n  o f the c lo ck  feedthrough in  SC networks ( e . g .

[ 4 . 2 0 ] ) .

A4 .4 Fast Reset Schemes fo r  SC Decim ators

In  th e  waveform A shown in  F i g . A 4 . 8 - b ,  we can see th a t  

the  a m p li f ie r  ou tpu t v o lta g e  is  re s e t to  zero v o lta g e , in  

s lo t  3. Th is re s e t  o p e ra tio n  produces a la rg e  ou tput 

v o lta g e  swing, which is  a f f e c t e d ,  p r im a r i ly ,  by th e  f i n i t e  

slew r a te  o f th e  a m p l i f ie r .  In  th e  case o f th e  SC

decim ator c i r c u i t s , where th e  SC accum ulator operates  a t  

low er r a te  F , i t  is  p o s s ib le  to  im plement re s e t  schemes 

which make an e f f i c i e n t  use o f th e  many tim e s lo ts  o f the  

tim e fram e, in  order to  reduce th e  v o lta g e  swing a t  the  

o u tp u t o f the 0A [ 4 . 2 1 ] .  An example o f such a re s e t  

scheme is  i l lu s t r a t e d  in  F i g . A 4 . 9 - a .  The chain  o f TSC 

branches in  the  feedback network p ro v id e  th e  re s e t  o f the  

o u tp u t v o lta g e  in  v a rio u s  phases, each o f which produces 

much s m a lle r  ou tpu t v o lta g e  swings, as shown in  F i g . A 4 . 9 - b .



243

( a ) o—1— ©
h0

F T'H B -t-W -r-CD—
■s-

FT
■— Q - j. if j. E H

F T
f>2(HU— I—r-C H 1

¥ 3.-O H -tf-H D —
f !

F T

'-GJ-rHhrEH r Q_X ^J“

nH D -H 3 -1
i i /3

-0 —0

J2l
1.3us

JTL
►1/192 KHz -h  

— 1/tSKHz —

JoLJZI

(b)

F i g .A 4 .9: (a) Fast res e t sc he me usi ng  a chain of
t h r e e  TSC f e e d b a c k  branc hes ; (b) W a v e f o r m s  
sh o w i n g  r e d u c e d  ou tp ut  v o l t a g e  swing d u r i n g  

the th re e r e se t slots 3, 1, and 0
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5.1  INTRODUCTION

This C hapter is  concerned w ith  th e  p r a c t ic a l  

r e a l is a t io n  o f SC bandpass f i l t e r  systems w ith  narrow  

r e la t iv e  bandwidths between 10% and 1%, and w ith  very  

narrow r e la t iv e  bandwidths below 1%, and which embody the  

id eas  and c i r c u i t s  presented p re v io u s ly .

For bandpass responses w ith  r e la t iv e  bandwidths 

between 10% and 1%, we propose an SC bandpass f i l t e r  system  

o p e ra tin g  in  a baseband f i l t e r i n g  mode, w ith  op tim ised  

cap ac itan ce  spread, and s u ita b le  decim ators and 

in te r p o la to r s  fo r  r e je c t io n  o f unwanted freq u en cy - 

t r a n s la te d  components. The SC bandpass f i l t e r  in  th e  

system, considered in  S ectio n  5 . 2 ,  is  designed using th e  

concept o f optimum sw itch in g  frequency in tro d u ced  in  

S ectio n  3 . 6 ,  le a d in g  to  ab so lu te  minimum cap ac itan ce  

spread, thus m in im is in g  cap ac itan ce  r a t io  e r ro rs  and 

m axim ising th e  accuracy o f th e  am plitud e  response. The low 

v a lu e  o f th e  optimum sw itch in g  frequency g ives r is e  to  

unwanted a l ia s  and image fre q u e n c y -tra n s la te d  components a t  

low fre q u e n c ie s , which have to  be a tte n u a te d  using an 

A n t i-A l ia s in g  F i l t e r  (AAF) and an A n ti-Im a g in g  F i l t e r  

( A I F ) , r e s p e c t iv e ly ,  w ith  in creased  s e le c t iv i t y .  Hence, in  

S ectio n  5 . 3 ,  we co nsider FIR  SC lowpass decim ators and 

in te r p o la to r s ,  r e s p e c t iv e ly ,  which are  o p tim a lly  designed  

in  o rd er to  maximise th e  r e je c t io n  o f those unwanted a l ia s  

and image s ig n a ls  which can not be a tte n u a te d  by low - 

s e le c t iv i t y  co n tin u o u s -tim e  f i l t e r s .  A p r a c t ic a l  d is c re te  

component model o f th e  com plete SC bandpass f i l t e r  system
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is  e x p e r im e n ta lly  e v a lu a te d .

For the  r e a l is a t io n  o f bandpass responses w ith  very  

narrow r e la t iv e  bandwidths o f le s s  than 1%, we propose 

S in g le -P a th  F req u en cy -T ran s la ted  (SPFT) SC bandpass f i l t e r  

systems. These systems a ls o  employ an SC bandpass f i l t e r  

w ith  op tim ised  cap ac itan ce  spread, to g e th e r w ith  more 

s o p h is tic a te d  AAF and A IF  w ith  bandpass responses. As i t  is  

e x p e r im e n ta lly  dem onstrated , th e  dynamic range o f SPFT 

systems is  s im ila r  to  th a t  o f the co n ven tio n a l SC bandpass 

f i l t e r  employed in  th e  system, which has a much w ider  

r e la t iv e  bandwidth, thus o f fe r in g  a s o lu t io n  fo r  ve ry  h igh  

s e le c t iv i t y  f i l t e r i n g  a p p lic a t io n s  re q u ir in g  h igh dynamic 

range. The design , im p lem en ta tio n , and exp erim en ta l 

e v a lu a tio n  of SPFT systems fo r  ve ry  narrow bandpass 

f i l t e r i n g  a p p lic a t io n s , c o n s t itu te  th e  core o f th is  

C hapter, from S ection  5 .4  to  S ection  5 . 7 .

F i r s t l y ,  in  S ec tio n  5 . 4 ,  we examine th e  s e le c t iv i t y  

requ irem ents  o f th e  bandpass AAF and AIF in  SPFT systems, 

as w e ll as the  im p lic a tio n s  concerning th e  fa c to r  o f 

sam pling ra te  a l t e r a t io n  o f th e  SC decim ator and 

in te r p o la to r  in  such systems. A lte r n a t iv e  a rc h ite c tu re s  fo r  

decim ation  and in te r p o la t io n  in  SPFT systems a re  then  

discussed in  S ections 5 . 5 ,  5 . 6 ,  and 5 . 7 ,  employing  

d i f f e r e n t  types o f SC c i r c u i t s  w ith  FIR and H R  t r a n s fe r  

fu n c t io n s . Such a rc h ite c tu re s  are  compared w ith  re s p e c t to  

cap ac itan ce  spread and t o t a l  c a p a c ito r  area  re q u ire d  fo r  

im p lem en ta tio n , o p e ra tin g  speed, and degree o f r e je c t io n  o f 

the  unwanted a l ia s  and image s ig n a ls  w ith  accep tab le  system
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c o m p le x ity . P r a c t ic a l  d is c re te  component models o f SPFT 

systems are  a lso  considered fo r  exp erim en ta l e v a lu a tio n .

F in a l ly ,  in  S ec tio n  5 . 8 ,  we dem onstrate fu r th e r  

a p p lic a t io n s  o f SPFT systems, which in c lu d e  f i l t e r i n g  w ith  

programmable Q -fa c to r , and a ls o  S in g le  Sideband (SSB) 

g e n e ra tio n  and d e te c t io n . In  S ection  5 .9  we p resen t a 

summary o f the  C h a p te r.

5 .2  DESIGN AND EVALUATION OF AN SC BANDPASS FILTER

5 . 2 . 1  Coupled SC biquad s tru c tu re

At th e  h e a rt o f th e  SC f i l t e r  systems th a t  we s h a ll  

d e scrib e  in  th is  Chapter th e re  is  a 6 th . o rd er e l l i p t i c  SC 

bandpass f i l t e r  d e riv e d  by o p e ra tio n a l s im u la tio n  o f the  

LCR lad d e r p ro to ty p e  f i l t e r  shown in  F i g . 5 . 1 ,  using the  

b i l in e a r  s - t o - Z  tra n s fo rm a tio n  [ 5 . 1 ] .  The bandpass lad d er

C'2

Ci=c,/2ir^B Lird/cJ.lBmfo)

C2=(1/l2).(B/2lTf0) L2=l2/2Hf0B
C'2=c2/2TTf0B L‘2=(1/c2). (B/2TT f0)

C3=c3/2irf0B L3=(1/c3 ). (B/2TT f0)

Fig.5.1: 6th. o r d e r  e l l i p t i c  LCR l a dd er
b a n d p a s s  p r o t o t y p e  fi lt er
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p ro to ty p e  f i l t e r  is  o b ta in ed  by th e  low pass-to-bandpass

tra n s fo rm a tio n  from th e  lowpass f i l t e r  type  C03/ 25/ 19

(passband r ip p le  o f 0.28dB and minimum stopband a tte n u a t io n

o f 40dB) [ 5 . 2 ] .  The b i l in e a r  prewarped midband frequency

f  and passband r e la t iv e  bandwidth B are  o b ta in ed  from  
o

( 5 . 1 - a )  . . . ? - l a
o  TT

ta n TTfp2 t a n TTfpl 
Fs J

1 / 2
f o = [ f P l - f P2 ]

1 / 2

and

( 5 . 1 - b )  . . B = —S.
71

F ta n  (7Tfp2/Fs ) - ta n (7 T fp l /F  )
B '  fo

where f   ̂ and f p 2  a re  th e  edges o f the passband o f th e  SC 

bandpass f i l t e r  fo r  maximum r ip p le  0.28dB.  The d e s ired  

midband frequency and r e la t iv e  bandwidth a re  f Q=20KHz and 

B = 2 % , r e s p e c t iv e ly ,  and the  corresponding -3dB bandwidth is  

BW=480Hz [ 5 . 2 ] .  A m o d if ic a tio n  o f the  o r ig in a l  lad d e r in  

F i g . 5.1 is  re q u ire d  in  o rder to  remove th e  c a p a c it iv e  and 

in d u c tiv e  loops formed by th e  c a p a c ito rs  Ĉ  —C ' 2 ~ C 3  an(  ̂

in d u c to rs  re s p e c t iv e ly ,  and which may g iv e  r is e  

to  DC i n s t a b i l i t y  [ 5 . 3 ] - [ 5 . 5 ] .  By ap p ly in g  T h even in 's  

theorem to  th e  p a r a l le l  resonan t branches L^//C^,  L ' 2 / / c ' 2  

and L^//C^  having th e  same resonant freq u en cy , i . e .

. C^=L' 2 •C ' 2 =L 3 •C3 1 th e  m o d ified  c i r c u i t  o f F i g . 5 . 2 - a  

r e s u lts ,  w ith  two V o lta g e  C o n tro lle d  V o lta g e  Sources 

(VCVS).  I t  was observed by computer s im u la tio n  a n a ly s is

[ 5 . 6 ]  th a t  th e  c h a r a c te r is t ic s  o f the m o d ified  c i r c u i t  w ith



251

k13=C‘2/(Ci*C‘2) Ci=Ci-C‘2 L'i = Li.L'2/(Li+L'2)
k31=C2/(C3*C2) C3=C3*C'2 L’3=L3.L'2/(L34L’2)

(a )

V,(s) -V3(s) V0(s)

(b)

(c)

F i g . 5.2: (a) M o d i f i e d  LCR p r o t o t y p e  filter;
(b) C o n t i n u o u s - t i m e  o p e r a t i o n a l  blo ck  
di ag ra m;  (c) B i l i n e a r  d i s c r e t e - t i m e  

blo ck  d i a g r a m
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re s p e c t to  the  v a r ia t io n  o f the  passband response w ith  

v a r ia t io n s  of the  component va lues are  s im i la r  to  those of 

th e  o r ig in a l  LCR lad d e r p ro to ty p e  f i l t e r .  On the  one hand, 

v a r ia t io n s  of th e  tran sm iss io n  ga in  fa c to rs  o f th e  VCVS, 

which determ ine the tran sm iss io n  zeroes o f the  am plitude  

response, do not a f f e c t  the  response of th e  f i l t e r  in  the  

passband. On the  o th er  hand, the  passband v a r i a b i l i t y  w ith  

resp ec t to  th e  shunt c a p a c ito rs  and in d u c to rs  is  on ly  

s l i g h t l y  h igher than in  the o r ig in a l  LCR p ro to ty p e  f i l t e r ,  

whereas v a r ia t io n s  o f th e  s e r ie s  c a p a c ito r  and in d u c to r  

produce the  same v a r ia t io n s  of th e  passband as in  the  

o r ig in a l  LCR lad d e r  p ro to ty p e . In  the m odified  c i r c u i t  in  

F i g . 5 . 2 - a ,  the nodal vo lta g e s  V ^ s )  and V3 ( s ) and th e  

branch c u rre n t  ^ ( s )  can be expressed as

(5.2-a) Vj(s) = 

-1
s^L'C'+sL'+1 1 1 1

ILJ [-v. (S )]+5 l ; i 2 ( s ) +k 13 (i2LjcJ + l ) [-v3 CS>] |

( 5 .2 -b )  .
I2 (s) -2

s L 2C 2
-̂-- jv (s) + [-v3 (i)]l
c„+l L J

-1( 5 .2 - c )  . . . -v (s) = —
S2L ' C ^ - S L ’+ 1

[SL^I2 <s)+k31( l L . ^  + l ) v S ) ]

le a d in g  to  the  b lock diagram r e a l i s a t io n  shown in  F i g . 5 .2 -  

b. The ga in  f a c to r  o f  two in  th e  in p u t branch is  re q u ire d  

in  order to  o b ta in  OdB gain  a t  midband frequency. A f te r  

ap p ly in g  the  b i l i n e a r  s - to -Z  tra n s fo rm a tio n  to  th e  block  

diagram in  F i g . 5 . 2 - b ,  we o b ta in  th e  corresponding  

d is c r e te - t im e  r e a l i s a t i o n  g iven in  F i g . 5 . 2 - c .  Each se c tio n
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of t h is  b lock diagram is  implemented using SC biquads w ith  

m u lt ip le  in p u t  branches corresponding to  d i f f e r e n t  

q u a d ra t ic  numerator fu n c t io n s . Such SC biquads, d erived

from Chapter 3, a re  shown in  F i g . 5 . 3 - a .  The te rm in a t in g  SC 

. . notch input terminals

r r - i  f - r - i

F i g . 5.3: (a) SC b i q u ad s w i t h  m u l t i p l e  inp ut  ter mi n al s;
(b) SC C o u p l e d  b i q u a d  ba n d p a s s  f i lt er  w i th  

T y p e - B  sw i t c h i n g
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biquads 1 and 3, w ith  E-damping, and output te rm in a l from 

0A1, implement bandpass and notch t r a n s fe r  fu n c t io n s  w ith  

n e g a t iv e  ga in  fa c to rs .  The undamped reso nator SC biquad 2, 

w ith  ou tp u t te rm in a l from 0A2, implements bandpass t r a n s fe r  

fu n c t io n s  w ith  p o s i t iv e  ga in  fa c to r s .  The complete coupled  

SC biquad s t ru c tu re  is  shown in  F i g .5 .3 - b ,  where th e  output  

v o lta g e s  of th e  SC biquads s im u la te  the  d is c r e te - t im e  

v a r ia b le s  V^{Z),  ^ ( Z )  and ( Z ) o f the b lock diagram in

F i g . 5 . 2 - c .  As we s h a l l  see l a t e r  on, the  adoption  o f Type-B 

sw itch in g  may be advantageous f o r  in t e r f a c in g  th e  SC f i l t e r  

w ith  o th e r  SC c i r c u i t s  in  a complete f i l t e r  system, in  

which case th e  in p u t  sample and hold c i r c u i t  may be 

e l im in a t e d .

5 .2 .2  Design w ith  optimum sw itch ing  frequency  
y ie ld in g  minimum capac itance  spread

By employing th e  s t ra te g y  fo r  capac itance  spread 

a n a ly s is  described  in  Chapter 3, we f in d  t h a t  th e  maximum 

capac itance  spread in  th e  SC f i l t e r  a r is e s  in  the

te rm in a t in g  biquads in  r e a l i s in g  the  bandpass in p u ts .  This  

spread is  minimised by design ing  the  SC f i l t e r  w ith  the  

optimum sw itch ing  frequency

( 5 . 3 ) . . .  F = 4 f  = 80KHZ
so p t . °

g iv in g  the  norm alised capac itance  va lues in  Table  5 .1 .
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BIQUAD 1 BIQUAD 2 BIQUAD 3

A i 8 7 .7 9 6
A2 6 8 .0 7 5 A3

8 7 .7 9 6

B i

I 01

8 7 .7 9 6 b 2 3 4 .0 3 7 B3 8 7 .7 9 6
IC

S
-1 2

Z

I 12 1 *1 3
4 .7 9 8

J21
1

I 32 1 I 23
1

J 31
4 .7 9 8

C 1 8 6 .7 8 7
C2

6 8 .0 7 5 C3
8 6 .7 8 7

D 1 4 3 .8 9 8
D2

6 8 .0 7 5 D3 4 3 .8 9 8

IC
S

-2 E 1 1 G12 1
E3

1

G01
2

G32
1

G13
4 .7 9 8

G21
1

G23
1

G31
4 .7 9 8

C -s p r e a d 8 7 .7 9 6 6 8 .0 7 5 8 7 .7 9 6

T o t a l  C 3 2 2 .8 7 3 2 4 2 .2 6 2 3 1 8 .8 7 3

C> s p r e a d  = 8 7 .7 9 6

T o t a l C = 8 8 4 .0 0 8

Tab l e 5.1: N o r m a l i s e d  c a p a c i t a n c e  va lu es  for the
SC b a n d p a s s  fi lt er  w i t h  o p t i m u m  

s w i t c h i n g  f r e q u e n c y

The maximum capac itance  spread is  8 7 .8 ,  and th e  t o t a l  

norm alised capac itance  i s  884. As discussed in  S ection

3 .6 ,  the  adoption  o f th e  optimum s w itch in g  frequency  

produces an in t e r n a l  v o lta g e  m a g n if ic a t io n  of 3dB in  the  

te rm in a t in g  SC biquads. In  order to  determ ine the  v o lta g e  

m a g n if ic a t io n s  which a r is e  a t  the output o f a l l  th e  OA' s , 

we have to  c a r r y -o u t  a computer s im u la t io n  a n a ly s is  [ 5 .7 ]  

o f th e  complete coupled SC biquad s t ru c tu re .  The r e s u l t s ,  

given in  F i g . 5 .4 ,  in d ic a te  a maximum v o lta g e  m a g n if ic a t io n
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of about 8dB a t  the  o u tp u t o f 0A3. A f u l l y  v o lta g e  scaled  

design o f t h is  f i l t e r  would have y ie ld e d  an increased  

maximum capac itance  spread of 151 .1 , and t o t a l  norm alised  

capac itance  o f 10 02 .3 . In  view o f th e  s t r in g e n t  

requ irem ents  w ith  re s p e c t to  th e  accuracy o f the  

capac itance  r a t io s  in  th e  SC f i l t e r ,  which we s h a l l  examine 

n e x t, we adopted th e  s o lu t io n  w ith  minimum capac itance  

spread. Th is  im p lie s  a re d u c tio n  o f 8dB o f th e  s ig n a l  

han d lin g  c a p a b i l i t y  of th e  SC f i l t e r .

5 .2 .3  E v a lu a t io n  by computer s im u la t io n

The nominal o v e r a l l  am plitude response o f th e  SC 

bandpass f i l t e r  is  p lo t te d  in  F i g . 5 . 5 - a ,  to g e th e r  w ith  the  

nominal am plitude response o f th e  o r ig in a l  LCR lad d er  

p ro to ty p e  w ith  a ga in  s h i f t  o f +6.02dB. Because o f the  

b i l i n e a r  s - to -Z  t ra n s fo rm a t io n ,  th e  tran sm iss io n  zeroes a t  

i n f i n i t y  in  the  co n tin u o u s-tim e  domain y ie ld  tran sm iss io n  

zeroes a t  h a l f  the sw itc h in g  frequency in  th e  d is c r e te - t im e  

domain, and thus the  s e l e c t i v i t y  o f the upper stopband of 

the SC f i l t e r  is  in c re a s e d . On the  o th er  hand, th e  warping  

e f f e c t  o f the  b i l i n e a r  tra n s fo rm a tio n  leads to  a s l i g h t  

expansion o f the lower stopband compared to  th e  o r ig in a l  

LCR lad d e r  f i l t e r .  The passband am plitude responses in  

F i g .5 .5 - b  show th a t  th e  SC f i l t e r  preserves the  e q u ir ip p le  

c h a r a c t e r is t i c  of th e  LCR lad der p ro to ty p e  f i l t e r ,  and thus 

w i l l  have s im i la r  s e n s i t i v i t y  p ro p e r t ie s .

The v a r i a b i l i t y  o f  th e  passband am plitude response of 

the  SC bandpass f i l t e r  was ev a lu a ted  by means of a computer 

s im u la t io n  a n a ly s is  using SCNAP program [ 5 . 7 ] ,  where we
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F i g . 5.5: C o m p u t e r  s i m u l a t e d  (a) overall, and (b) p a s s b a n d ,
n o m i n a l  a m p l i t u d e  r e s p o n s e s  of the SC filter, and 

of the LCR p r o t o t y p e  l a d d e r  filte r
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changed by ±0.25°i> th e  nominal capac itance  va lues o f each 

c a p a c ito r  in  th e  c i r c u i t .  The c r i t i c a l  c a p a c ito rs  in  the  

SC f i l t e r  are  th e  c a p a c ito rs  A, B, Cr and D, in  th e  loop of 

each SC biquad, which determ ine the  corresponding pole  

freq uen cy. As we can see in  F i g . 5 .6 ,  such c a p a c ito rs  

produce v a r ia t io n s  of th e  passband r ip p le  o f th e  SC f i l t e r  

of th e  order o f 2 . 4dB f o r  1% v a r ia t io n  of the  corresponding  

capac itance  v a lu e s , which are  s im i la r  to  the  v a r ia t io n s  

produced by the  r e a c t iv e  components in  the  o r i g i n a l  LCR 

lad d e r  p ro to ty p e  f i l t e r ,  and m o d ified  p ro to ty p e  f i l t e r .

Fig .5.6: C o m p u t e r  s i m u l a t e d  a n a l y s i s  of the p a s s b a n d  
v a r i a b i l i t y  of the SC ba nd pa ss  f i lt er  

(±0.252 v a r i a t i o n  of the c a p a c i t a n c e  values)
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Because of the  adoption of th e  optimum sw itch in g  frequency, 

th e  capac itance  r a t io s  in  the  loop of the SC biquads are  

very  s m a l l , i . e .

( 5 .4 )  . . . Al_ _ £ 2  _ A3 A2
B 1 D2 B3 ~ 1 ? B2

Cl C3 
D 1 ” D3

In  an in te g ra te d  c i r c u i t  r e a l i s a t i o n ,  the  p re c is io n  of such 

r a t io s  can be b e t te r  than 0. and th e r e fo re  we could  

expect to  ach ieve a good accuracy o f th e  am plitude  

response. On th e  o th e r  hand, in  the d is c r e te  component 

models t h a t  we b u i ld  fo r  exp erim en ta l e v a lu a t io n ,  we 

e s tim a te  t h a t  th e  a c h ie vab le  accuracy of such r a t io s  may be 

of th e  order o f 0.2%  to  0.5°i>, and thus we a n te c ip a te  la r g e r  

e r ro rs  in  the  am plitud e  response fo r  such models.

5 .3  SC BANDPASS FILTER SYSTEM
WITH BASEBAND OPERATING MODE

5 .3 .1  System a r c h i te c tu r e  and c i r c u i t s

The genera l a r c h i te c tu r e  o f an SC bandpass f i l t e r  

system o p era tin g  in  th e  baseband f i l t e r i n g  mode is  shown in  

F i g . 5 .7 ,  w ith  lowpass AAF and A IF . The im plem enta tion  of  

such a system employing th e  SC bandpass f i l t e r  considered  

b e fo re  im p lie s  desig n ing  lowpass AAF and A IF which have to  

p ro v id e  adequate r e je c t io n  of the  a l i a s  and image s ig n a ls ,  

r e s p e c t iv e ly ,  a t  a minimum frequency of Fs- f Q=60KHz. The 

a p p ro p r ia te  te c h n o lo g ic a l  s o lu t io n  to  t h is  problem i s ,  as
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A A F  SC filter A IF

F i g . 5.7: G e n e r a l  a r c h i t e c t u r e  of an SC b a n d p a s s
fi lte r s y s t e m  w i t h  b a s e b a n d  o p e r a t i n g  m o de

we saw in  Chapter 2, to  decompose th e  AAF and the A IF  in to  

low s e l e c t i v i t y  co n tin u o u s-tim e  f i l t e r s ,  to g e th e r  w ith  an 

SC decim ator and an SC i n t e r p o la t o r ,  r e s p e c t iv e ly ,  fo r  

sampling r a te  a l t e r a t i o n .

For conciseness, we s h a l l  consider now a 3rd . order

lowpass co n tin u o u s-tim e  f i l t e r  in  th e  AAF, th e  response of

which, shown in  F i g . 5 . 8 - a ,  ensures a minimum r e je c t io n  of

40dB of the a l i a s  s ig n a ls  w ith  minimum frequency

f =300KHz. Below f  , th e  frequency bands of th e  in p u t  mm . m in .
co n tin u o u s-tim e  spectrum t h a t  r e l a t e  to  the d e s ire d  system 

passband have to  be a t te n u a te d , a ls o  by a minimum o f 40dB, 

by an SC lowpass d ec im ato r. The rem aining p o rt io n s  of the  

spectrum below f  are  not o f  concern s in ce  they

correspond to  the  stopband of the SC bandpass f i l t e r  and 

are  th ereby  a t te n u a te d . Hence, th e  SC decim ator is  re q u ire d  

to  have a minimum fa c to r  o f sampling r a te  re d u c tio n  of 

M =(f + f  ) /F  =4. For the  SC lowpass in t e r p o la t o r  in  the  

A IF , we adopt a ls o  a fa c to r  L=4 fo r  sampling r a te  in cre as e  

y ie ld in g  the same sampling r a te  o f 320KHz, both a t  the  

in p u t ,  and a t  the  o u tp u t, o f  the system. However, because 

of th e  e x tra  a t te n u a t io n  provided by the sample and hold  

fu n c t io n ,  i t  s u f f ic e s ,  in  t h is  case, to  have a s im p ler  2nd.
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F i g . 5.8: (a) A l i a s i n g  spect rum , and 3rd. ord e r c o n t i n u o u s 
time fi lt er  w i t h  s t op ba nd  f r e q u e n c y  at 30 0K Hz  
(n omi nal  c u t - o f f  f r e q u e n c y  at 60KHz); (b) Imag in g
spe ctrum, w i th  sa mp le  and hold at te n u a t i o n ,  and 

2nd. o r d e r  c o n t i n u o u s - t i m e  filte r  
(c ut -of f f r e q u e n c y  at 115KHz)

order lowpass co n tin u o u s-tim e  f i l t e r  a t  th e  ou tput o f the  

system, th e  response of which is  i l l u s t r a t e d  in  F i g .5 .8 - b .

For th e  above requ irem ents  o f th e  decim ator and 

in t e r p o la t o r  we adopt an optimum m u lt in o tc h  stopband 

approxim ation  which produces notch freq u en c ie s  a t

80KHz±20KHz, 160KHz±20KHz and 240KHz±20KHz. The optim ised  

impulse responses of the  FIR t r a n s f e r  fu n c t io n s  a re  g iven  

in  F i g . 5 .9 ,  fo r  a cascade approach using c i r c u i t s  fo r  

sampling r a te  a l t e r a t i o n  M=L=2. In  order to  implement the
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Samples in Time

( a )

0 1 2 
Samples in Time

(b)

F i g . 5.9: O p t i m i s e d  i m p u l s e  r e s p o n s e s  for ca s c a d e d
FIR SC l o w p a s s  d e c i m a t o r , and in t e r p o l a t o r ,  

(a) 8 0 K H 2 $ 16 0 K H 2 ; (b) 160KHZ £  32 0K HZ

FIR t r a n s f e r  fu n c t io n s  w ith  such impulse responses we 

consider the  s o lu t io n s  o f SC decim ator and in t e r p o la t o r  

c i r c u i t s  shown in  F i g . 5 .1 0  and in  F i g .5 .1 1 ,  r e s p e c t iv e ly ,  

to g e th e r  w ith  t h e i r  computed baseband am plitude responses, 

and th e  corresponding measured responses of d is c r e te  

component models. The FIR SC lowpass decim ator employs 

n o n -re c u rs iv e  polyphase SC s t ru c tu re s  w ith  m u lt ip le x e d  SC 

elements; the  FIR SC lowpass in t e r p o la t o r  w ith  SC biquads 

corresponds to  an example i l l u s t r a t e d  in  th e  prev ious  

Chapter (S ec tio n  4 .2 ,  F i g . 4 .2  and F i g . 4 . 3 ) ,  which we 

repeated  here fo r  convenience.
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——1/320KHz

n n n n

n n n  n

n n

_ n ______ __________ n
| j—  1/1S0KH? ^
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.. _ j _

—  m e a s u r e d  ----c o m p u t e d

F i g . 5.10: (a) C a s c a d e  FIR SC lo wp as s d e c i m a t o r  M=4,
w i t h  n o n - r e c u r s i v e  p o l y p h a s e  s t r u c t u r e  
( m u l t i p l e x e d  SC ele me nts ); (b) Measur ed,  
and co mpu ted , b a s e b a n d  a m p l i t u d e  r e s p o n s e
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h------ ---  1/160 KHz — ------ *i

2 1 I

_ J  3 U ~ 3 i _ r n
K—  1/320 KHz-*:

--- m e a s u r e d  ----c o m p u t e d

F i g . 5.11: (a) C a s c a d e  FIR SC l o wp as s i n t e r p o l a t o r  M=4
usi ng FIR SC b i q u a d s  w i t h  T y p e - A  s w i t c h i n g  

(b) Me as ur ed , and compu ted , ba s e b a n d  
a m p l i t u d e  r e s p o n s e
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N o n -recu rs ive  polyphase SC decim ators and 

in t e r p o la t o r s  had not been f u l l y  developed a t  th e  tim e the  

SC bandpass f i l t e r  system considered in  t h is  S ection  was 

designed and te s te d .  For completeness, we show in  

F i g .5 .1 2 - a  and in  F i g .5 .1 3 - a  the  s t a t e - o f - t h e - a r t  o f such 

FIR SC decim ator and in t e r p o la t o r  c i r c u i t s ,  fo r  the same 

requ irem ent as above. Both th e  s in g le -s ta g e  FIR SC 

decim ator c i r c u i t  w ith  M=4 (as in  F i g . 4 .2 4 ) ,  and the  

cascade FIR SC in t e r p o la t o r  c i r c u i t s  w ith  L=2 (as in  

F i g . 4 .2 8 ) ,  employ d i r e c t - f o r m  SC elements, and, to g e th e r ,  

th ey  need only  h a l f  o f the  number o f OA's re q u ire d  in  the  

prev ious r e a l i s a t io n s .  The computed baseband am plitude  

responses, and th e  corresponding measured am plitude  

responses of d is c r e te  component models a re  shown in  

F i g .5 .1 2 - b ,  fo r  the  SC decim ator in  F i g .5 .1 2 - a ,  and in  

F i g .5 .1 3 - b ,  fo r  th e  SC in t e r p o la t o r  in  F i g .5 .1 3 - a .  The 

performance of the SC i n t e r p o la t o r ,  which is  comparable to  

t h a t  o f the  SC dec im ato r, is  s i g n i f i c a n t l y  b e t t e r  than the  

performance of the  biquad cascade r e a l i s a t i o n  shown in  

F i g . 5. 11 .
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0.957 10

F i g . 5. 12: (a) S i n g l e - s t a g e  FIR SC l o w p a s s  d e c i m a t o r  M=4.
w i t h  n o n - r e c u r s i v e  p o l y p h a s e  d i r e c t - f o r m  
st ruc t ur e;  (b) Mea su r ed , and com puted, 

b a s e b a n d  a m p l i t u d e  r e s p o n s e
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3.54 10 2.71 10

m---------------------1/160 KHz-------------------n  ____m  m  m ___________ m __m __ Time Frame 1
---------------------------------------------1 / SO KHz----------------------------------------- M

H------1/320KHZ—■«h

fZI fol j~2l_______ m j3 l_  Time Frame 2
(a)

------measured ------computed

F i g . 5. 13: (a) C a s c a d e  FIR SC lo w p a s s  i n t e r p o l a t o r  L = 4,
w i t h  n o n - r e c u r s i v e  p o l y p h a s e  d i r e c t - f o r m  

s t ru ct ur e;  (b) Measu red , and computed, 
b a s e b a n d  a m p l i t u d e  r e s p o n s e
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5 .3 .2  Experim enta l e v a lu a t io n

The schematic o f th e  complete SC bandpass f i l t e r  

system (th e  co n tin u o u s-tim e  f i l t e r s  a re  not in c lu d e d ) is  

shown in  F i g . 5 .1 4 ,  comprising th e  SC bandpass f i l t e r  

designed in  th e  prev ious S e c tio n , and the  SC decim ator and 

in t e r p o la t o r  c i r c u i t s  o f F i g . 5 .1 0  and F i g .5 .1 1 ,  

r e s p e c t iv e ly .  The synchronised sw itch in g  scheme of the  

system a llow s th e  in t e r f a c e  between the  two stages of the  

SC decim ator, as w e l l  as th e  in t e r f a c e  between the SC 

decim ator and the  SC bandpass f i l t e r  to  be provided by 

s e r ie s  sampling sw itch es . The in te r s ta g e  sample and hold  

c i r c u i t  in  the SC in t e r p o la t o r  is  re q u ire d  because th e  FIR  

SC biquads employ Type-A s w itc h in g . The sw itch in g  scheme 

fo r  th e  system is  implemented using a d is t r ib u t e d  modular 

clock g e n e ra to r , whereby the sw itch ing  waveforms re q u ire d  

fo r  each SC c i r c u i t  are  l o c a l l y  generated from a reduced 

clock bus w ith  only fo u r  c lo ck  l in e s .  O therw ise , i t  would 

have been necessary to  ro u te  as many as f i f t e e n  clock linc-s 

throughout the system, which would have rendered the  la y o u t  

more complex, and would have a ls o  in creased  th e  d i g i t a l  

noise coupled onto the  analogue l in e s .  A d is c r e te  component 

model of t h is  system was co nstru c ted  using a p r in te d  

c i r c u i t .  I t  employs CMOS 4016 analogue sw itches, CMOS 7611 

OA' s fo r  the  SC bandpass f i l t e r ,  JFET LF355 OA' s fo r  th e  SC 

decim ator and in t e r p o la t o r ,  and standard CMOS d i g i t a l  

components fo r  the sw itch in g  c i r c u i t r y .  The capac itance  

spread and t o t a l  norm alised capac itance  of each SC c i r c u i t  

in  th e  system are  summarised in  Table  5 .2 .



Decimator B a n d p a s s  Filler Interpolator

F i g . 5. 14: S c h e m a t i c  of the SC b a n d p a s s  filte r s y s t e m  w i t h  b a s e b a n d  o p e r a t i n g  mo d e
sh ow ing  the d i s t r i b u t e d  m o d u l a r  cl ock g e n e r a t i o n  sche me
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SC DECIMATOR M=4 SC SC INTERPOLATOR L=4 SC BANDPASS

1st stage 2nd stage FILTER 1st stage 2nd stage FILTER SYSTEM

C-spread 4.359 6.828 87.8 2.828 3.695 87.8

Total C 13.078 20.484

_________ 1
884

_______
24.210 30.716 972.5

Ta bl e 5.2: C a p a c i t a n c e  spread and total n o r m a l i s e d
c a p a c i t a n c e  in the SC b a nd pa ss  fi lt er sy st em

O v e ra l l  and expanded measured baseband am plitude  

responses of the f i l t e r  system are shown in  F ig .5 .1 5 - a  and 

in  F ig .5 .1 5 - b ,  r e s p e c t iv e ly .

F i g . 5.15: (a) M e a s u r e d  o v e r a l l  b a s e b a n d
a m p l i t u d e  r e s p o n s e  of the 
SC ba n d p a s s  fi lt er  s y s t e m
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F i g .5.15: (b) M e a s u r e d  e x pa nd ed  
a m p l i t u d e  r e s p o n s e  
SC b a n d p a s s  fi lt er

ba seband 
of the 
s y stem

The noise performance o f th e  system, measured 

d e te c to r  bandwidth o f 100Hz, is  shown in  F i g . 5 .1 6 .

F i g . 5. 16: M e a s u r e d  no is e p e r f o r m a n c e  of the 
SC b a n d p a s s  fi lt er  s y s t e m

w ith  a
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Other re le v a n t  measured r e s u l ts  o f the  SC bandpass f i l t e r  

system are  g iven in  Table  5 .3 .  As we can see, both the  SC 

decim ator and SC in t e r p o la t o r  p rov ide  the  re q u ire d  

r e je c t io n  o f 40dB of th e  a l i a s  and image s ig n a ls  below 

300KHz. However, we should mention t h a t  the  sample and hold  

e f f e c t  c o n tr ib u te s  to  a g re a t  e x te n t  to  th e  a t te n u a t io n  of 

the  image s ig n a ls  a t  140KHz (17.8dB) and a t  180KHz (20dB) 

because, as we discussed in  Section  4 .2 ,  and can see in  

F ig .5 .1 1 - b ,  the SC in t e r p o la t o r  has poor performance a t  

such c r i t i c a l  fre q u e n c ie s .

C e n t r e  f re q u e n c y 20.058KHZ
G a in  ( in c lu d e s  s in e  x) - 1 . 55dB
-3dB B andw id th 480Hz
Stopband R e j e c t i o n >41dB
Power S u p p ly ±5 v
Maximum I n p u t  S i g n a l 800mVrms
Dynamic Range 75dB
A l i a s i n g  R e j e c t i o n  (<300KHz) >40dB
Im a g in g  R e j e c t i o n  (<300KHz) >50dB

Tabl e 5.3: E x p e r i m e n t a l  re su lt s of the
SC b a n d p a s s  f i lt er  s y s t e m

The

responses 

f i l t e r s , 

according  

and the

r e s u l ts  above in d ic a te  t h a t  narrow bandpass 

can be r e a l is e d  using conventiona l SC bandpass 

provided the  sw itch in g  frequency is  chosen 

to  the optimum c r i t e r i o n  discussed in  Chapter 3, 

s o p h is t ic a te d  SC decim ators and in t e r p o la t o r s

developed in  Chapter 4 a re  in tro du ced  to  r e j e c t  the
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unwanted a l i a s  and image fre q u e n c y - t ra n s la te d  components 

a t low frequency. In  o rder to  r e a l i s e  very  narrow bandpass 

responses, t h is  type o f system is  no longer a p p l ic a b le ,  not 

on ly  because of th e  la r g e  capac itance  spread th a t  would 

a r is e  in  th e  SC bandpass f i l t e r ,  even i f  an optimum 

sw itch in g  frequency is  employed, but m ain ly  because o f the  

r e s u l t in g  ex trem ely  h igh s e n s i t i v i t y  o f the  am plitude  

response to  cap ac itan ce  r a t i o  e r r o r s .  For such 

a p p l ic a t io n s ,  we have to  employ in s te a d  an SC bandpass 

f i l t e r  system o p e ra t in g  in  a d i f f e r e n t  mode.

5 .4  SINGLE-PATH FREQUENCY-TRANSLATED (SPFT)
SC BANDPASS FILTER SYSTEMS

5. 4 . 1  A rc h i te c tu r e ,  o p e ra t in g  mode, and p ro p e r t ie s

The idea o f S in g le -P a th  F req uen cy-Tran s la ted  (SPFT) SC 

systems was in troduced in  S ection  2 . 3 .  In  such systems, the  

a l i a s  and image f re q u e n c y - t ra n s la te d  responses o f SC 

f i l t e r s  can be e f f i c i e n t l y  u t i l i s e d  in  order to  implement 

o p e ra tio n s  of downwards f r e q u e n c y - t r a n s la t io n ,  upwards 

f r e q u e n c y - t r a n s la t io n , and f re q u e n c y - t ra n s la te d  f i l t e r i n g .  

SPFT SC systems im plementing downwards and upwards

fre q u e n c y - t ra n s la te d  o p era tio n s  w i l l  be demonstrated in  

Section  5 . 8 .  T h is , and th e  fo l lo w in g  S ectio n s , w i l l  study  

the a p p l ic a t io n  o f SPFT SC f i l t e r  systems fo r  the

r e a l i s a t io n  of bandpass responses w ith  very  narrow r e l a t i v e  

bandwidths of less  than ^%.
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The genera l a r c h i te c tu r e  o f an SPFT SC bandpass f i l t e r  

system is  shown in  F ig .5 .1 7 - a .  The SC bandpass f i l t e r  w ith  

midband frequency f  ̂ , s w itch in g  frequency Fg=mf1 and 

bandwidth BŴ  (Q - fa c to r  Q^=f^/BW^) possesses the  

f re q u e n c y - t ra n s la te d  a l i a s  and image responses s y m b o lic a l ly

AAF SC filter A IF

( a )

frequency bands relating to the

( b )

j
£

fi Fs/2

Pj nFj
( c )

F i g . 5.17: A r c h i t e c t u r e ,  and o p e r a t i n g  mode, of
an SPFT SC ba n d p a s s  f i lt er  s y s t e m
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rep resen ted  as in  F ig .5 .1 7 - b .  The bandpass AAF and AIF  

s e le c t  one s p e c i f ie d  frequency band around a m u l t ip le  n of 

the sw itch ing  frequency and r e j e c t  the  rem aining unwanted 

frequency bands according to  the  a n t i - a l i a s i n g  and a n t i 

imaging s p e c i f ic a t io n s .  The s e le c t io n  o f the  upper 

sideband (n+ ) in  F i g .5 .1 7 - c  y ie ld s  an SPFT system w ith  

midband frequency f  =nF + f .  and Q - fa c to r  Q =K. Qi , where 

K=m.n+1 is  the  Q-enhancement fa c to r  of the  system (m=F / f^  

is  th e  sampling r a t i o  o f th e  SC bandpass f i l t e r ) .  The 

s e le c t io n  o f the  lower sideband (n ) would have y ie ld e d  the  

system midband frequency f  =nF - f^  and th e  corresponding  

Q-enhancement fa c to r  K=m.n-1.

There are  two fundamental aspects which c h a ra c te r is e  

the  above o p e ra t io n  of an SPFT SC bandpass f i l t e r  system, 

compared to  a co nventiona l SC bandpass f i l t e r  system w ith  

baseband o p e ra tin g  mode. F i r s t l y ,  fo r  a given midband 

frequency f  of the  SC f i l t e r  system, the a c tu a l  f i l t e r i n g  

o p e ra t io n  in  the system which produces the  d e s ired  response 

is  performed by an SC bandpass f i l t e r  w ith  much lower  

midband frequency f ^ , and o p e ra t in g  w ith  co rrespon d in g ly  

lower sw itch ing  frequency F . T h e re fo re , the  speed 

requ irem ents  fo r  the  OA' s in  th e  SC f i l t e r  can be 

s u b s t a n t ia l ly  re la x e d , which s im p l i f ie s  t h e i r  design, and 

a ls o  leads to  a re d u c tio n  in  power consumption. The second 

im p o rta n t aspect o f an SPFT SC bandpass f i l t e r  system is  

th e  lower s e l e c t i v i t y  o f th e  SC bandpass f i l t e r  in  the  

system, compared to  th e  much h ig h er s e l e c t i v i t y  t h a t  would 

be re q u ire d  fo r  an SC bandpass f i l t e r  in  a co n ven tio n a l SC
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f i l t e r  system o p e ra t in g  in  a baseband f i l t e r i n g  mode, w ith  

th e  same o v e r a l l  s e l e c t i v i t y .  Th is  im p lie s  much sm alle r  

capac itance  r a t io s ,  and thus sm alle r  c a p a c ito r  a re a , in  the  

SC bandpass f i l t e r ,  on the  one hand, and, on the  o th er  

hand, much lower s e n s i t i v i t y  o f th e  bandpass response to  

capac itance  r a t i o  e r r o r s .  O v e ra l l ,  these c h a r a c t e r is t ic s  of 

SPFT SC bandpass f i l t e r  systems make them very  a t t r a c t i v e  

fo r  implementing very  narrow bandpass responses. From a 

system p o in t  o f view th e re  i s ,  o f course, the  requ irem ent  

fo r  more s o p h is t ic a te d  AAF and A IF , whose fundamental 

c h a r a c t e r is t ic s  w i l l  be examined n e x t.

5 . 4 . 2  A n t i - a l i a s in g  f i l t e r

In  an SPFT SC bandpass f i l t e r  system, in  order to  

achieve a given Q-enhancement fa c to r  K=m.n±1 we have 

a v a i la b le ,  besides the sideband s e le c t io n ,  the  key system

parameters m and n whose values determ ine the

c h a r a c t e r ! s t i  cs of the AAF and AIF , and hence the

com plex ity  of the SPFT system. The s e l e c t i v i t y  o f the  AAF 

depends on the sampling r a t i o  m—Fg/ f o f  th e  SC bandpass 

f i l t e r ,  as shown in  F i g . 5 .18 fo r  the  example o f s e le c t in g  

an upper f re q u e n c y - t ra n s la te d  sideband. I f  the SC bandpass 

f i l t e r  is  oversampled, i . e .  m>>1, th en , the  freq uen cy-  

t r a n s la t e d  bands are  c lo se  to  nFg , which im p lie s  an AAF 

w ith  high s e l e c t i v i t y  o f the lower t r a n s i t io n  band, as in  

F i g .5 .1 8 - a .  When the  SC bandpass f i l t e r  is  c r i t i c a l l y  

sampled, i . e .  nu2, the f re q u e n c y - t ra n s la te d  bands a re  close  

to  the  odd m u lt ip le s  o f Fg/2  and, as we can see in  

F ig .5 .1 8 - b ,  the  AAF re q u ire s  high s e l e c t i v i t y  of the  upper
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rii ! ir *i $
AAF

rr
P.'o

(a )

AAFmy
522222^y

nV I I I  I I I
^ \ \ \ \ ^

(b)

n
f.

(c)

Fi g.5 . 1B : S e l e c t i v i t y  of the AAF versus the s a m p li ng
r a ti o m= F s /f D f the SC ba n d p a s s  filter, 
(a) O v e r s a m p l i n g ;  (b) C r i t i c a l  sam pling;
(c) Sa m p l i n g  w i th  m = 4 for u n i f o r m e l y  spaced 

f r e q u e n c y - t r a n s l a t e d  bands

t r a n s i t io n  band. For m=4, th e  f re q u e n c y - t ra n s la te d  bands 

are  u n ifo rm ly  spaced, and, th en , the AAF may have a 

bandpass response w ith  sym m etrical t r a n s i t io n  bands, as 

i l l u s t r a t e d  in  F i g .5 .1 8 - c .  Adoption of the  sampling r a t i o  

m=4 o f fe r s  the  a d d i t io n a l  b e n e f i ts  of minimum capac itance  

spread, and a ls o  minimum c a p a c ito r  area taken up by the  SC 

bandpass f i l t e r ,  as we saw in  S ection  5 . 2 .

5 . 4 . 3  A n t i- im a g in g  f i l t e r

The sampled and held  n a tu re  o f th e  s ig n a l a t  the  

output o f the  SC bandpass f i l t e r  im p lie s  the m u l t i p l i c a t io n  

of th e  image response by the  fu n c t io n  s in  ( irf /F  ) /  ( i r f /F  ) . 

This in tro d u ces  a d i f f e r e n t i a l  ga in  e r r o r  over the  

passband, which is  n e g l ig ib le  fo r  narrow bandwidth  

a p p l ic a t io n s ,  and a la r g e r  midband ga in  e r r o r  which is  

expressed in  terms o f K and m as

( 5 . 5 )  . . . a(dB) - 2 0 1 o g
(TTK/m ) 

s i n  (TTK/m )



280

For m - A , t h is  g ives a (d B )Z -2 0 1 o g (K /0 . 9 ) ,  fo r  OdB re fe re n c e  

at. DC. In  order to  compensate such sample and hold e f f e c t ,  

th e  AIF is  re q u ire d  to  have g re a te r  s e l e c t i v i t y ,  and h igher  

midband g a in , than i t s  AAF c o u n te rp a r t .  This is  exp la in ed  

in  F i g . 5 .19  fo r  the example of the s e le c te d  image n=14 .

_  *20
m32h-
2
LU

§  *10
2<2
2
LU

UJ 0  O < z

-10

11111111
111 Tf1 4 <o 1 2̂  * 1 zr6 |1 T If 1 1, 3FS , ,1 1 1 1 1 1 | 1 1

F i g . 5. 19: I l l u s t r a t i o n  of the a m p l i t u d e  e n h a n c e m e n t
of the imag e si gn als  due to the 

sample and hold ef fe ct

A f l a t  ga in  of +14.89dB is  re q u ire d  fo r  compensation of the

midband gain e r r o r  o f a=-14 .89dB  a t  f  =F + f „ .  Theo s 1
am plitude of the  image s ig n a ls  whose freq u en c ies  are  below

f  are  enhanced by +14dB, a t  f . ,  and by +4.4dB, a t  F - f . ,  o 1 s 1
due to  a much s m a lle r  sample and hold a t te n u a t io n .  

T h e re fo re , fo r  the  same a n t i - im a g in g  and a n t i - a l i a s i n g  

s p e c i f ic a t io n s ,  such image enhancement fa c to rs  in d ic a te  the  

e x tra  a t te n u a t io n  t h a t  the AIF is  re q u ire d  to  p ro v id e , in  

comparison w ith  the  AAF. On th e  o th er  hand, fo r  the  

s ig n a ls  above the  s e le c te d  image, the s e l e c t i v i t y  of the  

AIF may be lower than t h a t  o f the AAF due to  th e  e x tra  

a t te n u a t io n  provided by th e  sample and hold fu n c t io n ,  as is  

a ls o  i l l u s t r a t e d  in  F i g . 5 . 19.
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5 . 4 . 4  Sampling r a te  a l t e r a t i o n

In  order to  employ co ntinuo us-tim e  f i l t e r s  in  the  AAF

and AIF o f  a s im i la r  com p lex ity  as in  th e  system described

in  th e  S ection  5. 3 ,  i t  i s  req u ire d  th a t  F >16f .s o
T h e re fo re , th e  minimum fa c to r  o f sampling r a te  re d u c tio n  

req u ire d  fo r  the SC decim ator in  the AAF is  M=16(n±1/m),

i . e .  M=16n±4, fo r  m=4. For the SC in t e r p o la t o r  in  the  A IF ,  

the  fa c to r  o f sampling r a t e  in cre as e  is  L=M. A fa c to r  of  

sampling r a te  a l t e r a t i o n  h ig h er than the minimum M=L=16n^4 

w i l l  r e la x  the  requirem ents of the co n tin u o u s-tim e  f i l t e r s ,  

a t  the expense of some a d d i t io n a l  co m p lex ity  o f th e  SC 

decim ator and SC i n t e r p o l a t o r .

5 . 4 . 5  C h a ra c te r is t ic s  o f an SPFT system 
fo r  design and im plem entation

In  o rder to  de scrib e  aspects of th e  design of SPFT 

systems, p a r t i c u l a r l y  w ith  resp ec t to  the decim ator and 

in t e r p o la t o r  a r c h i t e c t u r e s , we s h a l l  consider the SC 

bandpass f i l t e r  in  S ectio n  5 .2  w ith  sw itch in g  frequency  

Fc. = 16KHz, thus midband frequency f^=4KHz (m=4) and -3dB 

bandwidth BW^=96Hz. For th e  r e a l i s a t io n  o f a bandpass 

response w ith  -3dB r e l a t i v e  bandwidth o f 0. 48% a t midband 

frequency f Q=20KHz, th e  SPFT system re q u ire s  a Q- 

enhancement fa c to r  of K=5, im p ly ing  n=1+ , and thus a 

minimum fa c to r  o f sampling r a te  a l t e r a t i o n  M=L=20. We 

s h a l l  consider M=L=24, in  which case the spectrum o f the  

f re q u e n c y - t ra n s la te d  s ig n a ls  ( a l ia s  or image) fo r  the  

design of the decim ator and in t e r p o la t o r  is  s c h e m a tic a lly  

i l l u s t r a t e d  in  F i g . 5 .2 0 .  The a t te n u a t io n  of the a l i a s  and
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FREQUENCYlKHz]

F i g . 5.20: Sch em a ti c r e p r e s e n t a t i o n  of the f r e q u e n c y -
t r a n s l a t e d  bands, in the SPFT system, that 

r e l a t e  to the p a s s b a n d  of the 
SC b a nd pa ss  fi lt er

image s ig n a ls  a t  364KHz, and above, can be achieved by 

co n tin u o u s-tim e  f i l t e r s  w ith  more re la x e d  s p e c i f ic a t io n s  

than those considered b e fo re , e . g.  h ig h e r nominal c u t - o f f  

frequency a l lo w in g  g re a te r  to le ra n c e s . On the  o th er  hand, 

the a t te n u a t io n  below 364KHz has to  be provided by 

decim ators and in te r p o la t o r s  w ith  more complex 

a r c h i te c tu r e s  than those considered p re v io u s ly .  In  the  

fo l lo w in g  Sections we sh a l]  co nsider, in  the  f i r s t  p la c e ,  

decim ator and in t e r p o la t o r  a r c h i te c tu r e s  employing on ly  FIR  

SC c i r c u i t s .  Then, we s h a l l  a ls o  consider a l t e r n a t iv e  

decim ator and in t e r p o la t o r  a r c h i te c tu r e s  w ith  d i f f e r e n t  

combinations of FIR and H R  SC c i r c u i t s .

5 .5  SPFT SC BANDPASS FILTER SYSTEM 1: A case study  
using f u l l y  FIR decim ator and in t e r p o la t o r

The a r c h i te c tu r e  o f the  SPFT system to  be considered  

in  t h is  case study is  shown in  F i g . 5. 21,  employing an FIR 

SC bandpass decim ator and a complementary FIR SC bandpass 

i n t e r p o la t o r .  For both th e  SC decim ator and in t e r p o la t o r ,
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SC DECIMATOR SC SC INTERPOLATOR

F i g . 5 . 2 1 :  A r c h i t e c t u r e  o f  t h e  SP F T  s y s t e m  1,  e m p l o y i n g  
F I R  SC b a n d p a s s  d e c i m a t o r  a n d  i n t e r p o l a t o r

we consider th re e  stages o f sam pling ra te  convers ion , 

namely dec im ation  from the system in p u t by fa c to rs  o f M=2, 

M=4, and M=3, and complementary in te r p o la t io n  to  th e  system  

ou tpu t by fa c to rs  o f L=3, L=4 , and L=2. The o p tim is a tio n  of 

th e  t r a n s fe r  fu n c tio n s  o f the  SC decim ator c i r c u i t s ,  fo r  

example, w i l l  be e x p la in ed  w ith  re fe re n c e  to  F i g .5 .2 2 . The 

FIR SC highpass decim ator w ith  M=3, and w ith  baseband from  

DC to  3Fs /2=24KHz , in tro d u ces  notch freq u en c ie s  a t  4KHz 

( a l ia s  frequency band A) and a t  12KHz ( a l ia s  frequency band

B )  , which a re  p e r io d ic a l ly  repeated  above 24KHz, as shown 

in  F ig .5 .2 2 - a .  In  F ig .5 .2 2 -b ,  th e  FIR SC lowpass decim ator  

w ith  M=4, and w ith  baseband from DC to  6Fs=96KHz, 

in tro d u ces  notch fre q u e n c ie s  a t 28KHz (a l ia s  frequency band

C )  , a t  68KHz (a l ia s  frequency band D) and a t  76KHz ( a l ia s  

frequency band E ) , which are  p e r io d ic a l ly  repeated  above 

96KHz. In  F ig .5 .2 2 -c ,  th e  o th e r FIR SC lowpass d ec im ato r,
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Baseband

B ta n u  B A | A B 
ra ■ I 0 " i H

o"7 12 Fc 2C 28 3FS
FREQUENCY [KHz]
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68 76 6FC

( a )

^ ----------- Baseband----------

FREQUENCY [KHz] 

( b )

Baseban;

6 io 172 12^ 212 
FREQUENCY [KHz]

3&1 2LFC

( c )

F i g . 5 . 2 2 :  I l l u s t r a t i o n  o f  t h e  m u l t i n o t c h  r e q u i r e m e n t s
f o r  t h e  F I R  SC d e c i m a t o r  c i r c u i t s ,  ( a )  H i g h p a s s  
d e c i m a t o r  f o r  s a m p l i n g  r a t e  r e d u c t i o n  f r o m  
A 8 K H z t o  1 G K H z ( M = 3 ) ;  ( b )  L o w p a s s  d e c i m a t o r  f o r
s a m p l i n g  r a t e  r e d u c t i o n  f r o m  1 9 2 K H z  t o  ABKHz  
( M = A ) ;  ( c )  L o w p a s s  d e c i m a t o r  f o r  s a m p l i n g  r a t e

r e d u c t i o n  f r o m  3 84 KHz t o  1 9 2 K H z  ( M = 2 )

w ith  M-2, and baseband from  

notch frequency a t 172KHz 

is  repeated  a t 212KHz. The 

each SC decim ator a re  g iven

DC to  12F =192KHz( in tro d u ces  a 

( a l ia s  frequency band F ) , which 

optim ised  im pulse responses o f 

in  F i g .5 .2 3 , which can then be
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( c )

F i g  .
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unit delay 
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. 2 3 :  O p t i m i s e d  i m p u l s e  r e s p o n s e s  f o r  t h e  F I R  SC
d e c i m a t o r  c i r c u i t s .  ( a )  H i g h p a s s  d e c i m a t o r  
M = 3 ;  ( b )  L o w p a s s  d e c i m a t o r  M = 4 ;  ( c )  L o w p a s s

d e c i m a t o r  M=2
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implemented using the non-recursive polyphase direct-form 

SC decimator circuits shown in Fig.5.24.

Lowposs Mi 2 Lowpass M = 4 Highpo&s M= 3

_m_ioLm j3i_m_m__ioLm j2L_fTL_joLi3i
— ~H1 /1 S2KHzf —  —+l/t6KHz \ r ~

H----- 1/192KHZ------H  K*-----------------1/4BKH* -------------------H  H ----------------  1/16KHZ------H

F i g . 5.24: FIR SC ba n d p a s s  d e c i m a t o r  M=24

The theoretical alias amplitude response of the 

complete FIR SC bandpass decimator is shown in Fig. 5.25-a 

(only the baseband from DC to 192KHz is shown). Fig.5.25-b 

shows expanded amplitude responses in the vicinity of the 

critical notch frequencies which are closest to the midband 

frequency fo=20KHz of the system, i.e. at 4KHz, 12KHz, 

28KHz, and 36KHz. The rejection achieved in the vicinity 

of the notch frequencies decreases as the required notch 

stopband bandwidth increases. In this system, the minimum 

notch stopband bandwidth must be 96Hz, which encompasses 

the -3dB bandwidth of the SC bandpass filter. In practice, 

however, we have to consider a much wider notch stopband

bandwidth in order to take into account the unavoidable
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(b)

F i g . 5.25: (a) T h e o r e t i c a l  a m p l i t u d e  r e s p o n s e  of the FIR SC
b a n d p a s s  d e c i m a t o r  M=24; (b) Ex p a n d e d  a m p l i t u d e
r e s p o n s e s  ar ou nd the c r i t i c a l  not ch  f r e q u e n c i e s

v a r i a b i l i t y  o f th e  am plitude responses both o f th e  SC 

decim ator and o f th e  SC bandpass f i l t e r  i t s e l f ,  such as 

i l lu s t r a t e d  in  th e  example o f F i g .5 .2 6 . F ig .5 .2 6 -a  

rep res en ts  th e  id e a l s i t u a t io n ,  w ith  nominal notch  

freq u en c ies  f  o f th e  SC d ec im ato r, and nominal midband
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(b)
give rise to 
aliasing distortion

F i g . 5.26: Effect of a m p l i t u d e  r e s p o n s e  v a r i a b i l i t y  on the
r e j e c t i o n  of alias signals, (a) Ideal s i t u a t i o n  
c o r r e s p o n d i n g  to the SC ba n d p a s s  fi lt er  and the 
SC d e c i m a t o r  w i t h  n o m i n a l  a m p l i t u d e  r e s p on se s;  
(b) W o rs t case v a r i a t i o n s  of m i d b a n d  f r e q u e n c y

1 and notch f r e q u e n c i e s  f

frequency o f the  SC bandpass f i l t e r .  For v a r ia t io n s  o f

-A f and + A f1 o f th e  notch frequency and midband frequency, 

re s p e c t iv e ly ,  th e  r e je c t io n  o f th e  a l ia s  s ig n a ls  w i l l  be 

a ffe c te d  as shown in  F ig .6 .2 6 -b .  I f  we assume fo r  th is

sim ple example Af / f  n n A f , / f . 1' 1 =0.5% th en , th e  re q u ire d

notch stopband bandwidths a t  th e  more c r i t i c a l  freq u en c ie s
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a re  136Hz a t  4KHz, 176Hz a t  12KHz, 256Hz a t  28KHz, and 

296Hz a t  36KHz. Hence, from the curves in  F ig .5 .2 5 -b ,  the  

maximum r e je c t io n  th a t  may be achieved using th is  FIR  SC 

bandpass decim ator is  about 42dB a t  4KHz, and about 37dB a t  

12KHz. For th e  complementary FIR  SC bandpass in te r p o la to r ,  

which could be ob ta ined  in  a s im ila r  manner as was the  

d ec im ato r, we have to  co n s id e r, in  a d d it io n  to  th e  above 

c o n s tra in ts , th e  e f f e c t  o f th e  sample and hold  a t te n u a t io n .  

As a r e s u l t ,  th e  p r a c t ic a l  a n ti- im a g in g  perform ance is  

reduced by 14dB a t  4KHz, and by 4 . 4dB a t  12KHz, which g ives  

a maximum r e je c t io n  o f th e  image s ig n a ls  o f about 28dB a t  

4KHz, and about 32dB a t  12KHz.

One p o s s ib le  s o lu t io n  fo r  in c re a s in g  th e  s e le c t iv i t y  

o f th e  above FIR  SC decim ator (and o f th e  corresponding  

in te r p o la to r )  would be, fo r  example, to  in tro d u c e  e x tra  

notch freq u en c ie s  in  th e  FIR  SC highpass decim ator M=3, 

e . g .  a t  8KHz. Th is  im p lie s  in c re a s in g  th e  le n g th  o f the  

corresponding im pulse response which, in  tu rn , leads to  

more complex SC c ir c u i t s  because o f the  s o p h is t ic a t io n  o f 

th e  sw itch in g  schemes. An a l t e r n a t iv e  p o s s ib le  s o lu t io n  

co n s is ts  o f u t i l i s i n g  th e  SC highpass notch decim ator M=3, 

as w e ll as the  complementary SC in te r p o la to r  L=3, w ith  SC 

biquad-po lyphase s tru c tu re s , which we describ ed  in  S ec tio n

4 . 6 .  An even s im p le r s o lu t io n  co n s is ts  o f em ploying s o le ly  

an H R  SC highpass notch b iquad , which we s h a ll  d e scrib e  in

th e  next S e c tio n .
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5 . 6 .  SPFT SC BANDPASS FILTER SYSTEM 2: E xperim enta l 
dem onstration  using a s im p lif ie d  a rc h ite c tu re

For a p re lim in a ry  exp erim en ta l dem onstration  o f th e  

SPFT system, we s h a ll  consider th e  a rc h ite c tu re  shown in  

F i g . 5 . 2 7 .  Th is system prov ides a s p e c if ie d  r e je c t io n  o f

SC DECIMATOR SC SC INTERPOLATOR

F i g . 5.27: S i m p l i f i e d  a r c h i t e c t u r e  for SPFT s y s t e m  2,
wi th  c o m b i n e d  FIR and IIR SC ci rc ui ts  for 

d e c i m a t i o n  and i n t e r p o l a t i o n

unwanted a l ia s  and image fre q u e n c y -tra n s la te d  components up 

to  o n ly  192KHz. In  p r a c t ic a l  term s, th is  means th a t  the  

s e le c t iv i t y  of the co n tin u o u s-tim e  f i l t e r s  in  the  AAF and 

AIF would have to  be increased  in  o rder to  p ro v id e  th e  

e x tra  a tte n u a tio n  th a t ,  o th e rw is e , would have been achieved  

by th e  FIR  SC lowpass decim ator and in te r p o la to r  c i r c u i t s  

w ith  M=L=2. The I IR  SC c i r c u i t s ,  which re p la c e  th e  FIR SC 

highpass c ir c u i ts  in  th e  previous system, a re  based on the  

SC highpass notch (HPN) biquad shown in  F i g . 5 . 28 .  Both the  

SC biquads fo r  the  decim ator and fo r  the  in te r p o la to r ,  w ith



291

F i g . 5.28: SC h i g h p a s s  notch b i qu ad
w i t h  T y p e - B  s w i t c h i n g

sw itch in g  frequency 3F =48KHz, po le  frequency f  =20KHz,5 p

notch frequency f  =8KHz, and maximum s ig n a l h and ling
w

c a p a b i l i t y ,  have t h e i r  d is c re te - t im e  b iq u a d ra tic  t r a n s fe r

fu n c tio n s  ob ta ined  from th e  co n tin u o u s-tim e  domain using

th e  b i l in e a r  s - to -Z  tra n s fo rm a tio n . The SC HPN biquad fo r

in te r p o la t io n  is  designed w ith  po le  q u a l i t y - f a c t o r  Q =50,P
and a ga in  o f 14.89dB,  in  o rd er to  compensate fo r  th e  

midband gain  e r ro r  o f th e  d e s ire d  image a t  f q=20KHz , and to  

p ro v id e  a minimum r e je c t io n  o f 32dB o f th e  image s ig n a ls  a t  

4KHz and 12KHz. The r e s u lt in g  norm alised capac itance  

va lues  a re  g iven  in  Tab le  5 . 4 .  The SC HPN biquad fo r  

decim ation  has a low er s e le c t iv i t y  corresponding to  Q =20,- ir

because in  th e  decim ator i t  is  no t necessary to  compensate 

fo r  th e  sample and hold a t te n u a t io n . The design o f th is  SC 

biquad w ith  a g a in  o f OdB would g iv e  a very  la rg e  

cap ac itan ce  spread o f 153; in s te a d , based on th e  d iscu ss io n  

in  S ec tio n  3 . 6 ,  we design i t  w ith  th e  minimum capac itance
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spread o f 28.1 y ie ld in g  a g a in  o f 14.75dB in  th e  SC 

d ec im ato r, and in  th e  system. The r e s u lt in g  norm alised  

cap ac itan ce  va lues a re  a ls o  g iven  in  Tab le  5 . 4 .

H P N -0 =50 HPN -e =20
P p

A 24.5274 A 15.0080

wu B 12.8618 B 8.0227
H

I 1 I 1

C 71.1027 C 28.0752

CN D 37.2853 D 15.0080

W
u E 1 E 1
H

G 1.5 G 1

T a b l e  5.4: N o r m a l i s e d  c a p a c i t a n c e  value s for the
SC HPN b i q u ad s in the SPFT s y s t e m  2

The measured frequency responses o f both SC HPN biquads  

r e a lis e d  w ith  d is c re te  component models a re  shown in  

F i g . 5 . 29 .  The FIR SC lowpass decim ator M=4 and th e  FIR SC 

lowpass in te r p o la to r  L=4 employing n o n -re c u rs iv e  polyphase  

d ire c t - fo rm  s tru c tu re s  were e x p e r im e n ta lly  dem onstrated in

F i g . 5.29: M e a s u r e d  b a s e b a n d  a m p l i t u d e  r e s p o n s e s
of the SC HPN biq uads
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th e  prev ious Chapter ( re s p e c t iv e ly  in  F i g . 4 . 25 ,  and 

F i g . 4 . 30 ,  in  S ec tio n  4 . 5 ) .  The measured baseband am plitud e  

response o f th e  FIR SC lowpass decim ator, fo r  example, is  

repeated  in  F i g . 5 . 30 .  The r e s u lt in g  measured o v e r a l l  

am plitud e  response o f th e  complete SC bandpass decim ator 

M=12 is  g iven  in  F i g . 5 . 3 1 .  A s im ila r  bandpass am plitude  

response is  ob ta ined  fo r  th e  in te r p o la to r .

F i g . 5.30: M e a s u r e d  b a s e b a n d  a m p l i t u d e  r e s p o n s e
of the FIR SC lo wp as s d e c i m a t o r  M=4

F i g . 5.31: M e a s u r e d  o v e r a l l  b a s e b a n d  a m p l i t u d e  r e s p o n s e  
of the c o m p l e t e  SC ba nd pa ss d e c i m a t o r  M=12
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The complete schem atic o f th e  dem onstration  SPFT SC 

bandpass f i l t e r  system is  g iven in  F i g . 5 . 3 2 - a ;  F i g . 5 . 3 2 - b  

shows th e  p e r io d ic  tim e  fram es, w ith  tim e s lo ts ,  th a t  

re p re s e n t th e  sw itch in g  waveforms o f each SC c i r c u i t  in  the  

system. The s y n ch ro n is a tio n  o f th e  tim e fram es, which 

ensures th e  proper o p e ra tio n  o f th e  va rio u s  SC c i r c u i t s ,  

i l l u s t r a t e s  the decim ation  and in te r p o la t io n  processes in  

th e  tim e  domain. For example, th e  FIR  SC lowpass decim ator 

w ith  tim e frame TF1 samples the  in p u t s ig n a l in  tim e s lo ts

1 , 2 , 3  and 4 (thus a t a ra te  192KHz) and produces o n ly  one 

o u tp u t sample in  tim e s lo t  5, which is  sampled by the  

subsequent SC HPN b iquad . Then, one in  each th re e  ou tpu t 

samples o f the SC HPN biquad, a t  48KHz, a re  sampled by the  

SC bandpass f i l t e r  a t  16KHz. For in te r p o la t io n ,  we can 

e a s ily  observe th e  converse process o f producing tw e lve  

samples fo r  each sample taken a t  th e  ou tpu t o f the  SC 

bandpass f i l t e r .  A d is c re te  component model o f th e  SPFT 

system o f F i g . 5. 32 was b u i l t  using CMOS 4016 analogue  

sw itch es , CMOS 7611 0 A ' s fo r  th e  bandpass f i l t e r ,  BiMOS 

3140 0 A ' s fo r  th e  decim ator and in te r p o la to r  and standard  

CMOS d i g i t a l  c i r c u i t s  fo r  th e  sw itch in g  c i r c u i t r y .  A 

summary o f the  cap ac itan ce  spread and t o t a l  norm alised  

cap ac itan ce  o f each SC c i r c u i t  in  th e  system are  g iven  in  

Tab le  5 . 5 .

For an in p u t s ig n a l le v e l  o f 100mV rms, we ob ta ined  

the  measured am plitud e  response o f th e  SPFT f i l t e r  system  

w ith  midband frequency o f 20KHz shown in  F i g . 5 . 33 ,  which is  

compared w ith  th e  frequency response o f th e  SC bandpass



LP Declinator HPN Decimator BP Filter HPN Interpolator LP Interpolator

(b)

i—i—I ( 2 )__T F s  1/48 KHz

f " i ____ TF3 1/IBKH z

.m 1 2 f TF4 1/48 KHzra m m
mm h f i b  -tmri

\ \ \ 
Output samples

T F 5  1/48 KHz

••i 'A
..Ll.iJ___ TFe i/ 9 6 K H z

F i g . 5.32: (a) S c h e m a t i c  of the d e m o n s t r a t i o n  SPFT SC b a n d p a s s  f i lt er  s y s t e m  2;
(b) Time frame s of SC cir cuits, i l l u s t r a t i n g  the p r o c e s s e s  of 

d e c i m a t i o n  and i n t e r p o l a t i o n  in the t i m e - d o m a i n

295
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D e c im a to r Bandpass In t e r p o l a t o r SPFT

LP HPN F i l t e r HPN LP System

C -s p re a d 4 2 8 .1 8 7 .8 7 1 .1 3 .2 8 7 .8

T o ta l - C 19 6 9 .2 884 1 4 9 .3 2 6 .1 1 1 4 7 .6

T a bl e 5.5: C a p a c i t a n c e  spread, and to ta l n o r m a l i s e d
c a p a c i t a n c e  of the SPFT fi lt er  s y s t e m  2

0

■ -30

L-85

-------  SC BP Filter : f 1 = 4KHz 0 dB
SPFT System : fo«20KHz U.75dB

F i g . 5.33: M e a s u r e d  a m p l i t u d e  re sp ons es , and no is e
p e r f o r m a n c e s ,  of the SPFT s y s t e m  2, and 
of the SC b a n d p a s s  fi lt er  alo n e at 4KHz

f i l t e r  a lone w ith  midband frequency o f 4KHz. The in creased  

stopband a tte n u a t io n  o f th e  SPFT system is  due to  the  

a tte n u a t io n  o f th e  SC decim ator and in t e r p o la t o r . The 

noise measurements o f th e  SC bandpass f i l t e r  a lo n e , and o f 

th e  SPFT f i l t e r  system a re  a ls o  shown fo r  comparison 

(m easuring bandwidth o f 10Hz) .  The passband no ise o f the  

SC bandpass f i l t e r  is  preserved  in  the  passband o f th e  SPFT 

f i l t e r  system, which corresponds to  a dynamic range of 

about 75dB. In  the  frequency bands corresponding to  the
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t r a n s i t io n  bands o f th e  SC decim ator and in te r p o la to r  th e re  

is  an expected in c re a s e  o f th e  no ise in  th e  SPFT system, 

but in  th e  stopband o f th e  system i t  reduces to  a low er 

f lo o r  than  in  th e  SC bandpass f i l t e r  a lo n e , as was a lso  

expected . The measured w o rs t-case  le v e ls  o f frequency  

t r a n s la te d  s ig n a ls  were -32dB fo r  a l ia s in g  a t 12KHz and 

-34dB fo r  im aging a t  12KHz, as we expected from th e  design  

o f th is  SC decim ator and o f th is  SC in te r p o la to r .

5 .7  SPFT SC BANDPASS FILTER SYSTEM 3: E f f ic ie n t  design  
fo r  h igh  q u a l i t y  f i l t e r i n g  a p p lic a tio n s

5 . 7 . 1  FIR versus H R  SC c ir c u i t s  fo r  
decim ation  and in te r p o la t io n

The r e la t iv e  m e r it  o f FIR and I IR  SC c ir c u i t s  fo r  

decim ation  and in te r p o la t io n  can be summarised as fo llo w s :  

FIR SC c ir c u i t s  o f f e r  th e  most economical im p lem entation  of 

decim ators and in te r p o la to r s ,  both w ith  resp ec t to  

cap ac itan ce  spread, and t o t a l  c a p a c ito r  a re a , and w ith  

resp ec t to  th e  number o f OA' s th a t  a re  needed. However, 

they have a p r a c t ic a l  drawback in  th e  s o p h is t ic a t io n  o f 

t h e i r  sw itch in g  schemes. For accep tab le  co m p lex ity  o f the  

sw itch in g  c i r c u i t r y ,  th e  s e le c t iv i t y  o f FIR SC c ir c u i t s  is  

adequate fo r  a p p lic a t io n s  where i t  is  s u f f ic ie n t  to  p lace  

s in g le  notch freq u en c ies  a t  th e  c e n tre  o f ' th e  unwanted 

a l ia s  and image s ig n a ls , such as when th e  freq u en c ie s  o f 

such s ig n a ls  are  c lose to  th e  stopband o f th e  continuous

tim e f i l t e r s .  Hence, FIR  SC c ir c u i t s  a re  e s p e c ia lly  

a t t r a c t iv e  as f r o n t  end stages in  complex decim ator and
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in te r p o la to r  a rc h ite c tu re s . Such a requ irem ent fo r  h igh  

o p e ra tin g  speed can be achieved w ith o u t too much d i f f i c u l t y  

because o f th e  n o n -re c u rs iv e  n a tu re  o f FIR  SC c ir c u i t s  

a v a ila b le  fo r  im p lem en ta tio n .

The advantage o f H R  SC c ir c u i t s  r e s u lts  from t h e i r  

re c u rs iv e  n a tu re , which a llo w s h igh s e le c t iv i t y  am plitude  

responses to  be achieved w ith  low order c i r c u i t s  using much 

s im p le r sw itch in g  schemes. B ut, on the  o th e r hand, I IR  SC 

c ir c u i t s  need more OA' s , and occupy much la r g e r  areas o f 

s i l ic o n  than FIR SC c i r c u i t s .  B esides, th ey  are  a ls o  more 

a f fe c te d  by a m p li f ie r  im p e rfe c tio n s . T h e re fo re , I IR  SC 

c ir c u i t s  w i l l  be employed fo r  o p e ra tio n  below the o p e ra tin g  

frequency range o f FIR SC c i r c u i t s ,  where t h e i r  s e le c t iv i t y  

advantage e a s i ly  complements th e  poorer s e le c t iv i t y  o f 

sim ple FIR SC c i r c u i t s .

5 . 7 . 2  System a r c h ite c tu r e

B earing in  mind the  above c h a r a c te r is t ic s  o f th e  FIR  

and I IR  SC c i r c u i t s ,  we s h a ll  now consider an SPFT system  

w ith  th e  a r c h ite c tu r e  shown in  F i g . 5 . 3 4 .  As in  the  

a r c h ite c tu r e  o f SPFT system 1, we consider an FIR SC 

lowpass decim ator M=2 and an FIR SC lowpass in te r p o la to r  

L=2,  in  o rder to  o b ta in  a high sampling ra te  o f 384KHz a t  

th e  in p u t and a t  th e  o u tp u t o f th e  system. W ith re s p e c t to  

th e  p rev ious a rc h ite c tu re s  fo r  d ec im atio n , fo r  example, we 

have now rep laced  the  cascade o f SC lowpass and highpass  

decim ators w ith  sam pling ra te  red u c tio n  fa c to rs  o f M=4 and 

M=3, re s p e c t iv e ly , by one SC bandpass decim ator w ith  fa c to r  

M=12 o f sam pling ra te  re d u c tio n . In  complement to  th is
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SC DECIMATOR SC SC INTERPOLATOR

Fig .5.34: A r c h i t e c t u r e  of SPFT s y s t e m  3, for high 
o p e r a t i n g  speed, and i m p r o v e d  r e j e c t i o n  
of the u n w a n t e d  alias and im ag e sign al s

d ec im ato r, we have a ls o  an SC bandpass in te r p o la to r  w ith  a 

fa c to r  L=12 o f sam pling r a te  in c re a s e . Such decim ator and 

in te r p o la to r  are  implemented using H R  SC c ir c u i t s  

c o n s is tin g  o f th e  cascade o f a highpass notch (HPN) biquad  

and a lowpass notch (LPN) biquad, as shown in  F i g . 5 . 35 .

M ---------- 1/192KHz ---------H

____I i I l~T~1
F i g . 5.35: C a s c a d e  of an SC HPN bi qua d and an

SC LPN b i q u a d . w i t h  T y p e - A  s w i t c h i n g



The t r a n s fe r  fu n c tio n s  o f th e  SC biquads are  op tim ised  in  

o rd er to  ach ieve a minimum r e je c t io n  o f 50dB o f th e  

unwanted a l ia s  and image s ig n a ls  in  th e  baseband from DC to  

96KHz, and the  corresponding r e p e t i t io n s  above 96KHz. The 

steps re q u ire d  to  d e r iv e  these t r a n s fe r  fu n c tio n s  a re  

summarised below.

We s t a r t  w ith  a complex con jugate  p o le -p a ir  in  th e  

co n tin u o u s-tim e  domain, F i g . 5 . 3 6 - a ,  corresponding to  a 2nd. 

o rder Chebyshev po lynom ial T / 0 2 / 1 5 / b ,  w ith  norm alised po le  

frequency and maximum passband r ip p le  o f 0.1dB [ 5 . 2 ] .  By 

using a low pass-to-bandpass frequency tra n s fo rm a tio n  [ 5 . 2 ] ,  

we o b ta in  two complex con jugate  p o le -p a ir s ,  shown in  

F i g . 5 . 3 6 - b ,  as a fu n c tio n  o f the  e q u iv a le n t Q -fa c to r  Q o f 

th e  bandpass response. The midband frequency f  co in c id es  

w ith  the  system midband frequency. Then, fo r  th e  sw itch in g  

frequency 12Fg=192KHz re q u ire d  fo r  th e  SC biquads, we 

o b ta in  the corresponding complex con jugate  p o le -p a irs  in  

th e  d is c re te - t im e  domain v ia  the s - t o - Z  b i l in e a r  

tra n s fo rm a tio n , in  o rder to  ensure accu ra te  mapping o f the  

passband response. Th is  is  i l lu s t r a t e d  in  F i g . 5 . 3 6 - c ,  

where each complex con jugate  p o le -p a ir  corresponds to  the  

q u a d ra tic  denom inator fu n c tio n  o f each SC biquad. F in a l ly ,  

in  F i g . 5 . 3 6 - d ,  we in tro d u c e  the  notch freq u en c ies  producing  

th e  q u a d ra tic  num erator fu n c tio n s . A notch frequency below  

th e  po le  frequency g ives th e  t r a n s fe r  fu n c tio n  fo r  th e  HPN 

SC biquad, whereas a notch frequency above th e  pole  

frequency g ives th e  t r a n s fe r  fu n c tio n  fo r  the  LPN SC 

biquad. As in  ( 3 . 1 ) ,  S ectio n  3 . 3 ,  th e  g en era l d is c re te - t im e

300
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approximation

Normalised lowpass Denormalised bandpass
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(d )

Highpass notch

Lowpass notch Pole placement
via the bilinear transformcbcn

F i g . 5.36: D e r i v a t i o n  of the IIR t r a n sf er  f u n c t i o n s  f o i
d e c i m a t i o n  and i n t e r p o l a t i o n  in the SPFT sy st em  
3. In the c o n t i n u o u s - t i m e  domain, the o r i g i n a l  
c o mp le x c o n j u g a t e  p o l e - p a i r  (a) is t r a n s f o r m e d  
into the co m p l e x  c o n j u g a t e  p o l e - p a i r s  (b) using 
a l o w p a s s - t o - b a n d p a s s  f r e q u e n c y  t r a n s f o r m a t i o n ;
(c) C o r r e s p o n d i n g  b i l i n e a r  t r a n s f o r m e d  c o m p le x  
c o n j u g a t e  p o l e -p ai rs ; (d) Notch p l a c e m e n t  to 
fo rm the l o w p a s s  notch, and the h i g h p a s s  notch 

b i q u a d r a t i c  t r a n s f e r  fu nc ti on s
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b iq u a d ra tic  t r a n s fe r  fu n c tio n  fo r  th e  SC biquads is

( 5 . 6 ) H (Z ) K

-1 2 -2
l - 2 r  cos0 Z + r  Z ___ o_____o_____o____

-1 2 -2
l - 2 r p  cos© Z + r  Z 

P P

The optim ised  d is c re te - t im e  b iq u a d ra tic  param eters g iven  in  

T ab le  5 .6  fo r  th e  SC biquads in  th e  decim ator and 

in te r p o la to r ,  a re  o b ta in ed  by t r ia l - a n d - e r r o r  whereby we 

a d ju s t  th e  s e le c t iv i t y  o f th e  corresponding bandpass 

responses ( Q - f a c t o r ) ,  as w e ll as th e  placem ent o f th e  notch  

fre q u e n c ie s . H ere, we have to  ta k e  in to  account th e  h ig h er  

s e le c t iv i t y  fo r  th e  in te r p o la to r ,  which is  re q u ire d  to  

compensate fo r  th e  midband ga in  e r ro r  o f a=-14. 89dB due to  

th e  sample and ho ld  a t te n u a t io n  o f th e  s e le c te d  image.

DECIMATION INTERPOLATION

LPN HPN LPN HPN

K 0 .0 7 0 8 6 2 0 .0 5 7 1 9 4 0 .0 6 9 8 9 4 0 .0 9 8 0 0 8

2 r  cos0  
o 2 °

1 .1 1 1 1 4 1 1 .8 9 3 8 6 0 1 .9 3 1 8 5 2 0 .8 2 5 4 1 4

r o 1 1 1 1

2 r  cos0
P n P

1 .5 4 8 1 2 1 1 .5 8 4 2 0 8 1 .5 5 7 6 9 2 1 .5 8 4 8 8 6

r   ̂P
0 .9 7 4 4 9 7 0 .9 7 4 2 3 7 0 .9 8 0 7 8 6 0 .9 8 0 6 3 9

T a b l e  5.6: O p t i m i s e d  d i s e r e t e - t i m e  b i q u a d r a t i c  p a r a m e t e r s
for the IIR t r a n s f e r  f u n c t i o n s  for d e c i m a t i o n  

and i n t e r p o l a t i o n ,  in the SPFT s y s t e m  3

O v e ra ll ,  th e  I IR  SC decim ator and in te r p o la to r  c i r c u i t s  

have 4 th . o rder bandpass am p litu d e  responses w ith  the  

c h a r a c te r is t ic s  in d ic a te d  in  Tab le  5 . 7 .  Both SC biquads in  

d ec im ato r, on th e  one hand, and both SC biquads in  the  

in te r p o la to r ,  on th e  o th e r hand, a re  designed w ith  equal



30 3

LPN-HPN 
SC D e c im a to r

HPN-LPN
SC I n t e r p o l a t o r

M idband fre q u e n c y 20KHz 20KHz
G a in OdB 14.89d B
-3dB  b a n d w id th 1300Hz 1000Hz
Low er n o tc h  fre q u e n c y lOKHz 8KHz
U pper n o tc h  fre q u e n c y 30KHz 35KHz

T a bl e 5.7: C h a r a c t e r i s t i c s  of the IIR SC ci r c u i t s
for d e c i m a t i o n  and i n t e r p o l a t i o n

cap ac itan ce  spread, which we ach ieve by a d ju s tin g  th e  ga in  

fa c to rs  o f th e  re s p e c tiv e  cascade s e c tio n s . The r e s u lt in g  

norm alised capac itance  va lues  o f the  SC HPN biquads and o f 

th e  SC LPN biquads fo r  th e  decim ator and in te r p o la to r  a re  

g iven  in  Tab le  5 . 8 .

DECIMATION INTERPOLATION

LPN HPN HPN LPN

A 2 4 .8 8 4 .0 4 4 2 2 .5 4 3 8 2 3 .4 8 2 4
1

IQu B 3 8 .1 0 3 6 .4 7 5 6 3 .9 1 0 8 3 7 .3 2 7 6
H

I 1 1 1 1

C 1 8 .2 7 7 5 2 3 .7 9 6 2 4 .2 8 0 0 2 0 .4 4 1 4

(N D 2 7 .9 9 1 3 8 .1 0 3 3 7 .3 2 7 6 3 2 .4 9 3 7

W
u E 1 .0 9 3 1 .5 7 1 8 1 .1 0 2 6 1
M

G 1 1 1 1 .6 2 5 3

T a bl e 5.0: N o r m a l i s e d  c a p a c i t a n c e  va lu es  for the 
SC HPN b i q u a d s  and the SC LPN b i q u ad s

5 . 7 . 3  E xperim enta l e v a lu a tio n

The schem atic o f th is  SPFT SC bandpass f i l t e r  system

(a p a r t  from th e co n tin u o u s-tim e f i l t e r s ) is  g iven  m



SC Decimator SC Bandpass filter SC Interpolator

F i g .5.37: S c h e m a t i c  of the SPF 
us in g an e f f i c i e n t  a 
i n t e r p o l a t i o n  g i vi ng  
of all u n w a n t e d  alias

T SC b a n d p a s s  f 
r c h i t e c t u r e  for 
a m i n i m u m  of 

and ima g e signa

ilter s y s t e m  3
d e c i m a t i o n  an
5 Od B r e j e c t i o

Is up to 3B4KH
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F i g . 5 . 37 .  The two in te rs ta g e  sample and hold c i r c u i t s  a re  

needed in  o rder to  guarantee th e  re q u ire d  in p u t and ou tpu t 

sam pling c o n d itio n s  o f th e  SC c i r c u i t s .  A f u l l y  

synchronised sw itch in g  scheme would have e lim in a te d  such 

sample and hold c i r c u i t s  b u t, on the  o th er hand, i t  would 

not have prov ided  a c a p a b i l i ty  fo r  independent programming 

o f th e  sw itch in g  frequency o f th e  SC decim ator and o f the  

SC in te r p o la to r ,  which we re q u ire  fo r  dem onstrating  fu r th e r  

a p p lic a t io n s  o f th e  SPFT system in  the  next S ec tio n . A 

d is c re te  component model o f th e  system was constructed  

using CMOS 4016 analogue sw itch es , CMOS 7611 OA' s fo r  the  

SC bandpass f i l t e r  and fo r  th e  H R  SC decim ator and 

in te r p o la to r  c i r c u i t s ,  BiMOS 3140 OA's fo r  th e  FIR SC 

c ir c u i t s  and standard CMOS d i g i t a l  components fo r  the  

sw itch in g  c i r c u i t r y .  The capac itance  spread and t o t a l  

norm alised capac itance  fo r  each SC c i r c u i t ,  and fo r  the  

complete system, a re  g iven in  Tab le  5 . 9 .

SC D e c im a to r SC Bandpass SC I n t e r p o l a t o r SPFT

F IR LPN HPN F i l t e r HPN LPN F IR System

C -s p re a d 3 .8 3 8 .1 3 8 .1 8 7 .8 3 7 .3 3 7 .3 3 .8 8 7 .8

T o ta l  C 1 1 .5 1 1 2 .3 7 6 .0 8 8 4 .0 7 1 .2 1 1 7 .4 1 5 .4 1 2 8 7 .8

Tab le 5.9: C a p a c i t a n c e  spread, and total n o r m a l i s e d
c a p a c i t a n c e  in the SPFT f i lt er  s y s t e m  3

The a n t i - a l ia s in g  perform ance o f th e  com plete SC 

bandpass decim ator M=24 in  th e  SPFT system, which is  

measured using an a p p ro p ria te  a l ia s  sweeping mode, is  shown 

in  F i g . 5 . 38 .  F i g . 5 . 3 8 - a  shows the measured a l ia s  response



of th e  H R  SC bandpass decim ator M=12, 

d e s ired  a l ia s  fre q u e n c y -tra n s la te d  band 

r e j e c t s  th e  unwanted a l ia s  s ig n a ls  in  

96KHz, and the corresponding r e p e t i t io n s  

FIR SC lowpass decim ator M=2, w ith

which s e le c ts  th e  

a t  f q=20KHz , and 

the  baseband up to  

above 96KHz. The 

th e  measured a l ia s

DETECTOR FREQUENCY iKHz)

DETECTOR FREQUENCY [KHz]

F i g . 5.38: M e a s u r e d  a n t i - a l i a s i n g  c h a r a c t e r i s t i c s  of the
(a) IIR SC ba nd pa ss  d e c i m a t o r  M = 12, and 

(b) FIR SC lo wp as s d e c i m a t o r  M=2



307

DETECTOR FREQUENCY l KHz]

F i g . 5.38: (c) M e a s u r e d  o v e r a l l  a n t i - a l i a s i n g  c h a r a c t e r i s t i c
of the c o m p l e t e  SC b a n d pa ss  d e c i m a t o r  M=24

response shown in  F i g . 5 . 3 8 - b ,  r e j e c t s  th e  rem ain ing a l ia s  

s ig n a ls  a t  172KHZ, and a t 212KHz. The o v e r a l l  a n t i - a l ia s in g  

c h a r a c te r is t ic  o f th is  SC decim ator is  shown in  F i g . 5 . 3 8 - c .  

In  such measurements, th e  sample and hold fu n c tio n  a f f e c t s  

o n ly  th e  d e te c tio n  o f th e  s ig n a ls  in  the baseband from DC 

to  96KHz, and thus no notch freq u en c ies  appear a t 192KHz or 

a t  384KHz. The o v e r a ll  a n ti- im a g in g  c h a r a c te r is t ic  o f th e  

H R  SC bandpass in te r p o la to r  L=24,  which is  measured using  

an a p p ro p ria te  image sweeping mode, is  shown in  F i g . 5 . 39 .  

This  is  shaped by th e  sample and ho ld  fu n c tio n  

corresponding a t  th e  h igh r a te  12Fs=192KHz, which produces 

the  notch freq u en c ies  a t  192KHz and a t  384KHz. The gain  o f 

14.89dB a t  midband frequency f Q=20KHz is  re q u ire d  fo r  

compensation o f th e  sample and hold e f f e c t  a t  low er 

sam pling r a t e  Fg=16KHz. Such e f f e c t  a ls o  c o n tr ib u te s  to



308

SOURCE FREQUENCY [KHz]

F i g . 5.39: Me a s u r e d  o v e r a l l  a n t i - i m a g i n g  c h a r a c t e r i s t i c
of the c o m p l e t e  SC b a n d p a s s  i n t e r p o l a t o r  L = 2A

a tte n u a te  a l l  the  image fre q u e n c y -tra n s la te d  components 

above th e  midband frequency, y ie ld in g  a minimum r e je c t io n  

of 55dB. O v e ra ll and expanded measured am plitude  

responses, and no ise perform ance, o f th e  SPFT system a t  

20KHz a re  g iven in  F i g . 5 . 40  and i n  F i g . 5 . 41 ,  r e s p e c t iv e ly .

F i g . 5 . AO: (a) M e a s u r e d  o v e r al l a m p l i t u d e  r e s p o n s e
of the SPFT fi lte r s y s t e m  3



F i g . 5.40: (b) M e a s u r e d  e x p a n d e d  a m p l i t u d e  r e s p o n s e s

Input signal level=.22 Vrms RBW=3Hz

F i g . 5.41: M e a s u r e d  n o i s e  p e r f o r m a n c e  of 
the SPFT fi lt er s y s t e m  3

As was a ls o  observed in  th e  dem onstration  system described  

in  th e  p rev io u s  S ec tio n , th e  no ise f lo o r  in  th e  passband o f 

th e  system is  ve ry  s im ila r  to  th a t  o f th e  SC bandpass 

f i l t e r  a lo n e , d e s p ite  th e  re d u c tio n  o f the  r e la t iv e  

bandw idth. T ab le  5 . 10  summarises th e  measured re s u lts  

ob ta ined  fo r  th is  SPFT SC bandpass f i l t e r  system, showing 

th e  good perform ance both w ith  resp ec t to  th e  accuracy o f 

th e  bandpass response, and w ith  re s p e c t to  th e  dynamic 

range. Those re s u lts  a ls o  dem onstrate th a t  th e  SC 

decim ator and SC in te r p o la to r  perform  accord ing  to  the
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M idband fre q u e n c y  
G ain
-3dB b a n d w id th  
Stopband  r e j e c t i o n  
Power s u p p ly  
Maximum In p u t  s ig n a l  
Dynam ic ra n g e
A l ia s in g  r e j e c t i o n  (<364KH z) 
Im a g in g  r e j e c t i o n  (<364KHz)

20.007K H Z
1 . 7dB 

97Hz 
>42dB  

±5V  
lVrm s  

78dB 
>50dB  
>5QdB

T a b l e  5 . 1 0 :  E x p e r i m e n t a l  r e s u l t s  o f  t h e
SP F T  SC b a n d p a s s  f i l t e r  s y s t e m  3

a n t i - a l ia s in g  and a n ti- im a g in g  s p e c if ic a t io n s , as was a ls o  

shown w ith  t h e ir  measured responses.

5 .8  FURTHER APPLICATIONS OF SPFT SYSTEMS

5 . 8 . 1  Programmable Q-enhancement fa c to r

We can program the SPFT f i l t e r  system considered in  

the  p rev ious S ec tio n  fo r  a Q-enhancement fa c to r  K=3, as 

i l l u s t r a t e d  in  F i g . 5 . 4 2 .  The sw itch in g  frequency o f th e  SC 

bandpass decim ator and in te r p o la to r  has been reduced by a 

fa c to r  o f 3 / 5 ,  from 384KHz to  230.4KHz,  in  o rder to  s e le c t  

th e  system midband frequency f Q=12KHz. The corresponding  

-3dB r e la t iv e  bandwidth is  0.8%.  The two co nsecu tive  

frequency t r a n s la t io n s  w ith  s p e c tra l in v e rs io n  lea d  to  a 

d ir e c t  correspondence between th e  sp ec tra  a t  th e  in p u t and 

a t  th e  o u tpu t o f th e  system, bu t th e  shape o f th e  bandpass 

am plitud e  response corresponding to  th e  in v e r te d  image a t  

12KHz w i l l  be in v e r te d . Since we do not p ro v id e  th e  means 

fo r  a d ju s tin g  th e  g a in  o f th e  SC in te r p o la to r ,  th e  sample
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F i g . 5.42: I l l u s t r a t i o n  of the o p e r a t i o n  of the SPFT f i lt er
s y s t e m  w i th  K = 3: f r e q u e n c y - t r a n  slated f i l t e r i n g

w i t h  d o u b l e  sp e c t r a l  i n v e r s i o n

and hold e f f e c t  w i l l  be overcom pensated, which g ives a 

midband g a in  o f +4.4dB fo r  th e  f i l t e r  system. An expanded 

am plitude response, and th e  no ise  perform ance, o f th e  SPFT 

SC bandpass f i l t e r  system a t  12KHz a re  shown in  F i g . 5 . 43 .  

The 50dB r e je c t io n  o f th e  a l ia s  and image s ig n a ls  is  

ob ta ined  up to  2 3 0 .4KHz-12KHz.
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F i g . 5.43: M e a s u r e d  a m p l i t u d e  res po n se , and no is e 
p e r f o r m a n c e  of the SPFT SC ba n d p a s s  
f i lt er  s y s t e m  at 12KHz, w i t h  -3dB 

r e l a t i v e  b a n d w i d t h  of 0.8Z

5 . 8 . 2  SSB g en era to r and d e te c to r

An SPFT system can o p era te  a ls o  as an SSB g en era to r  

and d e te c to r  by s e le c t in g  d i f f e r e n t  fre q u e n c y -tra n s la te d  

bands a t  th e  in p u t and a t  th e  ou tpu t o f th e  system. For 

example, in  th e  SPFT system under c o n s id e ra tio n  we can 

s e le c t  th e  12KHz a l ia s  frequency band a t  th e  in p u t and th e  

20KHz image frequency band a t  the  o u tp u t, as i l l u s t r a t e d  in  

F i g . 5 . 4 4 - a .  The s in g le -p a th  w ith  upwards freq u en cy - 

t r a n s la t io n  from 12KHz to  20KHz, w ith  s p e c tra l in v e rs io n ,  

is  e q u iv a le n t to  an SSB g e n e ra to r, i . e .  a m odulator 

fo llo w e d  by an upper sideband f i l t e r .  An SSB d e te c to r  w ith  

complementary o p e ra tio n  is  i l l u s t r a t e d  in  F i g . 5 . 4 4 - b ,  

showing th e  g e n e ra tio n  o f a s in g le -p a th  w ith  downwards 

f r e q u e n c y -tra n s la t io n  from 20KHz to  12KHz, a ls o  w ith  

s p e c tra l in v e rs io n . In  th e  l a t t e r  case, th e re  w i l l  be a lso  

an in creased  1 ga in  o f + 4 . 4dB in  the  system, because o f th e  

overcompensated sample and hold e f f e c t .  Expanded measured
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(a)

(b)

F i g . 5.44: S c h e m a t i c  i l l u s t r a t i o n  of the o p e r a t i o n  of
the SPFT SC s y s t e m  (a) as an SSB g e n e ra to r,  
c o r r e s p o n d i n g  to an up w a r d s  f r e q u e n c y -  
t r a n s l a t i o n  w i t h  s p e c t r a l  in ve rs io n,  and 
(b) as an SSB de te ct or , c o r r e s p o n d i n g  to a 
d o w n w a r d s  f r e q u e n c y - t r a n s l a t i o n  also w i t h  

s p e c t r a l  i n v e r s i o n
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responses o f th e  SPFT system in  such o p e ra tin g  modes are  

i l lu s t r a t e d  in  F i g . 5 . 4 5 .  For th e  response o f th e  SSB 

g e n e ra to r, shown in  F i g . 5 . 4 5 - a ,  th e  synthesised  s ig n a l 

g en era to r sweeps upwards from 1 1 .5KHz to  12.5KHz 

corresponding to  th e  in p u t frequency band o f th e  system, 

w h ile  th e  synthesised  spectrum a n a ly s e r sweeps downwards 

from 20.5KHz to  19.5KHz corresponding to  th e  ou tpu t

SOURCE FREQUENCY (KHz]
115 12 12.5

( a )

SOURCE FREQUENCY [KHz]
20.5 20 19.5

(b)

F i g . 5.45: M e a s u r e d  a m p l i t u d e  r e s p o n s e s  of the SPFT 
SC s y s t e m  o p e r a t i n g  (a) as an SSB ge ne ra to r,  

and (b) as an SSB d e t e c t o r
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frequency band o f th e  system. In te rch an g e  o f th e  sweeping 

modes o f th e  s ig n a l g e n era to r and spectrum a n a ly s e r g ives  

th e  response o f th e  SSB d e te c to r , shown in  F ig .5 .4 5 -b .  The 

combined wideband a l ia s  and image responses shown in  

F ig .5 .4 6 -a  and in  F ig .5 .4 6 -b ,  r e s p e c t iv e ly , fo r  th e  SSB 

g e n e ra to r , and, in  F ig .5 .4 7 -a  and in  F ig .5 .4 7 -b  fo r  the  

SSB d e te c to r , show th a t  th e  unwanted a l ia s  and image 

s ig n a ls  a re  le s s  than 50dB below th e  passband s ig n a ls , as 

expected from th e  design o f th e  SC decim ator and 

in te r p o la to r  in  th e  system.

DETECTOR FREQUENCY [KHzl
16 24 16 24 16 24 16 24 16 24 16 24 16 24 16

SOURCE FREQUENCY (KHz]

F i g . 5.46: M e a s u r e d  w i d e b a n d  (a) alias, and (b) ima g e  
r e s p o n s e s  of the SPFT SC s y s t e m  o p e r a t i n g  

as an SSB g e n e r a t o r
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DETECTOR FREQUENCY [KHz]

16 2 A 16 2 k 16
SOURCE FREQUENCY [KHz] 

2 k 16 2 k 16 24 16 2k 16 2k 16

F i g . 5.47: M e a s u r e d  w i d e b a n d  (a) 
r e s p o n s e s  of the SPFT 

as an S S B

alias, and (b) ima ge  
SC s y s t e m  o p e r a t i n g  
d e t e c t o r

5 .9  SUMMARY

Th is  Chapter was concerned w ith  th e  design and 

im p lem enta tion  o f s in g le -p a th  SC bandpass f i l t e r  systems 

w ith  r e la t iv e  bandwidths below 10%. Narrow bandpass 

responses are  r e a lis e d  using SC bandpass f i l t e r  systems 

o p e ra tin g  in  a baseband f i l t e r i n g  mode. For such systems, 

we proposed employing an SC bandpass f i l t e r  w ith  op tim ised  

cap ac itan ce  spread, in  com bination w ith  FIR SC lowpass



decim ators  and in te r p o la to r s ,  which are  o p tim a lly  designed  

fo r  maximum r e je c t io n  o f those unwanted a l ia s  and image 

s ig n a ls  which can not be a tte n u a te d  by low s e le c t iv i t y  

co n tin u o u s -tim e  f i l t e r s  in  th e  AAF and A IF , r e s p e c t iv e ly .  

E xp erim en ta l r e s u lts  dem onstrated th e  f e a s i b i l i t y  o f th e  

proposed SC bandpass f i l t e r  system y ie ld in g , o v e r a l l ,  good 

perform ance w ith  re s p e c t to  am p litud e  response accuracy, 

dynamic range, and a n t i - a l ia s in g  and a n ti- im a g in g  

c h a r a c t e r is t ic s .

SPFT SC bandpass f i l t e r  systems were proposed fo r  th e  

r e a l is a t io n  o f ve ry  narrow bandpass responses. In  SPFT 

system s, we d e l ib e r a te ly  employ th e  a l ia s  and image 

fre q u e n c y -tra n s la te d  responses o f an SC bandpass f i l t e r ,  

a ls o  w ith  op tim ised  cap ac itan ce  spread, in  o rd er to  produce 

th e  re q u ire d  bandpass response a t  a much h ig h er freq uen cy, 

and having a co rresp o n d in g ly  s m a lle r  r e la t iv e  bandw idth. In  

s p ite  o f such a re d u c tio n  o f th e  r e la t iv e  bandw idth, i t  was 

dem onstrated th a t  th e  maximum no ise f lo o r  o f th e  SC 

bandpass f i l t e r  is  preserved in  th e  SPFT system, thus  

o f fe r in g  a s o lu t io n  fo r  ve ry  h igh  s e le c t iv i t y  f i l t e r i n g  

a p p lic a t io n s  which a ls o  re q u ire  h igh dynamic range. The 

s p e c if ic a t io n s  fo r  r e je c t io n  o f th e  unwanted a l ia s  and 

image s ig n a ls  in  SPFT systems a re  e n t i r e ly  met by s u ita b le  

design  o f bandpass AAF and A IF . The A IF is  re q u ire d  to  have 

h ig h e r s e le c t iv i t y  than th e  AAF in  o rder to  compensate fo r  

th e  sample and hold  a t te n u a t io n  o f th e  d e s ire d  image, 

w hich, a ltho ugh  p re v e n tin g  u n lim ite d  a p p l ic a b i l i t y  o f SPFT 

systems, can be achieved in  p ra c t ic e  fo r  a wide range o f
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f i l t e r i n g  s p e c if ic a t io n s . For example, fo r  a maximum 

r e a l i s t i c  Q-enhancement fa c to r  o f about K=28 (a = -3 0 d B ), and 

em ploying an SC bandpass f i l t e r  w ith  a minimum r e la t iv e  

bandwidth o f 1% fo r  ac cep tab le  capac itance  spread and 

to le r a b le  s e n s i t iv i t y  to  cap ac itan ce  r a t io  e r ro rs , we can 

o b ta in  a ve ry  narrow bandpass response w ith  a minimum 

e f f e c t iv e  r e la t iv e  bandwidth o f about 0.036% . Th is  means a 

bandpass response w ith  a maximum passband bandwidth o f 7Hz 

a t  midband frequency o f 20KHz. T h e re fo re , SPFT systems 

v i r t u a l l y  cover a l l  p o te n t ia l  bandpass f i l t e r i n g  

a p p lic a t io n s  in  th e  au d io -freq u en cy  range.

The optimum a r c h ite c tu r e  fo r  th e  AAF and A IF in  SPFT 

systems comprises H R  SC c i r c u i t s  fo r  h igh le v e ls  o f 

r e je c t io n  o f the  s ig n a ls  whose freq u en c ie s  a re  c lo s e r  to  

th e  system midband freq uen cy, in  com bination w ith  FIR SC 

lowpass c i r c u i t s  fo r  ex tend ing  such r e je c t io n  to  the  

s ig n a ls  a t  h ig h e r fre q u e n c ie s . Th is  a llo w s th e  use o f low 

s e le c t iv i t y  co n tin u o u s-tim e  f i l t e r s  a t  th e  in p u t and a t  the  

o u tp u t o f the  system. The p r in c ip le  o f o p e ra tio n  o f SPFT 

systems, and t h e i r  good perform ance, were e x p e r im e n ta lly  

dem onstrated by means o f d is c re te  component m odels.

Besides f i l t e r i n g  a p p lic a t io n s  w ith  ve ry  narrow  

r e la t iv e  bandw idths, in  which we can program th e  re q u ire d  

Q-enhancement fa c to r  o f th e  system, we a ls o  dem onstrated in  

p ra c t ic e  th e  o p e ra tio n  o f SPFT systems as SSB generato rs  

and d e te c to rs , which correspond to  th e  s e le c t io n  o f 

d i f f e r e n t  in p u t and o u tp u t frequency bands.
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6.1  INTRODUCTION

The SPFT SC systems proposed in  the prev iou s  Chapter 

a re  s u ita b le  fo r  a wide range o f ve ry  narrow bandpass 

f i l t e r i n g  a p p lic a t io n s  w ith  r e la t iv e  bandwidths as low as

0.036% . For bandpass responses w ith  r e la t iv e  bandwidths o f 

le s s  than 0.036% , which, fo r  convenience, we d es ig n ate  as 

U lt r a  Narrow Band (UNB), th e  r e s u lt in g  midband g a in  e r ro r  

(a<-30dB ) due to  th e  sample and hold e f f e c t  a t  th e  ou tp u t 

o f th e  co n ve n tio n a l SC bandpass f i l t e r  becomes d i f f i c u l t  to  

compensate f o r ,  w ith  ac cep tab le  system co m p le x ity . Th is  

problem is  not so serio u s  in  N -Path  (NP) systems using th e  

SC NP f i l t e r s  th a t  we review ed in  S ec tio n  1 .6 ,  which 

possess an in h e re n t ly  low er sample and ho ld  e f f e c t  than  

co n ve n tio n a l SC bandpass f i l t e r s .  However, as we saw th e re ,  

th e  co n ven tio n a l SC NP f i l t e r s  using lowpass and highpass  

path  f i l t e r s  s u f fe r  from th e  problem o f g e n era tio n  o f  

unwanted fre q u e n c y -tra n s la te d  components which a re  in  th e  

passband, and, th e re fo re , in  c o n tra s t to  th e  s i tu a t io n  in  

SPFT systems, can not be a tte n u a te d  by s u ita b le  design o f 

th e  AAF (A n t i-A l ia s in g  F i l t e r )  and A IF  (A n ti-Im a g in g  

F i l t e r ) . Th is  Chapter is  concerned w ith  a p re lim in a ry  

in v e s t ig a t io n  o f a new type  o f NP SC f i l t e r  system using  

bandpass, ra th e r  than lowpass and h ighpass, path  f i l t e r s ,  

which a re  regarded as an ex ten s io n  o f SPFT systems, but 

which have th e  advantage o f th e  low er sample and hold  

a t te n u a t io n  o f co n ven tio n a l NP systems. We s h a ll  d iscuss  

th e  a p p lic a t io n  o f these systems fo r  th e  r e a l is a t io n  o f UNB 

bandpass responses.
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In  o rder to  understand th e  o p e ra tin g  p r in c ip le s  o f NP 

SC f i l t e r  systems using bandpass path  f i l t e r s ,  we s h a ll  

rev iew  f i r s t ,  in  S ectio n  6 .2 ,  th e  s p e c tra l c h a r a c te r is t ic s  

o f SC NP f i l t e r s ,  using th e  common background in tro d u ced  in  

Chapter 2 to  d e scrib e  th e  a l ia s  and image freq u en cy - 

t r a n s la te d  responses o f SC f i l t e r s .  In  S ec tio n  6 .3 ,  we 

e x p la in  th e  two b as ic  methods o f p ro v id in g  r e je c t io n  o f th e  

a l ia s  and image frequency components in  such systems, 

namely, by outphasing in  th e  SC NP f i l t e r  and by

a tte n u a t io n  by means o f th e  AAF and A IF . The com bination o f 

these two methods fo r  e lim in a t in g  th e  a l ia s  and image 

frequency components has im p o rtan t im p lic a tio n s  concerning  

th e  system a r c h ite c tu r e ,  m ain ly  w ith  re s p e c t to  th e

c h a r a c te r is t ic s  o f th e  AAF and o f th e  A IF , some o f which 

are  exp lo red  in  a p re lim in a ry  way in  S ec tio n  6 . 4 .  S ectio n

6 .5  summarises th e  C hapter.

6 .2  SPECTRAL CHARACTERISTICS OF SC NP FILTERS

As we saw in  S ec tio n  1 .6 ,  an SC NP f i l t e r  is  formed by 

N id e n t ic a l  SC path  f i l t e r s  w ith  sw itch in g  frequency F ,5
which are  s e q u e n t ia lly  connected between th e  in p u t and 

ou tpu t te rm in a ls  d u rin g  a f r a c t io n  1/NFg o f th e  sw itch in g  

p e rio d  1 /F  , as shown in  th e  model fo r  N=3 in  F i g . 6 . 1 .

Each SC path f i l t e r  possesses th e  a l ia s  and image

fre q u e n c y -tra n s la te d  responses s y m b o lic a lly  i l lu s t r a t e d  in  

F i g . 6 . 2 ,  where th e  sample and hold fu n c tio n  

(1 /N)  ( s i n ( u f  /NF ) /  ( itf  /NF ) ) r e f le c t s  th e  reduced ho ld  tim e
O  b

in t e r v a l  1/NFg o f th e  o u tp u t s ig n a l .

324
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Path filters

F i g . 6.1: SC N - p a t h  fi lt er m o d e l  (N=3)

F i g . 6.2: S y m b o l i c a l  r e p r e s e n t a t i o n  of the alias and
imag e f r e q u e n c y - t r a n s l a t e d  r e s p o n s e s  of an 
SC path f i l t e r  w i t h  s w i t c h i n g  f r e q u e n c y  F 

and ho ld  ti me i n t e r v a l  1/NF s

In  o rder to  o b ta in , fo r  example, th e  o v e r a l l  a l ia s  

response o f th e  SC 3 -p a th  f i l t e r  we consider N=3 a l ia s in g  

measurements. In  th e  f i r s t  one o f these measurements, we 

employ th e  a l ia s  sweeping mode g iven  in  F i g . 6 . 3 - a

corresponding to  th e  d e te c tio n  o f ou tp u t d is c re te - t im e  

frequency components f^ in  th e  frequency band from DC to
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Fg/ 2 .  From the NP f i l t e r i n g  th eo ry  [ 6 . 1 ] , [ 6 . 2 ] ,  i t  can be 

shown th a t  th e  r e la t iv e  phasing o f th e  d is c r e te - t im e  

frequency components f^ produced by th e  SC path  f i l t e r s  a re  

as rep resen ted  s c h e m a tic a lly  in  F i g . 6 . 3 - b .  When th e  in p u t  

co n tin u o u s-tim e  frequency components f  a re  such th a t  

f=31F ± f 1 ( 1 = 0 , 1 , 2 , . . . ) ,  th e  r e s u lt in g  o u tp u t d is c re te - t im e  

frequency components f 1 o f th e  SC path  f i l t e r s  a re  in  

phase, and, th e re fo re , a re  summed to g e th e r a t  th e  o u tp u t o f 

the  SC 3 -p a th  f i l t e r .  On th e  c o n tra ry , th e  in p u t  

co n tin u o u s-tim e  frequency components such th a t  f *3 1 F s±f.j 

g ive  r is e  to  outphased d is c r e te - t im e  frequency components 

f^ o f th e  SC path  f i l t e r s ,  which form a polygon w ith  zero  

r e s u lta n t ,  and are  th e re fo re  c a n c e lle d  a t  th e  ou tpu t o f the  

SC 3 -p a th  f i l t e r .  In  th is  way, we o b ta in  th e  am plitud e  

response o f th e  SC 3 -p a th  f i l t e r  from DC to  Fg/2 (1 =0 ) ,  and 

the  corresponding a l ia s  fre q u e n c y -tra n s la te d  responses 

above 3Fg/2  (1>1 ) ,  as shown in  F i g . 6 . 3 - c .  The second

a lia s in g  measurement, i l lu s t r a t e d  in  F i g . 6 .4 ,  corresponds  

to  th e  d e te c tio n  o f o u tp u t d is c re te - t im e  frequency  

components f 9 in  th e  frequency band from F /2  to  F . The 

in p u t co n tin u o u s-tim e  frequency components such th a t

f=31F g±f2  ( 1 = 0 , 1 , 2 , . . . )  produce th e  am plitude response o f

the  3 -p a th  SC f i l t e r  from F /2  to  F (1=0) and theS 5
corresponding a l ia s  fre q u e n c y -tra n s la te d  responses above

3F /2  (1> 1 ) , whereas th e  rem ain ing in p u t co n tin u o u s-tim e  s
frequency components g iv e  r is e  to  unwanted d is c re te - t im e  

frequency components which a re  id e a l ly  e lim in a te d  by 

outphas ing . S im i la r ly ,  we o b ta in  th e  responses i l lu s t r a t e d  

in  F i g . 6 . 5  fo r  th e  d e te c t io n  o f th e  ou tpu t d is c re te - t im e
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F i g . 6.3: Al ia s r e s p o n s e  of the SC 3 - pa th  f i lt er  in the
f r e q u e n c y  band f r om  DC to F 12. (a) Alias
s w e e p i n g  mode; (b) R e l a t i v e  p h a s i n g  of the 
o u tp ut  d i s e r e t e - t i m e  f r e q u e n c y  c o m p o n e n t s  of 
the SC path filters; (c) Alias r e s p o n s e

y* i i y* i y* i i y*

F i g . 6 . A: Alias r e s p o n s e  of the SC 3 - pa th  f i lt er
in the f r e q u e n c y  band fr om  F /2 to F g
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frequency components in  th e  frequency band from Fg to

3F /2 .  By combining F i g . 6 . 3 ,  F i g . 6 .4  and F i g . 6 . 5 ,  we can s
re p re s e n t s y m b o lic a lly  th e  o v e r a l l  a l ia s  response o f th e  SC 

3 -p a th  f i l t e r  as i l lu s t r a t e d  in  F i g . 6 . 6 ,  showing th e  

m ultiban d  baseband response below th e  N yq u is t frequency  

3F /2  and th e  corresponding fre q u e n c y -tra n s la te d  m ultiban d  

responses above 3Fg/2 .

F i g . 6.5: Ali as r e s p o n s e  of the SC 3 - p a t h  SC fi lt er
in the f r e q u e n c y  band f r om  F to 3F /2

s s
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F i g . 6.6: O v e r a l l  alias r e s p o n s e  of the SC 3- pa th  fi lt er

The image response o f th e  SC 3 -p a th  f i l t e r  is  ob ta ined  

by in te rc h a n g in g  th e  sweeping modes o f the  d e te c to r  and o f 

the  s ig n a l g e n e ra to r . In  t h is  manner, we r e la t e  th e  in p u t  

co n tin u o u s -tim e  frequency components , f^  and f^  in  th e  

frequency bands from DC to  F /2 ,  from F J2 to  F and from
o  S S

Fg to  3Fg/ 2 ,  r e s p e c t iv e ly ,  to  th e  o u tp u t d is c re te - t im e  

frequency components f  in  th e  baseband below 3Fg/2  and the  

corresponding image fre q u e n c y -tra n s la te d  components above 

3F /2 ,  as rep resen ted  in  F i g . 6 .7 .5

F i g . 6.7: O v e r a l l  i m a g e  r e s p o n s e  of the SC 3 - p a t h  f i l t e r
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6.3  PRINCIPLES OF OPERATION OF NP SC FILTER 
SYSTEMS USING BANDPASS PATH FILTERS

6 .3 .1  G eneral p r in c ip le

In  th e  co n ven tio n a l SC NP f i l t e r s  review ed in  S ection

1.6 ,  using lowpass and highpass path  f i l t e r s ,  th e  d e s ired  

bandpass response is  formed by th e  jo in in g  o f two 

fre q u e n c y -tra n s la te d  bands around F (o r m u lt ip le s  o f F )
5 5

and around F /2  (o r odd m u lt ip le s  o f F / 2 ) ,  r e s p e c t iv e ly .
S  5

Because o f th e  problem o f path  mismatch, and, consequently , 

incom plete  c a n c e lla t io n  o f unwanted fre q u e n c y -tra n s la te d  

components, th is  manner o f producing th e  d e s ire d  bandpass 

response is  s u b je c t to  th e  e f f e c t  o f m irro r  frequency  

components a r is in g  in  th e  passband. As we i l lu s t r a t e d  in  

F i g . 1.18,  and F i g . 1 .20,  th is  co n s is ts  o f s ig n a ls  in  one 

h a lf  o f th e  passband g e n e ra tin g  unwanted freq u en cy - 

t r a n s la te d  s ig n a ls  in  th e  o th e r h a lf  o f th e  passband, 

which, th e r e fo re , can no t be a tte n u a te d  by an AAF and an 

A IF .

NP f i l t e r s  using bandpass path  f i l t e r s  were proposed 

in  th e  co n te x t o f t im e -v a ry in g  ac tive -R C  networks in  order  

to  overcome th e  u n d e s ira b le  e f f e c t  o f inband m irro r  

frequency components [ 6 . 3 ] - [ 6 . 5 ] .  In  th e  case o f bandpass 

path f i l t e r s ,  th e  bandpass response is  formed by on ly  one 

fre q u e n c y -tra n s la te d  band, ra th e r  than th e  jo in in g  o f two 

fre q u e n c y -tra n s la te d  bands as b e fo re . T h e re fo re , th e  

r e s u lt in g  inband unwanted fre q u e n c y -tra n s la te d  components 

which are  generated  due to  im p e rfe c t c a n c e lla t io n  in  th e  

N -path  network are  produced by frequency components which



331

l i e  o u ts id e  th e  passband. In  th e  co n te x t o f an NP SC f i l t e r  

system, to  which th is  p r in c ip le  has no t been a p p lie d  

b e fo re , such unwanted fre q u e n c y -tra n s la te d  components can 

be a tte n u a te d  by th e  AAF and by th e  A IF in  a s im ila r  manner 

as in  th e  case o f th e  SPFT systems describ ed  in  the  

prev ious C hapter. Th is  is  e x p la in ed  below.

6 . 3 . 2  S in g le -p a th  o p e ra tio n : r e je c t io n  o f a l ia s
and image frequency components provided by 
outphasing and by a t te n u a t io n

The system g iven  in  F i g . 6 .8  comprises an SC 3 -p a th  

f i l t e r  using bandpass path  f i l t e r s ,  each w ith  midband 

frequency f ^ , Q -fa c to r  and sw itch in g  frequency Fg=m f1 .

F i g . 6.8: A r c h i t e c t u r e  of an NP SC b a n d pa ss  f i l t e r  s y s t e m
usi ng an SC NP fi lte r w i t h  ba nd pa ss  path f i lt er s

The corresponding m ultiband  response o f th e  SC 3 -p a th  

f i l t e r  below th e  N yq u is t frequency 3F /2 ,  i l l u s t r a t e d  in  

F i g . 6 . 9 ,  co n s is ts  o f N=3 separated  bandpass responses w ith  

midband freq u en c ie s  a t  f^ ,  F - f ^ f and Fg+ f ^ . In  o rd er to  

e x p la in  the  requ irem ents  fo r  r e je c t io n  o f th e  a l ia s  and 

image frequency components fo r  s in g le -p a th  o p e ra tio n  o f 

th is  system, i . e .  to  o b ta in  one s in g le  bandpass response,
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Baseband response 
of the SC BP path filters

IS

i—■“T*-------- 1--------- — i— -̂rJ-
0 ^  Fs /2 Fs-f, Fs Fs*f,

Frequency - translated 
bands of the SC BP 

path filte rs

3Fs /2

F i g . 6.9: M u l t i b a n d  r e s p o n s e  of an SC NP fi lt er
w i t h  N=3 b a n d p a s s  path fi lt ers

we s h a ll  consider an example corresponding to  th e  s e le c t io n  

of th e  bandpass response w ith  midband frequency f Q=Fs+ f 1 . 

F i r s t l y ,  l e t  us consider th e  e lim in a t io n  o f th e  unwanted 

a l ia s  frequency bands a t  th e  in p u t o f th e  SC 3 -p a th  f i l t e r ,  

using th e  example i l lu s t r a t e d  in  F i g . 6 . 10 .  The in p u t  

co n tin u o u s-tim e  frequency bands th a t  r e la t e  to  th e  d e s ired  

passband are  s y m b o lic a lly  rep resen ted  as in  F i g . 6 . 1 0 - a .  

From th e  s p e c tra l c h a r a c te r is t ic s  exp la in ed  b e fo re , the  

unwanted frequency bands cen tred  a t  f^ and F - f - j ,  and, 

a ls o , a t  31F ± f .  and 31F * (F  - f 1 * ( 1 = 1 , 2 , . . . ) ,  a re  id e a l ly  

e lim in a te d  by th e  mechanism o f c a n c e lla t io n  in  th e  SC 3 - 

path f i l t e r  i t s e l f ,  le a v in g  th e  rem ain ing unwanted 

frequency bands in  F i g . 6 . 1 0 - b ,  i . e .  cen tred  a t  31F ± f , to  

be a tte n u a te d  by th e  AAF. In  p r a c t ic e , however, th e  AAF 

should be designed to  g ive  a ls o  some a tte n u a t io n  a t  th e  

o th e r frequency bands, on account o f incom plete  

c a n c e lla t io n  prov ided  by th e  SC 3 -p a th  f i l t e r  due to  path  

mismatch. Th is  is  s c h e m a tic a lly  rep resen ted  as in  

F i g . 6 . 1 0 - c .
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Fig . 6 10: (a) Input f r e q u e n c y  bands r e l a t i n g  to the d e s i r e d  
pa ss ba nd ; (b) AAF w i t h  i d ea l c a n c e l l a t i o n  of alias 
f r e q u e n c y - t r a n s l a t e d  c o m p o n e n t s  c o r r e s p o n d i n g  to 
f r e q u e n c y  bands 1 and 2; (c) AAF w i t h  r e s i d u a l
alias f r e q u e n c y - t r a n s l a t e d  c o m p o n e n t s  in f r e q u e n c y  

bands 1 and 2 r e s u l t i n g  fr om path m i s m a t c h

The s e le c t io n  o f th e  d e s ire d  o u tp u t freq u en cy - 

t r a n s la te d  image a t  f  is  o b ta in e d , as i l lu s t r a t e d  in  

F i g . 6 . 1 1 ,  by means o f th e  A IF , w hich, from th e  p o in t o f 

view  o f th e  s p e c tra l c h a r a c te r is t ic s  o f th e  SC 3 -p a th  

f i l t e r ,  has two fu n c tio n s . F i r s t l y ,  i t  has to  r e j e c t  th e  

unwanted fre q u e n c y -tra n s la te d  images above 3Fg/2  r e la t in g  

to  f  . Secondly, because o f th e  requ irem ent fo r  s in g le -
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F i g . 6.11: C h a r a c t e r i s t i c  of the AIF to shape the f r e q u e n c y -
t r a n s l a t e d  m u l t i b a n d  ima ge  r e s p o n s e  of the SC NP 

fi lt er  w i t h  N=3 ba n d p a s s  path fi lt ers

path o p e ra tio n , i t has to r e j e c t a ls o th e  o th e r N-1

bandpass responses below 3Fs / 2 , as w e ll as th e

corresponding r e p e t i t io n s  above 3Fg/2 . The shape o f th is

A IF  is ,  th e re fo re , s im ila r to  th a t in  an SPFT sy stem ,, but

i t  re q u ire s  low er s e le c t iv i t y  because o f th e  reduced sample 

and hold e f f e c t .

An a l t e r n a t iv e  p o s s ib le  s o lu t io n  fo r  th e  design o f the  

AAF and A IF co n s is ts  o f in c re a s in g  th e  a tte n u a t io n  provided  

by th e  AAF a t  the  freq u en c ie s  which a re  p a r t ly  e lim in a te d  

by c a n c e lla t io n , as a means o f reducing a c c o rd in g ly  the  

a tte n u a t io n  re q u ire d  fo r  the  A IF a t  those fre q u e n c ie s . For 

th e  sake o f s im p l ic i ty ,  th is  s o lu t io n  w i l l  not be 

considered here . R a th e r, in  the  fo llo w in g  S ec tio n , we s h a ll  

e x p lo re  p o s s ib le  a rc h ite c tu re s  fo r  th e  type o f SC NP f i l t e r  

system given in  F i g . 6 .8 ,  in  which th e  AAF and A IF  a re  

designed as we e x p la in ed  in  F i g . 6 .10  and F i g . 6 .11 ,  

r e s p e c t iv e ly .
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6 .4  EXAMINATION OF POSSIBLE SYSTEM REQUIREMENTS

6 . 4 . 1  Baseband o p e ra tin g  mode

In  th e  system g iven  in  F i g . 6 . 8 ,  w ith  N a r b i t r a r y ,  the  

purpose o f th e  bandpass AAF and A IF  is  to  s e le c t  a d e s ired  

bandpass response a t  some s p e c if ie d  midband frequency  

f 0=nFs ± f 1f w hich, as in  th e  case o f an SPFT system, 

corresponds to  a Q-enhancement fa c to r  K=n.m±1 (m=F / f . j  is  

th e  sam pling r a t io  o f th e  SC bandpass path  f i l t e r s ) . The

r e s u lt in g midband gain e r ro r  o f th e  s e le c te d bandpass

response, r e la t in g to th e  sam pling ra te  NFg o f th e  SC NP

f i l t e r , is  g iven by a (d B )= -201o g | (irK/mN)/sin(7rK/mN) I .

T h e re fo re , th e  s e le c t iv i t y  requ irem ents  fo r  th e  AAF and fo r  

th e  A IF  in  th is  type  o f system depend no t on ly  on th e  

param eters m and n, which determ ine th e  a r c h ite c tu r e  and 

co m p lex ity  o f SPFT systems, but a ls o  on th e  number o f paths  

N o f th e  SC NP f i l t e r .  N ex t, we s h a ll  examine some o f the  

t r a d e -o f fs  in v o lv e d  in  th e  design o f th is  type  o f system. 

A n t i- im aging f i l t e r : The s e le c t iv i t y  o f th e  A IF  is

determ ined by th e  c h a r a c te r is t ic s  o f th e  m ultiband  response  

of th e  SC NP f i l t e r ,  which depend on th e  sam pling r a t io  o f 

th e  SC bandpass path  f i l t e r s  in  a s im ila r  way as in  SPFT 

systems. As we saw in  S ec tio n  5 .4 ,  a sam pling r a t io  m=4 

produces u n ifo rm ly  spaced bandpass responses, in  which case 

th e  A IF may have sym m etrical t r a n s i t io n  bands. In  th is  

a p p lic a t io n  o f an NP system, th e  a d d it io n a l b e n e f its  o f 

minimum capac itance  spread and minimum c a p a c ito r  area  o f 

th e  SC bandpass path  f i l t e r s  w ith  m=4 a re  even more 

im p o rta n t than in  th e  case o f SPFT systems, owing to  th e



336

in h e re n t ly  la rg e r  c a p a c ito r  area  re q u ire d  fo r  th e  SC NP 

f i l t e r .  For m=4, th e  midband gain  e r ro r  o f th e  s e le c te d  

bandpass response is  a ( dB) =-201og |  ( ttK / 4N) /s in( i rK /4N)  J , from  

which we can determ ine th e  re q u ire d  ga in  o f th e  A IF , fo r  

g iven  K, and N.

A n t i - a l ia s in g  f i l t e r : As we saw be fore ,  th e  a n t i - a l ia s in g

s p e c if ic a t io n s  in  th is  type  o f NP system a re  provided  in

two ways, namely by c a n c e lla t io n  in  th e  SC NP f i l t e r

i t s e l f ,  and by a t te n u a t io n  in  th e  AAF. The fo llo w in g

d iscu ss io n  w i l l  show how the com bination o f these methods

o f p ro v id in g  r e je c t io n  o f the a l ia s  frequency components,

on th e  one hand, to g e th e r w ith  th e  system param eters n and

N, determ ines th e  o v e r a l l  s e le c t iv i t y  o f th e  AAF. For a

system midband frequency a t  f Q= K f 1f th e  corresponding a l ia s

fre q u e n c y -tra n s la te d  bands above NFg/2  a re  cen tred  a t

N1F ± f ( 1 = 1 , 2 , . . . ) ,  the  f i r s t  one of  which a t  NF - f  (1=1)  s o  s o
im p lie s  an upper t r a n s i t io n  band o f th e  AAF g iven  by

NF - 2 f  , i . e .  (N .m - 2 K ) f . .  A t th e  rem ain ing unwanted

frequency bands, which a re  p a r t ly  e lim in a te d  by

c a n c e lla t io n  in  th e  SC NP f i l t e r ,  th e  AAF is  re q u ire d  to

have much les s  a t te n u a t io n . T h e re fo re , fo r  th e  optimum

sam pling r a t io  m=4, th e  s e le c t iv i t y  o f th e  AAF is  p r im a r ily

determ ined by th e  m u lt ip le  n o f th e  sw itch in g  frequency Fg

g iv in g  th e  d e s ired  bandpass response as w e ll as by th e

number o f paths N, as i l lu s t r a t e d  in  th e  example o f

F i g . 6 .12  w ith  N=4. For th e  system midband frequency a t

f  =F - f „  shown in  F i g . 6 . 1 2 - a ,  w ith  Q-enhancement fa c to r

K=3, th e  AAF can have a wide upper t r a n s i t io n  band o f

4F - 2 f  = 1 0 f . .  On th e  o th e r hand, fo r  th e  system midband s o 1
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F i g . 6.12: S e l e c t i v i t y  of the AAF for b a s e b a n d  ope r at io n,
as a f u n c t i o n  of the m u l t i p l e  n of the s w i t c h i n g  

f r e q u e n c y  and of the n u mb er  of paths N

frequency a t  f Q=2F - f ^ ,  w ith  a la rg e r  Q-enhancement fa c to r  

K=7, th e  AAF is  re q u ire d  to  have a much narrow er t r a n s i t io n  

band o f on ly  2f ^ , as shown in  F i g . 6 . 1 2 - b .

6 . 4 . 2  F re q u e n c y -tra n s la te d  f i l t e r i n g  mode

As we mentioned p re v io u s ly , NP SC bandpass f i l t e r  

systems w ith  bandpass path f i l t e r s  a re  envisaged, 

p r im a r i ly ,  fo r  UNB f i l t e r i n g  a p p lic a tio n s  re q u ir in g  very  

la rg e  Q-enhancement fa c to r s ,  t y p ic a l ly  K>28, which can not 

be achieved employing SPFT systems w ith  r e a l i s t i c  

c o m p lex ity . For such Q-enhancement fa c to rs , assuming the  

optimum sampling r a t io  m=4, th e  NP system is  re q u ire d  to  

o p era te  above th e  m u lt ip le  n=7 o f the  sw itch in g  freq uen cy .
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For th e  o p e ra tio n  in  th e  co n ven tio n a l baseband f i l t e r i n g  

mode below NFg/2 ,  as in  th e  prev ious  examples, th e  SC NP 

f i l t e r  in  th e  system is  re q u ire d  to  have a minimum number 

of paths N=15. Such a com bination o f system param eters  

guarantees a sm all sample and ho ld  a t te n u a t io n , a t  th e  

expense o f g r e a t ly  in creased  co m p lex ity  o f th e  SC NP f i l t e r  

w ith  la rg e  number o f p a th s , and, above a l l ,  a ve ry  la rg e  

amount o f s i l ic o n  area  re q u ire d  fo r  im p lem en ta tio n . 

A lte r n a t iv e ly ,  we can o p era te  th e  NP system in  a 

fre q u e n c y -tra n s la te d  mode whereby th e  d e s ire d  bandpass 

response is  above th e  N yq u is t frequency NFs /2 ,  as in  th e  

case o f SPFT systems. For such o p e ra tio n  o f an NP system, 

the key param eters n, m and N im ply  o th e r c o n s tra in ts  on 

the  AAF and A IF , as we show n e x t.

One param eter th a t  determ ines th e  s e le c t iv i t y  o f the  

AIF is ,  as before ,  th e  sampling r a t io  m o f th e  SC bandpass 

path f i l t e r s .  The p rev iou s  c o n s id e ra tio n s  a ls o  ap p ly  to  th e  

o p e ra tio n  o f the  NP system in  a fre q u e n c y -tra n s la te d  mode, 

and hence we should choose th e  optimum sampling r a t io  m=4 

in  o rder to  have sym m etrical t r a n s i t io n  bands o f th e  A IF . 

In  th is  o p e ra tin g  mode, th e  midband g a in  e r ro r  due to  th e  

sample and hold a t te n u a t io n  becomes an a d d it io n a l im p o rtan t  

aspect to  co n s id er. Th is  e r ro r  is  no t on ly  a fu n c tio n  o f 

the  m u lt ip le  n g iv in g  th e  d e s ire d  fre q u e n c y -tra n s la te d  

band, as in  SPFT systems, but i t  is  a ls o  a fu n c tio n  o f th e  

number o f paths N. Th is  is  shown in  F i g . 6 .1 3 ,  fo r  an 

example w ith  th e  optimum sam pling r a t io  m=4. As we can see, 

th e re  is  an im p o rta n t t r a d e - o f f  between th e  midband gain
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Q-enhancement fcctor K

F i g . 6.13: M i d b a n d  gain e r ro r of the d e s i r e d  f r e q u e n c y -  
t r a n s l a t e d  i m ag e as a f u n c t i o n  of the s y s t e m  

p a r a m e t e r s  n and N

e r ro r  a , and thus th e  s e le c t iv i t y  o f th e  A IF , and the  

number o f paths N, which determ ines th e  co m p lex ity  and 

t o t a l  c a p a c ito r  area  o f th e  NP SC f i l t e r  in  th e  system. I f  

we co n s id e r, fo r  example, th e  r e a l is a t io n  o f an NP system  

w ith  a Q-enhancement fa c to r  K=29, corresponding to  th e  

s e le c t io n  o f th e  upper fre q u e n c y -tra n s la te d  band fo r  n=7,  

th e  adoption  o f N=3 produces a low er midband ga in  e r ro r  

than in  th e  case o f having N=4, or N=7. D esigning th e  SC NP 

f i l t e r  w ith  N = 5 , or N=6 p aths , g ives an even low er midband 

gain  e r r o r ,  w hich, however, may not be s ig n i f ic a n t  enough
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(a re d u c tio n  o f on ly  a few dB) in  o rd er to  ju s t i f y  the  

in creased  co m p lex ity , and in creased  c a p a c ito r  a rea .  The 

adoption  o f a s p e c if ic  va lu e  o f N fo r  th e  design o f th e  SC 

NP f i l t e r  w i l l  depend a ls o  on th e  c h a r a c te r is t ic s  o f the  

AAF, as fo r  th e  case o f an NP system o p e ra tin g  in  a 

baseband frequency mode ex p la in ed  b e fo re . An example is  

i l lu s t r a t e d  below.

L e t us consider th e  r e a l is a t io n  o f an NP system w ith  a 

Q-enhancement fa c to r  K=55 corresponding to  th e  s e le c t io n  o f 

th e  low er fre q u e n c y -tra n s la te d  band fo r  n=14. We can see i n  

F i g . 6.13 th a t  th e  s o lu tio n s  w ith  N=4, N=5 and N=6 paths , 

a l l  y ie ld  ap p ro x im ate ly  th e  same midband g a in  e r r o r ,  i . e .  

a=-20 .8dB,  a=-21.8dB and a=-19 .1dB,  re s p e c t iv e ly , and hence 

a s im ila r  co m p lex ity  o f th e  A IF . However, th e  

c h a r a c te r is t ic s  o f th e  AAF can be ra th e r  d i f f e r e n t  b earin g  

in  mind the  f a c t  th a t  some o f th e  unwanted freq u en cy - 

t r a n s la te d  bands are  p a r t ly  a tte n u a te d  by outphasing o f the  

SC NP f i l t e r .  Th is  is  i l lu s t r a t e d  in  F i g . 6 . 14 .  I f  we choose 

N=4, as in  F i g . 6 . 1 4 - a ,  th e  AAF is  re q u ire d  to  have a narrow  

upper t r a n s i t io n  band o f on ly  2 f^ , and a much w ider low er 

t r a n s i t io n  band o f 14 f^ . For N=5, we o b ta in  an AAF w ith  

sym m etrical t r a n s i t io n  bands w ith  bandwidth 10f^ , as shown

in  F i g . 6 . 1 4 - b .  F in a l ly , , fo r  the s o lu t io n w ith  N=6,

i l lu s t r a t e d  in  F i g . 6 . 1 4 - c , we o b ta in a low er t r a n s i t io n

band w ith  bandwidth 14f ^ , and a ls o  a wide upper t r a n s i t io n

band w ith  bandwidth 1 0 f^ .
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F i g . 6.14: S e l e c t i v i t y  of the AAF for f r e q u e n c y - t r a n s l a t e d
o p er at io n,  as a f u n c t i o n  of the n u m b e r  of paths

(a) N = 4; (b) N= 5; (c) N=6
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6.5  SUMMARY

In  th is  Chapter we presented a p re lim in a ry

in v e s t ig a t io n  o f new types o f NP SC f i l t e r  systems, whose 

o p e ra tin g  p r in c ip le s  combine th e  ideas o f ( i )  NP f i l t e r s  

w ith  bandpass path  f i l t e r s ,  ( i i )  co n ve n tio n a l SC NP 

f i l t e r s ,  and ( i i i )  SPFT systems. The g en era l a r c h ite c tu r e  

of these systems is  ob ta ined  by a sim ple m o d if ic a t io n  to  

the  a r c h ite c tu r e  o f SPFT systems, which co n s is ts  o f 

re p la c in g  th e  co n ve n tio n a l SC bandpass f i l t e r  by an SC NP 

f i l t e r  using bandpass path  f i l t e r s .  In  SC NP f i l t e r s  w ith  

bandpass path f i l t e r s ,  th e  d e s ire d  bandpass response is  

formed by on ly  one fre q u e n c y -tra n s la te d  band o f th e  path  

f i l t e r s ,  ra th e r  than th e  jo in in g  o f two freq u en cy - 

t r a n s la te d  bands, as in  co n ven tio n a l SC NP f i l t e r s  using  

lowpass and highpass path  f i l t e r s .  Th is  p rov ides a means to  

overcome th e  problem o f inband g e n e ra tio n  o f unwanted 

fre q u e n c y -tra n s la te d  components, w hich, in  c o n tra s t to  th e  

s itu a t io n  in  co n ve n tio n a l NP systems, can now be a tte n u a te d  

by design o f a p p ro p r ia te  AAF and A IF , as in  SPFT systems. 

On th e  o th e r hand, th e  problem o f sample and hold  

a tte n u a t io n  th a t  e x is ts  in  SPFT systems, is  here much less  

im p o rta n t, as is  in  co n ve n tio n a l SC NP f i l t e r s .  Th is  

reduces th e  s e le c t iv i t y  requ irem ents  fo r  th e  A IF , and, 

hence, renders th is  type  o f systems a t t r a c t iv e  fo r  

im p lem enta tion  o f u l t r a  narrow bandpass responses, which 

can not be achieved using  SPFT systems w ith  accep tab le  

c o m p le x ity .
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The s p e c if ie d  r e je c t io n  o f th e  a l ia s  and image 

frequency components in  NP SC systems using bandpass path  

f i l t e r s  a re  o b ta in ed , p a r t ly  by c a n c e lla t io n  o f outphased  

fre q u e n c y -tra n s la te d  components in  th e  SC NP f i l t e r ,  and, 

p a r t ly  by a t te n u a t io n  in  th e  AAF and A IF . The com bination  

o f these two methods o f o b ta in in g  th e  a n t i - a l ia s in g  and 

a n ti- im a g in g  requ irem ents in  the  system, to g e th e r w ith  the  

s e le c t io n  o f th e  number o f paths N o f th e  SC NP f i l t e r ,  the  

sam pling r a t io  m o f th e  SC bandpass path f i l t e r s ,  and of  

th e  m u lt ip le  n o f th e  sw itch in g  frequency g iv in g  the  

d e s ire d  fre q u e n c y -tra n s la te d  bandpass response, determ ines  

th e  o v e r a l l  c h a r a c te r is t ic s ,  and co m p lex ity , o f such 

systems. The s e le c t io n  o f these system param eters depends, 

in  tu rn , on whether th e  system operates in  a co n ven tio n a l 

baseband frequency mode below the N yq u is t frequency NFg/2 ,  

o r, a l t e r n a t iv e ly ,  in  a fre q u e n c y -tra n s la te d  mode above the  

N yq u is t frequency NFg/ 2 .  O v e ra ll ,  these aspects lea d  to  a 

v a r ie ty  o f s o lu tio n s  fo r  th e  design o f such systems, 

t r a d in g - o f f  the  co m p lex ity  o f th e  SC NP f i l t e r ,  on th e  one 

hand, w ith  th e  s e le c t iv i t y  o f th e  AAF, and o f th e  A IF , on 

th e  o th e r hand. These s o lu t io n s , some o f which we exp lo red  

in  a p re lim in a ry  way, have to  be examined in  a case-by-case  

basis ,  in  o rder to  design w ith  th e  optimum system  

param eters N, m and n fo r  reduced co m p lex ity  o f th e  SC NP 

f i l t e r ,  as w e ll as o f th e  AAF and A IF . F u rth e r research  is  

needed in  order to  in v e s t ig a te  a l t e r n a t iv e  s o lu tio n s  fo r  

desig n ing  such systems, and, a ls o ,  to  ex p lo re  more f u l l y  

t h e i r  p o t e n t ia l i t i e s ,  such as fo r  th e  r e a l is a t io n  o f f i l t e r  

systems w ith  m ultiband responses, i . e .  f i l t e r  banks.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR POSSIBLE FURTHER WORK

7.1 D iscussion o f R esu lts

The o b je c t iv e  o f th is  work was to  study design  

techn iques fo r  narrow and ve ry  narrow bandpass f i l t e r i n g  

a p p lic a t io n s  r e a l is a b le  using s t a t e - o f - t h e - a r t  MOS 

techn o lo gy . I t  was no t p o s s ib le  to  assess th e  SC c i r c u i t s ,  

and systems, developed in  th is  th e s is  by im plem enting them 

in  in te g ra te d  c i r c u i t  form , which would have been of 

co n s id erab le  in t e r e s t .  In s te a d , th ey  were assessed using  

p r a c t ic a l  d is c re te  component models, which amply confirm ed  

the  f e a s i b i l i t y  o f th e  approaches. The proposal of SC 

systems w ith  fre q u e n c y -tra n s la te d  o p e ra tin g  modes -a  view  

o f th e  im p lic a tio n s  o f th e  d is c re te - t im e  n a tu re  o f SC 

f i l t e r s ,  which is  r a d ic a l ly  d i f f e r e n t  from th e  view

considered h i th e r to -  p layed a c r u c ia l  r o le  in  the  

development o f h ig h -q u a li ty  SC bandpass f i l t e r  systems w ith  

very narrow r e la t iv e  bandwidths o f less  than 1%, w hich, so 

f a r ,  had no t been achieved in  SC form . These systems are  

th e  s u b je c t o f a P a te n t A p p lic a tio n  which has been f i l e d  by 

th e  M in is t ry  o f Defence [J.E.FRANCA,

"S w itch ed -C ap ac ito r C ir c u its " ,  B r i t is h  P a te n t A p p lic a tio n  

N o .8411547,  4th.M ay 1984] .  An augmented new B r i t is h  P aten t 

A p p lic a tio n  No.8511218 was f i l e d  on th e  2nd. May 1985,  

c la im in g  p r io r i t y  from th e  above mentioned p a te n t
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a p p lic a t io n . The re s u lts  o f th e  work w i l l  now be summarised 

be low .

A f t e r  a genera l in tro d u c tio n  in  Chapter 1, we 

presented a d iscu ss io n , in  Chapter 2, o f th e  fundam ental 

o p e ra tin g  p r in c ip le s  o f SC systems, based on a c a re fu l  

exam ination  of th e  s p e c tra l c h a r a c te r is t ic s  o f SC f i l t e r s .  

The o p era tin g  mode of an SC f i l t e r  system is  determ ined by 

th e  com bination o f an A n t i-A l ia s in g  F i l t e r  (AAF) , b e fo re  

th e  SC f i l t e r ,  and of an A n ti-Im a g in g  F i l t e r  ( A I F ) , a f t e r  

th e  SC f i l t e r ,  which have to  be designed to  s a t i s f y  th e  

b a n d lim it in g  c o n s tra in ts  imposed on such s p e c tra l

c h a r a c te r is t ic s  in  o rder to  avoid  th e  e f f e c t s  of  a l ia s in g  

d is to r t io n  and im aging, re s p e c t iv e ly .  T y p ic a lly ,

co n ven tio n a l SC bandpass f i l t e r  systems o p e ra tin g  below th e  

N yq u is t frequency Fg/2 -baseband f i l t e r i n g -  employ lowpass 

AAF and AIF to  r e j e c t  the  unwanted fre q u e n c y -tra n s la te d  

s ig n a l components above F /2 .  On the  c o n tra ry , th e  proposed 

fre q u e n c y -tra n s la te d  systems employ bandpass AAF and A IF  

fo r  s e le c t in g  a s p e c if ie d  fre q u e n c y -tra n s la te d  band above 

Fg/ 2 ,  and, consequently , r e je c t in g  th e  rem ain ing unwanted 

fre q u e n c y -tra n s la te d  bands, in c lu d in g  th e  baseband below  

Fg/ 2 .  In  order to  be re a lis e d  in  a form s u ita b le  fo r  

in te g ra te d  c i r c u i t  fa b r ic a t io n ,  th e  AAF and A IF comprise 

low s e le c t iv i t y  co n tin u o u s-tim e  f i l t e r s ,  to g e th e r w ith  

s o p h is tic a te d  SC decim ators and SC in te r p o la to r s ,  

re s p e c t iv e ly .  SC decim ators and in te r p o la to rs  a re  regarded  

as s p e c ia lis e d  SC f i l t e r s ,  o p e ra tin g  a t  d i f f e r e n t  sampling  

r a t e s ,  whose frequency responses a re  ta i lo r e d  in  o rder to
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e lim in a te  th e  unwanted a l ia s  and image s ig n a ls  th a t  a re  not 

ad equ ate ly  a tte n u a te d  by the  co n tin u o u s-tim e  f i l t e r s .  For 

SC decim ators and in te r p o la to rs  w ith  FIR t r a n s fe r  

fu n c tio n s , which a re  p a r t ic u la r ly  s u ita b le  fo r  narrow band 

SC f i l t e r  system a p p lic a t io n s , we employed a sim ple  

o p tim is a tio n  techn iqu e  in  o rder to  o b ta in  an exact 

placem ent o f the  notch freq u en c ies  fo r  maximum r e je c t io n  o f 

the  unwanted a l ia s  and image s ig n a ls  in  th e  system.

Chapter 3 and Chapter 4, were both concerned w ith  the  

development o f SC c i r c u i t s  needed fo r  im p lem enta tion  o f the  

new SC f i l t e r  systems. In  Chapter 3, we developed g en era l 

SC biquad b u ild in g  blocks employed in  va rio u s  p a rts  o f th e  

systems. For dec im ation  and in te r p o la t io n  a p p lic a t io n s , we 

u t i l i s e d  cascade SC biquad s tru c tu re s  w ith  moderate 

s e n s i t iv i t y  o f th e  frequency response to  capac itance  r a t io  

e r r o r s .  For the  more c r i t i c a l  a p p lic a t io n  o f th e  h ig h -  

q u a l i t y  SC bandpass f i l t e r  a t  th e  h e a r t o f th e  system, we 

employed, in s te a d , coupled-SC biquad s tru c tu re s  w ith  low 

s e n s it iv ty  o f the  frequency response to  cap ac itan ce  r a t io  

e r r o r s .  The problem o f la rg e  cap ac itan ce  r a t io s  in  SC 

biquads w ith  high Q - f a c t o r s ,  which a r is e  in  th e  h ig h -  

s e le c t iv i t y  f i l t e r i n g  a p p lic a tio n s  considered in  th is  

th e s is , was analysed in  d e t a i l .  Based on th is  a n a ly s is , we 

in tro d u ced  th e  concept o f optimum sw itch in g  frequency which 

leads to  th e  design o f SC biquads w ith  ab so lu te  minimum 

cap ac itan ce  spread. Th is m inim ises capac itance  r a t io  

e rro rs  and reduces th e  t o t a l  c a p a c ito r  area ,  thus  

in c re a s in g  the y ie ld  and hence reducing th e  co st o f
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m an u fac tu re .

In  Chapter 4, we developed SC decim ator and 

in te r p o la to r  c i r c u i t s  s u ita b le  fo r  a p p lic a tio n s  w ith  

optimum m u ltin o tc h  stopband ap p ro x im atio n s . The f i r s t  

s o lu t io n  considered was based on SC biquad r e a l is a t io n s  o f 

FIR q u a d ra tic  t r a n s fe r  fu n c tio n s . E x p e rim e n ta lly , we showed 

th a t  th is  type o f FIR SC c i r c u i t  was ra th e r  s e n s it iv e  to  

th e  im p e rfe c tio n s  of th e  a m p li f ie r s ,  which im paired  th e  

accuracy o f th e  am plitud e  responses, p a r t ic u la r ly  a t  h igh  

freq uen cy. This was a t t r ib u t e d  to  the  re c u rs iv e  n a tu re  o f 

th e  SC c i r c u i t s .  An a l t e r n a t iv e  s o lu t io n  was then pursued, 

c o n s is tin g  o f th e  developm ent of n o n -re c u rs iv e  polyphase  

s tru c tu re s  fo r  SC decim ators and in te r p o la to r s ,  t y p ic a l ly  

used in  d i g i t a l  s ig n a l p rocess ing . The re s u lt in g  SC 

c ir c u i t s  were shown to  be very  a t t r a c t iv e  from the p o in ts  

o f view  o f low cap ac itan ce  r a t i o s ,  reduced number o f 

a m p li f ie r s ,  and h igh o p e ra tin g  speed, a t  th e  expense o f a 

requ irem ent fo r  more sw itch in g  phases than th e  SC biquad  

im p lem enta tion s . The e f f i c i e n t  design techn iques developed  

fo r  these c i r c u i t s  produced very  ac cu ra te  m u ltin o tc h  

am plitud e  responses, even a t  h igh frequency, in  s p ite  o f 

t h e i r  in h e re n t h igh s e n s i t iv i t y  to  cap ac itan ce  r a t io  and 

t im in g  e r r o r s .  In  our mind, th is  new fa m ily  o f SC c i r c u i t s  

rep res en ts  a su ccessfu l r e s u l t  o f th e  use o f SC techn iques  

in  o rder to  implement bas ic  concepts o f d i g i t a l  s ig n a l  

process ing , where prev ious attem pts have su f fe red  from  

serio u s  p r a c t ic a l  l im ita t io n s  (see S ectio n  1 .5  and

R eference [ 1 . 4 8 ] ) .  Another in te r e s t in g  type o f SC
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decim ator and in t e r p o la t o r  c i r c u i t  developed in  th is  

Chapter was based on a combination of SC biquad and SC 

polyphase s t ru c tu re s ,  as a means of o b ta in in g  th e  des ired  

s e l e c t i v i t y  o f th e  optimum m u lt in o tc h  am plitude responses, 

using sw itch in g  schemes w ith  accep tab le  com p lex ity .

In  Chapter 5, we described  the  design, im plem entation ,  

and t e s t in g ,  of SC bandpass f i l t e r  systems w ith  narrow and 

w ith  very  narrow r e l a t i v e  bandpass responses, embodying the  

ideas and c i r c u i t s  presented e a r l i e r .  For narrow bandpass 

responses, we designed an SC bandpass f i l t e r  system (2.4%  

r e l a t i v e  bandwidth, a t  midband frequency of 20KHz) w ith  

baseband o p e ra t in g  mode. For th e  co nventiona l SC bandpass 

f i l t e r  in  th e  system, we adopted the  c r i t e r i o n  o f designing  

w ith  an optimum low va lu e  o f the  sw itch in g  frequency  

le a d in g  to  an ab so lu te  minimum capacitance spread. In  order  

to  accomodate such a low va lu e  o f the sw itch ing  frequency, 

we designed e f f i c i e n t  FIR SC lowpass decim ator and 

in t e r p o la t o r  c i r c u i t s  maximising the  r e je c t io n  o f the  

unwanted a l i a s  and image s ig n a ls  a t  low frequency. An 

ex p erim en ta l system was b u i l t  in  d is c r e te  component form, 

showing good performance w ith  resp ect to  the  accuracy of 

the  am plitude response, dynamic range, and, a ls o ,  a n t i 

a l ia s in g  and a n t i - im a g in g  c h a r a c t e r is t ic s .

For the  r e a l i s a t i o n  of bandpass responses w ith  r e l a t i v e  

bandwidths of less  than 1%, we considered the s o lu t io n  of  

an SPFT SC f i l t e r  system. F i r s t l y ,  we discussed th e  general 

a r c h i te c tu r e  and requ irem ents  fo r  such systems, paying  

s p e c ia l  a t te n t io n  to  th e  s e l e c t i v i t y  of th e  bandpass AAF
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and A IF . The AIF is  re q u ire d  to  have h ig h e r s e l e c t i v i t y  

than the  AAF in  order to  compensate fo r  th e  sample and hold  

e f f e c t  a t  the ou tpu t of the  SC f i l t e r ,  which produces an 

u n d e s ira b le  a t te n u a t io n  of the  f re q u e n c y - t ra n s la te d  images, 

e s p e c ia l ly  a t  high frequency. For the a r c h i te c tu r e s  o f the  

SC decim ator and SC in t e r p o la t o r  in  th e  AAF and A IF ,  

r e s p e c t iv e ly ,  we proposed a s o lu t io n  employing a 

combination of FIR SC lowpass polyphase decim ators and 

in t e r p o la t o r s ,  fo r  the  r e je c t io n  of f re q u e n c y - t ra n s la te d  

s ig n a ls  a t  h igh frequency, to g e th e r  w ith  H R  SC bandpass 

biquad decim ators and in t e r p o la t o r s  fo r  the  r e je c t io n  of  

f re q u e n c y - t ra n s la te d  s ig n a ls  whose freq u en c ies  are  c lo s e s t  

to  th e  d e s ired  bandpass response of th e  system. The 

p r a c t ic a l  r e a l i s a t io n  of a h ig h - q u a l i t y  SPFT SC bandpass 

f i l t e r  system, was demonstrated fo r  an example 

corresponding to  a very  narrow r e l a t i v e  bandwidth of 0.48%, 

a ls o  a t  midband frequency of 20KHz, employing an SC 

bandpass f i l t e r ,  w ith  2.4% r e l a t i v e  bandwidth a t  midband 

frequency of 4KHz, and sw itch in g  frequency of 16KHz. 

E xperim enta l r e s u l ts  confirm ed the o p e ra t in g  p r in c ip le  of 

th e  system. They a ls o  showed good accuracy o f the  am plitude  

response, as w e l l  as good a n t i - a l i a s i n g  and a n t i - im a g in g  

performance, as expected from the design of th e  decim ator  

and in t e r p o la t o r  in  th e  system. An im p o rta n t r e s u l t  o f  

t h is  experim en ta l work showed t h a t  the  dynamic range o f th e  

co n ve n tio n a l SC bandpass f i l t e r  was preserved in  the  

system, d e s p ite  th e  s ig n i f i c a n t  re d u c tio n  of the  r e l a t i v e  

bandwidth. Hence, SPFT SC bandpass f i l t e r  systems a ls o  

o f f e r  a s o lu t io n  fo r  ve ry  narrow bandpass f i l t e r i n g
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a p p l ic a t io n s  r e q u ir in g  h igh dynamic range.

In  a d d it io n  to  very  narrow bandpass f i l t e r i n g ,  we 

demonstrated fu r t h e r  a p p l ic a t io n s  of SPFT SC systems, 

in c lu d in g  t h e i r  o p e ra t io n  as s in g le  sideband generators  and 

d e te c to rs ,  corresponding to  th e  s e le c t io n  of d i f f e r e n t  

f re q u e n c y - t ra n s la te d  bands a t  th e  in p u t and a t  th e  output  

o f the  system.

The id ea  presented in  Chapter 6, co n s is te d , b a s ic a l ly ,  

of embedding an NP f i l t e r  w ith  bandpass path f i l t e r s ,  

proposed in  th e  c o n te x t o f a c tiv e -R C  f i l t e r s ,  in  the  

t y p ic a l  a r c h i te c tu r e  o f an SPFT system, w ith  bandpass AAF 

and A IF . In  t h is  manner, SC NP f i l t e r  systems w ith  bandpass 

path f i l t e r s  overcome the  problem o f m ir ro r  frequency  

components o f co n ven tio n a l SC NP systems, where two 

a d ja c e n t f re q u e n c y - t ra n s la te d  bands, r a th e r  than only  one 

as in  SPFT systems, are  needed to  form the d e s ire d  bandpass 

response. On th e  o th er  hand, t h is  type o f systems a ls o  

o f f e r  a s o lu t io n  to  the  problem o f sample and hold  

a t te n u a t io n  of SPFT systems, because t h is  is  reduced in  SC 

NP f i l t e r s  compared w ith  in  co n ven tio n a l SC bandpass 

f i l t e r s .  This makes these systems p a r t i c u l a r l y  a t t r a c t i v e  

fo r  u l t r a  narrow bandpass f i l t e r i n g  a p p l ic a t io n s ,  which are  

beyond the  reach o f p r a c t ic a l  SPFT systems. The 

a r c h i te c tu r e s  fo r  SC NP f i l t e r  systems w ith  bandpass path  

f i l t e r s  r e f l e c t  the  combined methods o f e l im in a t in g  

unwanted frequency components, namely by outphasing, in  the  

SC NP f i l t e r ,  and by a t te n u a t io n ,  in  the AAF and A IF . Some 

p o s s ib le  s o lu t io n s  to  meet those requirem ents were
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examined. Many o th er  p o s s ib le  s o lu t io n s  have to  be explored  

in  order to  f u l l y  assess th e  p o t e n t ia l  of these systems.

7 .2  Suggestions fo r  P oss ib le  F u rth e r  Work

With resp ec t to  the design of SC decim ator and 

in t e r p o ] a t o r  c i r c u d t s , we suggest the fo l lo w in g  p o ss ib le  

aspects fo r  f u r t h e r  research:

1. Study of the problems asso c ia ted  w ith  c lock  feedthrough  

in  n o n -re c u rs iv e  polyphase SC s t ru c tu re s .  We envisage two 

p o s s ib le  d i re c t io n s  fo r  research  which may be e i t h e r  the  

development of techniques which e l im in a te  c lock  feedthrough  

( e . g .  research a t  the device  l e v e l ,  in c lu d in g  aspects of  

s w itc h in g ) ,  or th e  development o f s u i ta b le  techniques which 

compensate fo r  the  u n d e s ira b le  DC output v o lta g e  produced 

by clock feedthrough. For example, t h is  may be the  id ea  of  

using an e x tra  in p u t  SC branch to  sample a DC v o lta g e  in  

order to  produce the re q u ire d  amount o f charge to  cancel 

out the  charge in je c t e d  by c lo ck  feedthrough. In  order to  

implement t h is  id e a , which was v e r i f i e d  in  p r a c t ic e ,  i t  is  

re q u ire d  to  p ro v id e  a d d i t io n a l  c i r c u i t r y  in  order to  

produce th e  d e s ired  in p u t  DC v o lta g e .

2. In c re as e  of o p e ra t in g  speed o f th e  SC c i r c u i t s .  This  

re q u ire s  fu r t h e r  development of f a s t  re s e t  schemes, such as 

those presented in  the  Appendix to  Chapter 4 [ 4 . 2 1 ] .

3.  Development o f H R  decim ators and in te r p o la to r s  

employing s in g le  a m p l i f ie r  SC s t ru c tu re s  w ith  m ultiphase  

sw itch in g  schemes, based on the  ideas u t i l i s e d  fo r  th e  FIR  

SC polyphase decim ator and in t e r p o la t o r  c i r c u i t s .  This  

re q u ire s  the  development of s u i ta b le  feedback SC branches
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fo r  im plementing the  denominator o f th e  H R  t r a n s fe r  

fu n c t io n s , the  numerator o f such t r a n s f e r  fu n c tio n s  being  

implemented in  a s im i la r  way as fo r  n o n -re c u rs iv e  polyphase  

s t ru c tu re s .  Th is  new fa m ily  o f I I R  SC decim ator and 

in t e r p o la t o r  c i r c u i t s  w i l l  r e q u ire  more s o p h is t ic a te d  

sw itch in g  schemes than th e  SC biquad im plem entations  

employed in  t h is  th e s is ,  b u t, on th e  o th er  hand, they  would 

be ra th e r  a t t r a c t i v e  from th e  p o in ts  o f view of reducing  

the  capac itance  r a t io s ,  and the  t o t a l  number o f a m p l i f ie r s  

r e q u i r e d .

With re s p e c t to  SC systems fo r  narrow bandpass 

f i l t e r i n g . we can suggest two p o s s ib le  d i re c t io n s  fo r  

f u r t h e r  research :

4. F i r s t l y ,  i t  would be im p o rta n t to  study s o lu t io n s  to  

overcome the  problem of sample and hold a t te n u a t io n  in  SPFT 

systems. One p o s s ib le  s o lu t io n  co n s is ts  o f employing a 

s a m p le -h o ld -a n d -re tu rn - to -z e ro  form at fo r  the  ou tput s ig n a l  

of the  SC bandpass f i l t e r .  This has the  e f f e c t  of  

e q u a l is in g  the le v e l  o f  th e  image s ig n a ls  produced by the  

SC f i l t e r ,  which would then re q u ire  an A IF  w ith  s im i la r  

com plex ity  as the  AAF. I t  is  even p o s s ib le  to  f in d  an 

optimum hold tim e i n t e r v a l  in  such a way t h a t  th e  r e s u l t in g  

notches w i l l  a t te n u a te  some o f the unwanted freq uen cy-  

t r a n s la te d  images. The s id e  e f f e c t  o f such a s ig n a l form at  

would be to  reduce the o v e r a l l  le v e l  o f  th e  image response, 

which, however, im p lie s  on ly  an in cre as e  o f the  ga in  

f a c t o r ,  r a th e r  than in creased  s e l e c t i v i t y .

5. A fu r t h e r  p o s s ib le  SC system a r c h i te c tu r e  fo r  narrow



354

bandpass f i l t e r i n g  co n s is ts  o f employing s o le ly  SC 

decim ator and in t e r p o la t o r  c i r c u i t s ,  i . e .  to  e l im in a te  th e  

SC bandpass f i l t e r  in  th e  system, which is  a w e l l  known 

f i l t e r i n g  technique in  d i g i t a l  s ig n a l processing

[ 4 . 2 ] , [ 4 . 3 ] .  Besides the  improvement o f the  SC c i r c u i t s  fo r  

im plem enta tion , along th e  l in e s  mentioned above, t h is  would 

re q u ire  f u r t h e r  research  concerning the d e r iv a t io n  of  

a p p ro p r ia te  t r a n s fe r  fu n c t io n s , both FIR and H R .  I t  is  

a n t ic ip a t e d  th a t  a c lo se  approach to  the  techniques a lre a d y  

e s ta b lis h e d  fo r  d i g i t a l  s ig n a l processing would be 

ex trem ely  advantageous.

Among the p o t e n t ia l  a p p l ic a t io n s  fo r  SPFT system s. i t  

would be of i n t e r e s t  to  in v e s t ig a te  the  fo l lo w in g :

6. H igh -freq uen cy f i l t e r i n g  a p p l ic a t io n s ,  in  order to  

e x p lo re  the  o p e ra t io n  of the h ig h - q u a l i t y  SC bandpass 

f i l t e r  a t  a much lower frequency. This would be r e la t e d  to  

th e  design of h ig h -fre q u e n c y  SC decim ator and in t e r p o la t o r  

c i r c u i t s ,  on the one hand, and, on th e  o th e r  hand, to  the  

development of p r a c t ic a l  s o lu t io n s  to  reduce the sample and 

hold a t te n u a t io n ,  such as the one mentioned above. In  

a d d i t io n ,  i t  is  necessary to  in v e s t ig a te  d e ta i le d  aspects  

of SC c i r c u i t s ,  p a r t i c u l a r l y  of analogue sw itches, which 

may l i m i t  the accuracy of h ig h -fre q u en c y  a l i a s  freq uen cy-  

t r a n s la t e d  responses. Some exp erim en ta l r e s u l ts  in  the  

systems developed in  t h is  th e s is  showed accura te  a l i a s  

responses up to  about 2MHz, using com m ercia lly  a v a i la b le  

CMOS 4016 analogue sw itch es .

7. In  g e n e ra l ,  a p p l ic a t io n s  re q u ir in g  th e  t r a n s la t io n  of
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s ig n a ls  between d i f f e r e n t  frequency bands, such as in  the  

area of FDM/TDM and TDM/FDM t ra n s m u lt ip le x in g ,  are  

p o t e n t i a l l y  a t t r a c t i v e  fo r  im plem entation  using SPFT 

systems.

SC NP systems using bandpass path f i l t e r s  are  s t i l l  in  

t h e i r  in fa n c y . As was c l e a r i l y  i l l u s t r a t e d  in  t h is  th e s is ,  

th e  design o f such systems is  not an easy ta s k ,  bearing  in  

mind the  many system param eters, and r e la t e d  t r a d e - o f f s .  

F u rth e r  research  is  re q u ire d  in  t h is  a re a . A d d i t io n a l ly ,  we 

th in k  t h a t  t h is  type o f system may be extrem ely  u s e fu l fo r  

bank f i l t e r i n g  a p p l ic a t io n s ,  i . e .  th e  r e a l i s a t io n  of a se t  

of bandpass channel f i l t e r s  w ith  id e n t ic a l  response shape 

but d i f f e r e n t  r e l a t i v e  bandwidths, such as re q u ire d  in  many 

data  tran sm iss io n  systems and speech processing  

a p p l ic a t io n s .  This a ls o  re q u ire s  th e  development o f new 

system a r c h ite c tu r e s  in  order to  ta ke  f u l l  advantage o f the  

m ultiband response of th e  SC NP f i l t e r  in  the system.


