domain;frqd‘the cnrrequnding ones -in the analog domain vih the bilinear
. \ f C
B

~

Tz transform.
The procedure for the prOposed digital realization is extended

to the case of a'2-D digital filter realizstion.

realizations for some of the possible series ‘and shunt elements of the .

ladder are derived which are canonic with respect to multipliers.

\

¢

)

Starting with a doubly

)

<

- terminated Lc‘ladder netuork in tun_ysrisbles, 2—D digital'twoqurt,

An’

where a procedure 1is outlined as-to how to go about. choosing a particular

network structure and then to obtain the element values using a known

optimization procedure to approximate the idesl spatial frequency response.

example of designing a eircularly symmetric 2-D digital filter is consideredy,

-

A ol e v P,

.
. 4




ACKNOWLEDGEMENTS

- -

i

The author expresses his deep sense of gracitude to .

. -

Professor M.N.S. Swamy for suggeating the problem and. for lgs guidance ae

N

throughout the course of thia investigation, and for his advice during

.

the prepdration of the manuscript:. He expreaaea ‘his t:hankb to
- P

'Dr. v. R.amachandtan for valuable discugsions and suggestions,

\ ' !

- '

Thanks are also due Xo*Ms J. Anderson’ for, 't:ypl‘.fng‘:the"

s

.

_thesis. -

" -This work was sup.pdi-tet‘;:,by the National Research Council of '

> . - 1
s .

" Canada’ under Gt%{n‘t A-7738, awarded to Professor M.N.S. Swanmy.
. < . ¢ ¢ ' B . ¢ ) - <




e e g e S T T T " N ! - N - N.. T
- . .- s - . . . Lt
. - . - - -~ : . . .
. . s P . - Tl . 1N .- . . a +
-~ N - .. - - ) o !
. o ~N T, T - . - - ' x
- .
. 1 s . . . - -

. PR - . .o o ' °
B - - c - ‘ . - - : - . N - N L -
. - . . - R B . . -
. . a .M . . q.. - . . . . -
°- . . - . . . - -
. - - 4
- . i . g ;
a : . A . - R . -
- . . i
. ) ) . “ N - ., - . 2 Q
. .o . . > B . i o
. .-l 3 P N T - [y - P
. - -
’ - v ‘ ’ i - ' . . - .
2 v - N ce m . .
- - - ‘. - LI
- - - - - - - °
. f - . . . - . N '
- S, - -~ . - -
. ' -, o * - ° . . ) f
- . .- . ‘ N . - - . .
R o ¢ - .
s . . - - "
' N ,r . * . S
= .~ . N . v
’ . - . . . .
. .o - » B . N - - M - s, -
N . c . ‘s : . - . B
] ST - . - 4 ~ N ’ .
. . o . : i . ’ ’
. . . " Lo - , . . . . .
- . . . : . . -
S u ! & ; : .
. ‘ - ) . - . ’ ) ’
. ) Te L . ST . - . N *y e ‘ ? y - .
‘ ® B - o N B - ¢
. N - - « T : - » ) -
B N v. g k] - 3 - T * o . 0 N l; N I N b
' - - * . N - - - " - .
. \) * . Y
, Lo oL ; . - |
. - Y ’ . . R . .
N . o, N .« - , _ - - . L. ) .
L ' > ‘ - - . N . . . .
. . N . £ A - . N
B . - . - . ) - -~ < : : - - i
PR . N . v - N - b E ’
. \ - 5 M L. O . ~ . v Tl a 4 - -
. . .. k- - ‘s . - . . -
R i L N L8 > - PR . . .
. - . . . 3 . ‘ . : v . . . . v - - . -
: R . R . : - . . R ° L * .
. - - . B . - - - . . . - .
N . o . - . . .
’ - - - ’ - - : - . . -
N ‘ . R - . . . . . ’ -
. ‘. - - .- . . . ; —
_ - ¢ - . ® B > <, - .
L BT s . -0 - . * ’ . - ! -
B ’, . - . , . - . )
e » - ~ o - “ N
. B : N ) . - . -




<&

¢

™ S
x o
‘;‘ vi -~
: - i .
_TABLE OF CONTENTS °
% . N

LIST OF TABLES .+ v v o v o o o o 0 n

LIST OF FIGURES' ®, » . ] [] [ . L »

>

1, INTRODUCTION . . « o « ¢ o o = &

‘, 1,1
V.2
1.3

1.4

1.5

1.6

Y

LIST OF ABBREVIATIONS AND SYMBOLS .

- &

General . ‘o « ® 2 s 3 e »

Historical Background . .

’

. Digital Filter Realizationms .

Frequency Transformationg and

BP and BS -Filters

Iwo~dimensional Digital Filters . . . . .

Scope of the Thesis « o o v o o o o o o »

=

s

2. FREQUENCY TRANSFORMATIONS FOR DIGITAL, FILTERS ®.

2.1

T 2.2
N
2.3

Introduétion . .. . . s

NS
v e

Digital Filters . . i +. 4

PR

-

Conclusfons e s s e e Y

*

3. A NEW TYPE OF WAVE Dicrmz FILTER

' 3'1

Introduction

v

*

.

.

‘Derivation othhe Freqqéncy Transformation for

A

v .®
L I §
L }
LI}
o fe
e o
. o
e

. e
e o
Ll L]

s \l
t ) . v
v
& .
. .
Y. G o
e ix
. o xi
. . xviii
|
i =
AN
a: 3 1
. * 2
v 3
l'. 5 JS“’)
.
*'e 6 . \
. * .8
LA
L] L) ll
)
[ 12
N 21
\ },
. 22 H“
.. 22 - t




) ., © vit - . .
. 3.2" Characterization of+the wave Digital .Two-potf{‘\. e ol 26
‘ 4 ’3'.3 Rqalizai:j,on of the Digital mc;-poré P N '. 4 28
| ) 3.4 Design of Digital Q'I‘wo-‘po'rt:so corresponding to the
7 Case R;=R, for ,all the St:aries and Shunt Elements
= l ‘Inﬁ:..’...;'..’..... PP +33
ll 3,5 Canonic Reélizgtioq o | -
~ ’E'ijo-por‘ts‘. we L .,‘ S
. « 3.6 Alternate Canonic Re.alizat\ions e e e e e e Ve s 59

. Y
4,1] Introduction ., ¢« o « « + =

-

- 4,4

¥

Conclusions . . . .

-

\
Fa - “
™

v

-5.1 IntrOductiOn ¢ o & o ¢ o 0w e s

5.2 Coefficlent Sensitivity . . . -

I3

h 5.3 Roundoff E;l'ror o s o o..a e o o

e

5.4 Conglu‘iomra ¢ & o @ 0'50 e s o

‘ . -
6. TWO-DIMENSIONAL WAVE qtcrr?\t. FILTERS .

¢

6.1 InttoduCtion s s = s s a2 8 ~- .

3.07 Conclueiolnﬂ ¢ & & e e 0 4 a o & 0

- “‘ 4. BANDPASS AND BANDSTOP WAVE DIGITAL FILTERS

R

« 5. COEFFICIENT SENEITIVITTAND ROUNDOFF NOISE

' 6.2 Two-dimensional IIR mgmr/uxgu

" CENTER FREQUENCY AND BANDWIDTH . . « v v o o « o .

.4;2 Realization of BP or BS Wave Digital FPilfers .

4;‘3 Desi@ Exmle e 8 & ¢ s B 8 & 4 s 8 e ¥ e .:

-63

[ S IS 71
»

¢ o o = 7]_

“ s e e 78
L4
. . 79
7 °
¢ & e - ‘85
s s s e 85
LN 2 [ 86




-
| ~ © - widt -
‘ . ) . EN ' , : . -
o 6.3 Characterization of a 2-D Wave Digital
':';.l s \ N Tvo-pott * ® o o s e s o s e e v . ‘0
il \ N L3 . * N
/ v ;. ! ' )
oo : '6.4 Realization of Ehe 2-D Digital Two-port
6.5 ‘Canoni‘.c Realization of 2-D Wave Digital
‘}f A B ' ¢ /);I'éo-porté . o c‘ * o e 0 o0 ‘o .
v - _“. 6.6 Deaig‘n E;amlple » o e v @ e v e .
6-7’ Conclusions « o .0 e o e, e @ .
‘T . ‘ - . n [
v, .
“: ’ 7. CONCLUSIQNS s 8 e e s + e o » e o o ‘o
3 o B .
z:'&\ - , ‘ : 701 Concluﬁions ‘o e o @ s o e o o .
> ’ - 7.2 Scope for Ezurther Work . e .
: 0 ) . ‘ o . ‘ i
:’:'* - REFERENCES ¢ 6 ¢ ® o ¢ o o & & P S .
k;?‘ - . " ' ! ' ) ' . ’ » -

L] . L]
t
eVs &
L] L] *

124

127

129

140

145

158

158

161

. 163.

s




N ¥

o

“te 1,-‘wg <

Table 3.1 .

Table 3,2
) <

A

Table 3.3

» i/ -" 1#
L N '
. - ix -
& ' 7 vNJ\ R
a, ' S - <
‘ LIST OF TABLES. .on N
! , - f P
N - . “ ‘ J ' .
v

Pertinent Peatures of the Digital Structures .

) F’i'rst Set of Realizations'Cor:esﬁonding ,to the

. Series Element 2y with no Delay-free Path '

“ T o
n'fromaltObloo.,oo‘o...o:.-do._l-

Y

\

First Set of\ ,?Ledlizitions Corresponding to the

Al
Y

. \
Shunt Element \172 with no Delay-free \Fath

f'l’.'Dm al to bl. ? . . o‘t L] e . L] Ll & . . . . ..

5
' ®

\ N 2

Tablé 3.4 . _ Second Set of'“Realiz‘ations'Co’rresponding \11:0 ‘the
Series Element Z, with no Delay-free Pat'hg, '
fronazto‘bz..,..........4{....

Table 3.5 . ' Sécond Sq€ of Realizations Corresponding to the

Shunt Element Y, with no Delay-free Path
f:oq ez to bz . L2 - .\ - [ ] L] .\’ . L Ld . L] ... ‘. . L]
o ’ | . e
Table 5.1 (_:omplexiéy of S‘écond-oi'dqr Digital Filter
s Stmcturga....,.......:'.'.....
- ) {p ' ‘
Table 5.2 . Complexity of Seventh-order Digital Filter
.“’ ' ) str‘ictufea’:*- l\. 1 ] L] * L] L d ‘. .\. L] . . * L] e ® .
Table 5.3 %2 Changes in the Prototype Element Values due-to
Bounding of Multiplier Coefficients . . . ...
,§~,/~,\ ’\'.~ o ‘ L. - ’ hS

»

o




. S

! Fam :.‘ ~ :" . - ~-- . v_u-w'»«v‘d‘w‘“‘f‘ Rl bl B i e v-:-wvn— R e TR et -
1 < e .
ot , /
.. - - - . -
g N N ¢ ' - , ’
) i y - B : 3‘ .
:,, L. Tabld.1l First Set of Real'izations\(:orreaponding to the - )
*?% i ‘ A N B , . . . ‘. . f .
g . . . 1_.::ﬁ"'”ﬂg:‘r’:i.es Elements with no Delay-free Path -
‘o{ﬁ' L . bl , . . N - .
;;‘?"v ! fl..on al EO bb e o « » o o I I I P ‘\‘f o e » - "
‘ ,"I{a‘bfla_B.Z First Set of R‘galizationg Corresponding to the
. ‘ - o Y . : St
( . ‘ . Shunt Elements with no De¢lay-free Path
“ ., - ! L ' Co . ’
’ .“,;:::: ' ' N fiom a'l\ to bl . - . L) ; '. L] . L] L] ‘. L .‘ . . L ] - . * R
'g' - ) . i £ g /! ¢ :\
t - ’ - T
v Table 6.3 Second Set of Realizatiops Corresponding to the - -~
& - ' Seties Elements with no Delay-free Path " ‘ \
’ o ) ’ . S . :‘ . - ! .
\ fl'Oln 82,‘t° b2 : e o o o R I R N L N I . .‘
: “ 3 ; 1) . ‘ ’ '
- . A +
! oy C . . ' . - : N
| % ? .Table 6,4 Second Set of Rea-ﬁ:zations Corresponding to the l‘ N
. ' S ) .'“ 4‘ . B . “\ 5 ’
i{‘ , \ ‘ </«' - Shunt Elements with no Delay-free Path ’ oL .
!1 * N ' - ¢ )
?X;. \ ' ° from_ 32 tb/ b2 ® o e & o &8 @ ® ¢ o » o & 6 ¢ a2 @& =»a - <

v




- xi: - )

o " ... LIST OF FIGURES |
. . A e, °

2 X : :
| i v Fig. 3.1 _ ‘An analog 2-port containing an interconnection
- . of linear ElemEntS « « + v v'v 4 e u ke ... .“.‘; " .
A) /'%'\ . ‘-
Fig. 3.2° A doubly terminated analog network . . . . « . . « . ¥ .
] . .. ’ . . - iy
" Fig. 3.3 The digital 2-port realization corresponding to
- C }e'network In Fig. 3.2 . . v v ot e e e e e e e e e
P , / o P : Y
sy . ,
" Fig. 3.4a A digital realization for the series inductor
v .
‘where Ry=R®R . . . v b . oo .o e e e
- ’ . Fig. 3.4b A digital realization for the series inductor l
) . - ". '. ‘ n Y . i
r:\ X . ‘~":?1‘ N . Vhere. Rl-_RZ-R e s % 3 % ¥ s'® & & o 8 e s .—.w. .« » : .
! '+ Fig. 3.5 A doubly terminated 3rd-order LP Butterworth filter = = .
e R . N4
. of the example in sectfon 3.4 . . .. . . ... . ...
F‘ig\. 3.'6 A non-canonic wave digitalr realization corresponding
{’ - to-the analog network of Fig. 3.5 . . v v & v v o 4 4. ' » b
5 2, oo . ’ .
':;g" ' . I ) :
. S Fig. 3.7 Magnitude respomse of the digital filter of Fig. 3.6
B for different fixed-point quantizatidps of 1ts ', o
‘:..; ! - . . . [ . ) . N
@ ‘ ) multiplier coefficlents . . . . . ..'. . ... . ... -
Sr;’ Fig. 3.8 The conveutio?al cascade realization of a 3rd-order
*] ‘ , LP Butterworth transfer function of the example in
;" ~ SECtiOﬂ 3-4 " . s e » e ¢ 2 = *« ® s e« @ " s e e . .‘ . )
£ ot ‘ ‘ . .
¢ @ Fig. 3.9 . niiagnitude‘response of the digital filter of Fig. 3.8 ct
g E S .
At N for different fixed-point quantization of .its
' ) - f

o multiplier coefficients . . . . & ¢ v ¢ ¢ 4 v 4 s e .

A




N ( . -t N - xii - - B }

Fig. 3.10a The digital‘z-port realization of equation

i

P
»
a .
-

(3‘"28) " e e o L A c‘ . c‘ a % s e & e

Fig. 3.10b The digital 2-port realization of equation .

. ' L) I

Fig. 3.11 A dowdly terminated lossless netwoffk of t

example in section 3.5 . . . v “ e e

Fig. 3.12 Type Ia digital structure corrésponding to th

o

network of Fig. 3.11 . .o w v v v & 0 4 ane 00w et

Fig. 3.13 ' Type IIa digital sfructure corresponding to the

network bf Fig- J.ll s & e e s e % R T S B -“ o o

Fig. 3.14 - Type Ib or IIb digital realization corresponding to e

the network of Fig. 3.2 . . ¢ . o o v v o o 0 o ‘
|

A

_Fig. 3.15a Type Ib digital strucfure corresponding to the - .
a ) ) . l . -t
network of Fig. 3.11 . . . . . . . ca e e e '

h - ' A !

Fig. 3.15b Type Ic digital,structure! corresppn&ing, to the

network of Fig. 3.1l ¢ v ¢ v v 4 ¢ ¢ o 0 o o 0 4 0 o s -_'

- ° €. > A N
Fig. 3.15c Type Id digital structure corresponding to the ' ) ‘
P " . ' - . te
. network of Fig. 3.11 . . . . s ¢ ¢ o 4 v s o 00 s e e .
Fig. 3.16a Type 1Ib digital structure corresponding to the " ] Co,
. ' * \ ) € . Vs .
R network of Fig. 3.11 e o e e e e eie -
) - . ¢
'Fig'. 3.16b Type I1Ic digital 'structure cofrespgndfng-to the ’ ‘
. , T ! . . 4
ne;wérk Of Figo 3.u11 * s e e s : e v el s e 0 e/ P ‘ o A 4
i?ig.‘.,azlﬁ/c - Type I1d digital structure corresponding to. the ' ) Ty

7z

“/‘— networkof?ig:3,ll........,,......'..' |

-

v oo, N * K , . ’




Ty e

L 1y gt
TBEE

o Fig. 4ré Reoponse of the digitai BP filter for the example .

. . M - . K ) ‘ . \ ‘
' . Coo-xidd - - ! :

§ . N *

e

" Fig.. 4.1 A prototype LP filter for the example in

section4.3..\.......:.f“...“.......
4 o

\

Fig. 4.2 The prototype wave digital filter corresponding

tothenecworkinFig 41.... e e i s e e e .

Fig. 4.3 A. digital realization for g(z‘-l) in'

- equacion(413)......;‘.,.,......'....‘..

insectionQ.B;\. e e e e e e e e e ‘.‘

j 1) for n°=1.1flz. KHZ , BW=1 Kiiz,
.. 2) for '@ =1.414 KHz, ' BW=500 Hz,
- 3) for Q_=1.937 KHz, ' BW=1 Kiiz.

a

Cy Fig. 4.5 Reaponse of the BS digital filter for the_ example

N o in-sectiokéli?o’r e e e e e e e e e e

3

2 _=1.414 KHz and BW=500 Hz.

»
o

o . \
\.’H Fig. 5.1 Doubly t;erminaten[i 2nd-order LC ladder

NEEWOTK v o v v o o v ot 4 v i e e et e s e e e e

N\ Fig.. 5,2 . Wave digital realization corresponding to the

network of Fig. A
' R ' ¢ Q
Fig. 5.3a The rms errpr in frequency response’ versus bandwidth

for second—order digital nfilters for coefficient

wordlengthb of 8 bits . . ., . .ty .o A

‘ . ° i
"y "Fitg. 5.3b The ms error in frequency response versus bandwidth

-

for second—order digital filters for coefficient.

wordlengthsolebits ........‘......-.

- ' A\ »

e




Fig. 5.4 Doubly terminated seventh-order lowpass LC ladder

' network . . . . .0 vl s e e s s e e e e e e e e e

, Fig. 5.5a Type la wave digitai‘struct_ure"‘ corresponding to the .

~ networkof.Fig.S.A....‘...-............

‘ Fig'.\ 5.5b Type Ib wave. digital structure corresponding to the

network of Fig. 5.4 . . & v v v v v v v ¢ § e 0 e e e .

Fig. 5.5¢ Type Ic wave digital structure ;:orrespod'ding to the

network of FA8. 5.4 « v v v v v v'u v v a b e e e e a

N ¢ ) ‘ )
Fig. 5.5d Type 1d wave digital structure corresponding to the

. network of Fig. 5.4 . . . . v & 4 o0 v ot b b e e s e
. . .

o ' Fig. 5.6a T’ype Ila wave digital structure corrgsponding to the

NEtwWork of FLB: 5ed v o v o o o v 0 Mo o 0w o a e e o

w : .
Fig. 5.6b Type 1Ib wave digital structure corresponding to the

network of Fig. 5.4 e e e e e e e e e e e e ..

'F;g. 5.6c Type Ilc wave digital sgructure cor'responding‘to\ ‘the

networkofFig.-S.l;‘*. R R I T T S P

Fig. 5'.6d Type I1d wave digital atruc;hr\e corteapond\ing to the

netwoxkofFig.5.4......‘._.......\.u...

«
-

/}Fig. 5.7a The rms error in frequency response versus coefficient . ’
A .

wordlength for seventh-order digital filters for a

a

- 3
relative bandwidth of 1/4 . . . . . v v ¢ ¢ 4 s o o o + o

€

! Fig. 5.7b The rms error in Erequeixgy response versus coefficient. H ‘

wopgllength for seventh-order digital filters for a : \ -

relative bandwidth of 1/16 e e ae e e e e e s o : |




. ) . ‘ —
' bandwidth for seventh~order digital filters for

.

- e

coefficient wordlengths 10bits & v v+ v v 4 v 4 e

N W ¥ - )
) order digital filters fpx coefficient wordlengths of

12fbits with sihusoidal input signal . . . .. . . . . .

| Fig. 5.10 Roundoff noise versus relative bandwidth for seventh-

v

.

order digital filters for coefficient wordlengths of

Q 1 . [
- . 10 bits with sinusoidal input signal . @ . . . . . . v .
-, ' ‘ . ' R . / L 0
’ . Fig. §.11 Roundoff noise versus relative bandwidth for ‘seventh-
| fi ( N ) otder digital® filters for coiffIEieht wordlengths of
N : 8 bits with sinusoidal input signal . . . . < . . . . . .
, .+ Fig. 5.12 Roundoff noise versus relative bandwidth for seventh-
: T . . . ‘ .
o .order digital filters for coefficlent wordlengths of
12 hite with white noise input . . . . . . e e e e S
_ i S A - : ' v
& Fig. 5.13/ Roundoff noise versus'relative bandwidth for seventh-
;ﬁ‘ . i w . . -
v ég order digital filters for coefficient wordleng;hs of
'ﬁ 10 bits. with white noises$nput e s et s e e e b e e e
~ ' ‘ ‘ ‘ :
o Fig. 5.14 Roundoff noise versus relative bandwidth for 'gevénth-
7 : oo . .
¥ . .
%ﬁ order digital filters for coefficient wordlenmgths of -
gﬂf,‘, i N B ) ¢ ' ' T ,
0" . 8 bits with white noise fmput . . . . . .. . . v o oW .
(LTS . . . ’ - . . ' ' e \
g§f ) " Fig. 6.1 Ao analog 2-port N containing an interconnection of '
2' \ linear elements in two variables . . . . 'c o v o o o 4 o &

o
e




| ‘ ' Fig. 6.2 A doubly terminated analog 2-port ipn two

| - B £ e - - 3 - - S
p) . ' o . Lot ! /

r

Fig. 6.3 A wave digital 2-port corresponding to the . .

4 4 & e s e, 0 e+ s e s e

network of Fig. 6.2 . . . . . .

Y A t L.

Fig.<6.4 A digital realization for g(zzl,zgl) of

o : /} equation (6.16) . R
R K N
. TFig. 6.5 . A digital realization for gl(zi ) ~ where .
L ! - . ©
i \ o -
-1, - zll(B*'z;l) - A ,
g (z ) = — , i-!,z A e e & e n‘ * . hd
171 148 1l . ' .
.l N zi ' 4 Ld
’ EY
) ) Fig. 6.6a A two—vgriaPlé'doubly terminated LC ladder, of order
2 in each variable . . . . . .I.'ﬁéﬁk. T
o 11@. 6.6b A two-variable doubly terminated LC ladder in which ‘ ’

@

‘ the Py type elements are cascaded with P, type .

elements . . . . 4 e v e 4 et e e e e e e e e e e e

Fig. 6.7 Type Ia digital realization corresponding td the

-

- - network of Fig. 6.6b ...%. . . . . .. L. ..

. Fig. 6.8 The surface plotting of the frequency response of

N the 2-D wave digital filteér of Fig. 6.7 . . v + . . h"‘$;\\;l .
N . @ K - o
Fié. 6.9 Contour plots of comnstant magniéude of the transfer o h

. » o -

functioQ of the wa&e.digital filter of Fig. 6.7. - = . .

The contours are displayed in steﬁs of 0.1 . . . ...

i Fig. 6.10 Plots of the coﬁ;our fqr the wave digital filter of

Fig. 6.7, corresponding to the magnitude of '0.9 in L o

1 IS




- xvii -

- R

»

| A ‘ ‘the passband for different fixea-poiné

o ' +

Fig.' 6.11  Plots of the contour for the direct digital
. realization of equation (6.20) corresponding to the’
magnitude ofl0.9 in the passband for different fixed-
. _ point quantizations of its multiplief coefficients SRS
r ) 3 .
Fig. 6.12a Type Ib.digital realization corresponding to the
® " ' ) . - .
® network Of Fig. ‘6o6b ¢ o o 2 e e e » o s e » P L]
» - [N
I 1 Fig. 6.12b 'Type Ic digital realization correspbnding to the

nétwork of Fig. 6.6b . ...-, . e

f

a
[y

network of Fig. 6.6b . . . . .« . . . . .

L

i

- ’ o ‘ Fig.v:,ﬁ.ms}ﬁb Type IIb diéical realigacion corresponding
a‘ég t ., | o networﬁ of Fig. 6.,6b". . .r. . e . : . .
R ] Fig. 6.13c .Typq IIc digital realizagion corregpond?ng
ﬁgf - S networg of Fig. 6.6b . . . . . . IR
i%@- , . Fig. 6.13d Type IId di;itgl realization corresponding

A

'

ﬁnetwork of Fig. 6.6b . . v . v ¢« .« « . o

.o Fig. 6.13a, Type Ila digital realizarvion corresponding’

-

¢ s e

Fig; 6.12c "~ Type id'digitAI realization corresponding to the

« s e

to the

to-the

_negwork of Fig.-élGB .‘, e e v ey ._L e

-
.
a e

quantizations’

-

of its multiplier bbefficigp;s e e e e e e ety

”




i H

r

HP -

=[F]

- ’ A
= xv;l.iil-‘ 5
- LIST OF ABBREVIATIONS AND Somos :
Lowpass ‘ u .“ o L .' C ' v
-Highpass o . ) \
Bandpéés \ . Lo ) N
vBandstop ‘
. , 9
Complex variable in the digital domain
‘C"omplg‘x variable‘in the analog domain . ‘ ’
Frequency variable .iq the ~~a(na‘lo'g domain C ‘ , l‘~
Frequgncy variable in the digitail domain - ‘g,\;\}';
. : ‘ -
‘gigmplipg period N
Analog network
Digital 2-port .
- ¢ T“ Y

Wave variables at ports 1 and 2 of au énalog

P

network . -

Digital inputs and outputs at ports ]} and 2 of a
digital 2-port - '\ . l B '

Wave or scattering matrix of an analog Z—ﬁort'

*

Chain ’mat‘rix\of a digital 2-port

. . ]
Chain matrix of an analog 2-po'r"t'net:work o o 7
Determinant of [F] i -t A

& \ v‘




.

> N LI . v A

P FRAPST § o AY » . \ v,

IFI ~ ,,_\.Determinant of [F] o ("H .
DU . . ﬁeterminéng of a asquare matrix o . 'f
' Z;(s)' . ' . Impedance of'a" series element in a la&der
, ) | - nétwork h
, ) gv. . T - Zl ' i;(s) with s r‘eplaccled by (Z*J)/(?+1) '~. . ‘ . )
- . \ 4 - s ST S
- YB(s) Admittance of a shunt element in a ladder B
" - network . w
Yz Yb(s) wifh 8 replaced_'by (zﬂ-l)](z+i)l "
. -”1 AI o - R ‘ o \
g -[FS] Chain matri:; of a d%gital Z—Port c'orrespon.d.ing
) ‘ -“1 A to the serles element of an LC ladder ‘\ o Yo s
. - , W ‘ ’
(1 2,] = By )
.‘ILvZ \1‘(2 "-[Fp] Chain matrix of a d]igital 2_—port,corresponding : " . - .
T to the shunt element of an LC ladder o ' ‘ |
NT. Digital 2—por't whosé transfer matrix is the ‘ !
_transpose of the’ digital 2-port N . BRI - ‘ 1‘
[‘Fi’r:r - (A:'hain‘matrix of t:her ‘dilg'ital 2~port NT |
‘t‘Fr] \ Chain matui Iof ‘thé}'digital 2-port obtained t @ }
* . by ;ev'ers the ports of a digital 2-port whoal‘e v .
. chain n’mtrix is [(F] - . K ) .
rms + -ARoot~1;1eat"\ square l ) . \ h o ] o ,
DFT ' Discrete Fourier transform ' ‘ ‘ - : ) - u‘. C o
) FFT . . Fa‘etl Fourier transform ik ) .
“v.‘Z—D i N Two-dimgntionai‘ o - i .‘ Q - ,j
' IIR i ‘ 'Infinite—duratic;n ,.in'npulae ‘response, SR
FIR ~ N ;Fiii\%.ge-duxlat?idn 'ﬁpuﬁe responsé o . " - PR ‘




! ) ' ‘
L
- T e -
.
. .
N
,
. .
. 0 .
.
Y
. -t
.
. .
.
"

4

iables

.~ Compl

.

ex v/?r

h

Vector of design parameters

~

. N X
v
t .
N .
M a X
.
~
.
.
. : L
- ? "
‘
. .
\ R
s - .
’ .
. .
9\4 .
" . ’,
- -
.
. IS
.
e




g

- 4 vy s
.

.

.~}:&§ s
i

a

B e
i

.
ST T
Rttt

.

%

=

R
A

iy

4

i

o
l’t .
W
o4

L] ! - ’\
' N : ~ \:-/ ‘
\ ! N
;o - '
Y v ! )
" \ CHAPTER 1 ’
4 ~ INTRODUCTION - '

1.1 General: L . D : | . T

Digital filters have come to play a greatet role in recent C

.

. times 1n signal processing. THey serve the same purpose of Spectrum

- shaping‘ as the analog filters do. Though the analog methods and components

X

have been the primary ‘vehicle 1in many diverse fiel that call for

f.iltering app_licat:l\.\ons, the digital techniques, of/ late, are enteriﬁg \ “'

- the realm of og coiinterparts. This ‘has' been pade possibie by the

tremendous de lopments achieved in the flelds of digital computers

- and semiconduttor d&Vice technology. ' R '

’ The 4increasing use of eigital filters, 1mp1emented by special

purposle hardware, is due to their grefi: potential and 'hence they _are - .
finding more and mor:, appl-ications. The guaranteed accuracy and .
essentially Mperfect; ;eproduclbility‘ eré two of the manyds’ignigicant ' 4

_ advantages to be derived from them. ' In addition, the performance of

digital' systems is almost drift-free and fof t .8 reason digital filtering
has become inimitable. To quote one 1instance, in area like the moving

target indicating (MII) radars analog filtering could ‘be unreliable and

>

R ~ .
hence digital filt:ering :Ls preferable. The absence of impedance matching

[

problem in digital filters makes the design simpler. For very low : -

frequency applicatiana e.g,, selsmic data processing, analog components

~

_may be 'unwiel(_ly,v but ‘since the gize of digital _compouents does not depend

primarily on the frequeﬁey of interest, digital‘ filter is the immediate
. \ . L - . i » .




choice. Digital filters are highly flexible in the sense that t
characteri‘stics can be altered easily by chainging the cofitents of the

coefficient registers. Another attractive feature of dig tal filters is

their time-multiplexing capability.

Different channels can time-share

A2y

v

A - L . - N
- the same main arithmetic unit of a digital hardware. This has the

A\,

N / g a ~
potential of reducing the overall hardware cost. Though there are some

: . : RN
\dis‘advantages in the ugse of digital filters such ag nonlinear effects,

RS

\\ .
. i

[
-~ @

\ © 1.2 Historical Background: -

- L

The impact ‘made by digital signal processing as evidenced ih

VA ' L
the foregoing section is so great that it is worth tracing its history.
The field of digital signal processing emerged 48 a major engineering

A7)

- discipline only in the mid 1960's. ‘The.,availability of high speed digitel

' lcomputere has been instrumental in the continuous growth of the many -
theoretical 'ideas constituting iith\e mein body of digital signal proceesing,
while the overwhelming achievements made in semiconducitor device technology,

. such as the large scale integration (LSI) techniques, have led to the

: implementat& pf digital filters and spectrum analysers by epecial
' \

-

p'erts (11, and xii) the development of a fast method of computing the

\ 1

. discrete Fourier‘trensform known as the fast Fourier transform (FFT) [2].
ha TR
The eignificance of the FFT methord lies in the reduction, by one to two

; .
' . . v . ’ . .
" ' 4 . " ' ’ "
.
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dfderé of magnitude for most practical problems, 'in éomputipg time for

;" .. the.discrete Fourier transform (DFT). ‘ .

Later, schemes Qere proposed for the implementation of digital,
-filters and FFT processors by low priced digital components {3-12]. _This

k . * - ' gave the required impetus, in the 1970's, to the proposition of digital

N " . ~ J . "
¥, . realizations having desirable properties like low coefficient semsitivity, \\
roundoff error and hardware simplicity etc. [13-31]. However, these '
. . ‘ : R
= ‘ realizations have to bé examined with respect Go othér properties like

A a limit cycles, scaling requirements etc.

r

’

R 1.3 Digital Filter Realizations: ® - . S
"

-

As pointed out in the previcus sections the field of digital - N

; , { ' c .
oo signal processing comprises essentially. of two major areas, namely,

digital filtering and spgét;um‘analysis. Digital filtering deéls with .,
the finite-duration i?pulse resp;hsé kFIR) and infinite-dyration impulse

Fa : response (IIR) filters. The spectrum analysis is concerned with the o |
‘computation of discreteAspectfhm using FFT methods. In what follows tbe‘

different realizations of digital filtefs will be discussed. ' ,

~
.

The two widely used synthesis of one and two-dimensional (2-D)

iy ) “ h T
FIR filters are 1) windowing technique, and 1i) frequency Efmpling

' ' technique [32-34]. The desigﬁ of one-dimensional IIR filters is greatly
\} * -

aided by the known andlog approximation methods through the use of the

bilinear z transform. However, not hany procedures are available for

"~

‘the design of 2-D IIR filters [35-37].
é

When digital filters are implemented by means of dedicated

L)

-~
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hardware the coefficient and sigdalhword lenéths are both finité. Wa a

result special care must be exerciaed with regard. to stability and-

a

N .
sensitivity in realizing a filter transfer function. Though FIR filters

ere unconditionaliy stable, problems of staﬁility and sensitivity.arise

in realizing IIR filters. Naturally otie must examine differenﬂggossible

1structures. Conventionally there are three mé%hoda of realizing an IIR

-~y

df%ital filter, nanely, the direct, the cascade and the parallel methods -

(32+34]. In the direcg method ‘the digital transfer function is realized
\.\

* as a single input-output relation, 1In the cascade method the-given
_ trajsfer function is exPressed as a product of first-order and or second-

‘order functions and the individual function realized in the direct form

b
and then cascaded. The parallel method requires the tramnsfer function

to be ‘expressed-in a partial fraction form, then each term realized-in
a direct form and then added. The sensitivity associated with the\girect'

form 18 poor when compared Eo that‘associated with the oiper two for;s.
In [38], it is reported that for any reasonably complex filter with
steep transitiona between pass and stop bands the use of the direct ,

L)

form should be avoided It is further suggested that-from the point/fof
T

" view of roundoff noise3the parallel form is better than the casca

“, N

. and that the direct form should be avoided pt any rate.

. k o
Recently there'has.been great interest in proposingf different

digital realizations‘%ith a view that some bf them might be/fmost

suitable from the point of view ‘of hardware implementation [13-31 62].

cascade structures with second-order sections. In [14] afnew claas of
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which are especially useful in speech researt¢h. Another intereéting type

of structure proposed in [13,21~-28] is known as the wave digital structure

’

and has received muéh attention lately. Specifically, this method is
bdsed on imitating doubly terminated LC ladder structures. 'Instead of

the voltages and currents, incident and reflected voltage or current

s
pu
- .

-

' waves are used as the input and output signals in the wave digital

struttures; Using bilinear z transform, each two-terminal element in

the analog filter 1s transformed to a corresponding two~terminal wave
digital elément. However, direct interconnection of these wave digital

,.elements in a ladder is forbidden, In general, due to the incompatibility

of waves between the .elements. So digital "adapters" are us;E\fo inter-

+

i . N X o
' . connéct the different wave digital elements such that the waves are made

compatible. The use of these adapters in these wave digital structures,

- -
however, seems to make the design procedure more complicated. :

1.4 Frequency Transformations and BP and BS Filters:
All the redlizations that were mentioned in the previous

section deal basically with ioﬁpass transfer functions. vs:fhffunctipns

are realized from‘the appropriate analog functions in conj\ﬁpti%n with

the bilinear z transform. It has been shown in [39} that the correapdpding

, . /
frequency domain approxiimation problems for digital and analog filters s

are equivalent in the sense that one has a solution if and only if the

-

other has a solution. Hence the well-known analog approximations in the

f“'“..r A ‘

frequency domain can be used to design digital filters. This implieg

. ’ \ ¥
_that‘digital\filteis with highpass, or bandpass or bandstop chqra’teristics
~ ' L. N . K
can be designed using the appropriate analog freqpency transforma }ons

via the bilinear z transform. However, it is very laborious to design

———
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‘such filters using the/appropriate frequency txansformations in the analog
»

domain. To alleviate this problem, frequency transformations were' first

i

proposed [40] for digital filters by which a prototype loyipass\ digital
filter can be transformed into another lowpass or highpass or béndpas;/or

,; - - ¥
_J_ )

-bandstop filter. There, a digital transformation of the form 2z “+g(Z

R

is first assumed where g(z-l) 1s an allpass fungtion (of first-order

for lowpass or lowpass and lowpass to;highpass and setond~order for lowpass’

to bandpass and bandstop) and ther&he coefficients of g(z ) in terms

of the known specifications are determined

I
- . L bl
G

Using these fr%t\]uency transformations in the digital domain,
bandpass and bandstop filtezrs have been designed [4 ] from a prototype
- lowpass dig}(al filter where only the center frequency could -be varied.' "
,d)esi‘gn of lowpass to lowpass'and lowpass'to highpess fi.lters by a direct
replacement of *gl by the appropriate g(z ) Js not pgssible due to
the presence of delay~free loops in the structur [4 1. Verylr‘ecently a
- Fettwelis' wave digital structure for bandpass and bandstop filter with

variablée center frequency and bandwidth has been derived with no del’ayﬁ:u

. W
free loop in the digital/structure [41], O A
s T i

1.5 Two-dimensional Digital Filters: )

-
! ’

.The digital structures mentioned so far all aim at reelizing

one—dimensional transfer functions. ' As note'd\ earlier two—dimensional (2-D)

' N
digital filters form an important class to. be studied . The motivation

4
for the study of 2-p digital filtering arises from its wide range of
‘Rapplications. For example, areas such as picture processing.,which

includes ﬁesther photos, air reconnaissance pictures and medical

<
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X-tays.and areas where seismic records, magnetic data and electron micro-

grapés are to be processed call for 2-D digital filtering.

‘ Abproximation and stability are the two major problems in the
design of 2-D IIR filters, though these probl_eims ar€ virtually nonexistent

w

. in FIR filters. . The- design of a 2-D digital filter comsists in choosing - \

L3N

the coefficiengs of 1ts 2-b transfer function so as to approximate a
given, épatial frequency response. Synthesis procedures for 2-D FIR ,

"filt:ers are all readily extendable from the corresponding one—dimensional

1

. procedures [32] However, very few procedures are avilable for the

synthesis of 2D IIR filters [35—3?. After the design, stability test ‘-

’ must be petfbmed Though some stabi/lit:y tests have been proposed [35 42], p

fhey are difficult to carry out, I1f'the designed filter 15 unstable
then it must be stabilized using the available stabilization procedur,e ‘

5}. However, this 18 also difficult to apply and hence the need for .
¥ . ) : , . ’
a procedure which"automat'ica}/l‘y guarantees stability. When a 2-D IIR

'
t

‘ filt:er 18 designed from a correspondd{pg 2-variable passive analog function

via the double bilinear z transform, then the resulting digital filter 1s )
N
stable. To this end a method has béen proposed in [43} to obtain a
circu.lar’ly symmetric 2-D IIR filter transfer function in conjunctionl
wit some, op:timizat.mn procedure. -
v ‘ ’ N 4
So far very little effort is directed towards .the -realization

of a 2—i) IIR filter transfer function. A_continued ftéction approach

[44] has been adopted to obtain different digital realizations for a Z-D

IIR filter tranefer function, However, the seneitivity and roundoff -

‘noise of these structures have not been determined. . \

—— ‘- - ey e g o - s . e e
. T . .
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\ 1.6 Scope of the Thesis: )
*

‘ This Thesis‘froposes‘a new/f&%e of wave digitalgfiiter re;liza;
tion derived from a;dbubly terminated lossles; network. nIt is shown that
for a given aﬁalog network eight different digital realizations are

. pégf;ble, gll being canonic with’respeEE tq both multipliers and‘delays.
Furtheg, a mgthod is proposed for realizing b dpqss and b;ndstop filters

» with variable center frequency and bandwidth us the proposed digital

realizations. It is also shown hgw to dérive the -appropriate frequency
‘transformAtions for digital filters in a simple manner from the analog
counterparts., The floating-point coefficient sensitﬁéity anﬁ foundoff
‘noise of the préposed digital reaiizations are also studied. ‘The proéedure
for the propgsed one-dimensional wave digital realization is extended td
ﬁhe case of a 2-D digital filter realizafi;q.

14

Specifically the topics diécussed are as follows:

’

In chapter 2, the frequency transformations for digital filters,
* ¢ N

derived earlier by Constaut%nides, are eatagiisheq in a very simple

manner starting from the analog counterparts. I order to do so, it is

first shown that a reactance transformation .in the analog domain always

cggrespénds to a stable allpass tranaformation in the digital domain

. ' .
and vice vers§. ' -

In éhapter 3, a new.type of wave digital filter structure is

proposed. A'douBly terminated, loss;ebs network i¢ first deécribed by

a wave or scattering mattix where the incident and reflected waves at

‘the .two ports are related to the voltages and currents at the respective

]

.




' canonic with respect ta bot

dg -

ports through the chain parameters of the network. Then, using bilinear:

2z transform, the wave matrix of the analog network is tranaformed into a

-

chain matrix deacription of a digital 'two-port, where the digital inmputs

~

and outputs are ideptified with the respective. incident and reflected

waves at the ports of the analog network. A realization is then obtained

poiresponding to this chain matrix of the digital two-port. Due.to ‘their
\‘I .

low gensitivities to element variations, doubly terminated L¢ ladders are

cofisidered in deriving the wave digital structures.- Both canonic a

non-canonic digital two~port realizations corresponding to the dif/ferent

serﬁes and shunt elemefts of the ludder are obtained. For a given anélog '

network eight different ital‘fr alizations are obtained, all being

multipliers ard, elays.
Using the results of chapters 2 and 3, a design method is
proposed in chapter 4 for realizing bandpass and bandstcﬁf’}digital filters.
iu,,

In these filters the center frequency and bandwidth c‘aq be varied in-
dependently by simply varying the multiplier values. A further advantage

of this realization ,is that a reduction in the total number of coefficient

registers is achieved,

e

v

o &

'

- The floating—point coefficienr. gensitivity and roundoff noise

analyses of the proposed wave. digital structures are detailed in chapter 5.

°Ij‘0r sensitivity analysis an rms value defined in [60] is ‘used to me asure

v

the deviation of the actual frequency response from the ideal one when

. - ) .
the multiplier coefficients are.rounded for implementation. The rms

AN
\

{ .
value go defined is computed for second-order and seventh-order filters
. , A - :
realized in the 1) conventional form and 1i) proposed wave digital

form. It is found that the proposed wave digital realization has a

. . . o
- - ' I

- ‘ L N /

M XYREL 0
FERad ‘f~';‘ .

e
Jr"




"fil‘ter is studied by‘" simulating it on-a ‘digitgl computer. It is found

‘str\.lc;ture [60]. ' 4 ' : (/

An example of realizing a circularly symmetric 2—1) wave digital filter =

Cos10-
' ’ i C ’ ' ’ ' V
- o

", better set{sitivitythan the éo:wenti‘onal form and is ‘cémpax%able to.

., Fettwels' new structure JAO].'- The roundoff moise for a %nth—o‘r\der ¢

- . <

that-~the proposed vave digital realizations have a higher signal to noise | - '

ratio than the conventional structure and is comparable to Fettwels' new

t

Finai'ly “in cha;iter 6, the proposed one-dimensional wave digital

realization procedure is extended to the case of a 2-D digital realization.

: ¢
is considered, where a proc‘édure is outlined as to how to go about c\hoosing
- . . ' ’ \
a particular network structure and then obtain the element values using

¢

é\knqm} optimizatioﬁ(procedure to approximate the desired apa\t::talfreqmam:;'~

response, ‘ Contour plots for the magnitude response are obtained for

" 1) the’wave digital realization and 1i) the direct form realizing the

+

samé_ 2-D transfer: fuhctiop. The results show that the 2-D wave digital &

.8tructure exhibits much lower sensitivity ﬁ\multiplier _cdefficient round-~

N

ing than the direct realization,

\

4
o oa
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CHAPTER 2 = ™~ )

. FREQUENCY TRANSFORMATIONS FOR-DIGITAL FILTERS Lo

2.1 1Introduction:

”

The frequency transformations in the analog domain are well

knownv[53]. A prototype lowpass (LP) analog filter may be converted to4

\a highpass, (HP) or a bandpass (BP) or a bandstop (BS) filter using ‘

appropriate frequency transformations. These transformations preserve
tn;ﬁ;)slc characteristics of the amplitude response, such as ripple
magnitude in the stopbands and passbands while changing other character— . A

istizg\euch as the cutoff frequencies or tEf number of stopbands and
passbands. Co t “ o o
|l ' " <o . .

) 4 : ' ' _ A -
Constantinides [40] first probosed-a set<of frequency trans- '

formations in the digital domain whicb play the same role gs the frequency

(transformations in the analog domain. He first 'assumes a transformation

’
[y

of the form z-l e g(z-l) where g(z?l) is an allpass function, then . : :
e} . .

1

determines the coefficients :?f g(z—l) from the known specifications. .

wWith, the appropriate g(z ), one can design another LP, or a'HP or a = .

BP or a BS digital filter from a prototype lowp;ss one by a mere sub-

., stitution of z—l by gz~ ) in the prototype filter. : -

- The purpose of“this’%hapter is to show [45] that'all the ' CoL

" spectral transformations due to Constantinidesiare deriggble in a'simple;,

. , . ' -

. ‘
. T . «

At i o e e et o =
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Al straightforward~manner.from the well known transformatigms in the anale?
“ ‘ ' v

domain in conjﬁnctiqn with the bilinear z transform. It is shown [&Sj

* 7 further that a reactance \transformation in the analog domain always

~

. d
,corresponds to an allpass transformation in the digital domain and vice .
%ersa.. These results are used later in Chapter 4 to.obtain BP "and BS

filters with.vafiable'cenﬁer frequency and bandwidth by varying the

'mdltiplier coefficients.

-t )
'

2.2 Derivation of~the Frequency Transformations for Digital Filters:

.~ ) i 5 '\ V'J
It' 1s well known that digital filters may be designed using -~ - - '

the known approximation techniques for the analog filters through the

bilinear transformation [32434]

ot * -

In view of (2.1), it 1s also knoﬁn.i&at'

w = tan Qr/2

where u # frequency variable-for the analog'filter;

Q= f;équency Varigbie for the digital\filtér; and

)

T = sampling period.

1 -

af

'Let H(z—I) be the transfer funct¥pn of a given prototype
gital filter. Let the corrgdpdndiué prototype analog filter obtained
‘ﬁy using (2.1[,‘thac is .
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‘ . 7 i D 4 = 1+s . Z' ~ ~ €2-3)
" be ‘T(8). Then ° L o . _ :
~‘ R ' ' N \ ‘ \' * ] ' . ‘,

T(S) l+s) ' “‘ :'(2-4)

- Now, .let us Htrahsform the prototype analog filter (2.4) into another

filté: tht:ough‘the reactance transformation ' ‘ oL J
v . - . N ’ o
s » £(3), ’ E - T(2.9)
.
B o, ‘ “ . ‘

@
~

" It 1is well known that éuch a transformation preserves some'importaht .

basic characteristics of the amplitude .response (such as ripple magnitude

in the stop. and pass bandd) whlle changing other characteristics (such 7\

Y

as the cutoff freqpenci’es or thé number of stop and"pas'.*s‘ bands).

‘ o ' N L . s
- The transfer function of the hew &nalog filtar is’
- . . | :_ . - 1-£(s ' '
. Tl(s.‘) ' T ‘[f’(s)] : H[l+f B)] m(2.§)
Let the ‘correspoﬁding digital filter obtained by us'ing‘_(Z.]g be o
N . o yoo .
: H (7)) = T,(s) @0
1" 1 1 “
. : 1-z :
F , t" gm= — * s ’
- . . 1+z . q .
Hericé ' ;
FI. .
ﬁ‘ e , “ ." ‘ ‘:
. ‘ ) - : n.‘, ’
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- - Lo -1 1-£(s) o . <
AN - RED RO S N
o - \ to ' l+z-‘.1 ’ o
Co . - ue g, say 4 RN
- _ _ gz )@y, say o -8)
° where . ’ ) ) ‘ "
. . _1 \ v
. —z +
N , . 1- £ ) ) :
i ‘ g(z-l) - lﬂ‘f N ‘ . (2.‘9)
Ll
. . - 1 +mf(i'——z_~i)
N :!.,+Z .
O .« - Next we show that, when f(s) is a reactance functiom, .
_’1 % . - LY ’ » ’
g(z ) - 1is an allpass function, Let
- ﬁgsz - . o
.£(s) D0s) . o . . ‘(2..10)
w .
! ) . . ‘q N . - 2
where N(s) and D(é)}mayebh‘éither odd or even polyﬂomial. So,
o 1-£(s) _ D(s)=N(s) '
W -£(s) . 5)=-N(8 ; 7.11) .
: 1+£f(s) D(s)+N(s) . ( ) £ -
— \ Y - N ' )
wy ' : . Let, s=s_ be a zero of D(s) + N(s). ‘That is, o0 :
B ND(so)k + N(so) = 0 o (2.12) .
‘:.- L) ’
-~ - ‘ Then for s=-s ', ! the ‘numerator of (2.11) 18 D(-s8_) - N(-s ). . When
Wz‘ . . o \ [¢) ) \ i [N .. [« 2003 [oX .
. | D(s) 1s even a‘nd N(s) 1is odd, then ' .
v ) ) 3 . . )
. ~ 3 w . N
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D(-5)-N(-s ) = D(s'o)m(lso') =0 . (2.13)
L Yo

@

other hand, when D(s) is odd and N(s) 4is even, then
P » 4 - ¢
i

- -
- B e

. D(s)N(=s) = -D(s)N(s,) ) 3 ;

.

- . . N - +
) ?,,,‘D(So) N(so))
f;—-mi".“\\ !
e ™SO
=07 T

[ ' -
Nt
1 f T
‘ ~
~.

' ‘ * - \:?""‘““\q "“1’;:
) 1-f(a)

Thus, in either casefﬂ-ge see that if s, is a pole of m , then -

N
N

&

-8 is a zgro of the same function. 'Since  f(s)- is a reactance function,

4 o by

. 4 R N -
the poles of %—g—%%%— -l1ie on the. l.h. plan\e\ and hence the poles of g(_zfl)
. @ N - Y - )

1ie on the interior of the circle |z| < 1 while the zeros of g(z—l)‘

v ~
- ¥

1ié on the exterior of ttyxe unit_cir’cle. Further, a pole of g(z_ ) at

~ -

z=z  has a mirror image zero at ,z-l/zo am? vice versa. Hence, g(z-l)
" is an allpass function. { >

M [F
® +

¢  Thus, given aiprotot:ype digital filter H’(.z-l), we may obtain

4anot*:her digital filter by using the spectral transformation,

\
. ) Ve Nem
P

Voo ' >
o ‘ s g7 h (2.15)

b s
- ~

- . . N . Fo
) vhere g(z l) is an allpass digital filter.” This tramsformation again

retains the basie amplitude characteristics while altering other character-
istics such as the éu‘toff frequency, the number of pass and'sto'p "bands,

<y . )
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Using equatio

by Constant‘iqi\des [
-

40).

"

~ . . . " - i , o ) ) . '5.
Consider first a prototype analog filter having a cutoff fre‘qéencx .

of W, and let Qc be the cutoff frequency of the corresponding digital'

filter. Now let o

8 and ﬂ

) - (a)_ LP-LP Transformétion:.

'

(2.9) we may now

2

PR

‘\ietive all the results given .-

& . \
8 be the cutoff frequencies of the new lowpass

analog filter and the corresponding digital filter. Then,

N

. b
1

.

. ° U)c
: £(8) = ‘(-U;;). 8

4

3,

\

Eqn. (2.17) can be rearranged to-give

w ~1
1- (S LoZ
Y 14zl
. . )‘\4
w : -1
' B. 1+=

s

o

. g
/“.
© -
~ .
‘
y
(2.16)
e;)’ ¥ ’
. -
&
(2.17) -
%

o8
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:} s g } . ¢
- 2 Y I
W ~w sin(—= 8. 3T ;
o= —L8 2 ’ (2.19)
- mc+wé Qc+ﬂs . *
v - . - sin(~——5—)T .
2
4
1 Ay * ,
B * w . ' ‘ k4
N () LP-HP Transformation:
\\
1 - ’ . *
*: v - Next, cons\der a s to highpass transfogmation.. Let
£ ‘. . .
w, . any’ u?s‘ beéthe critical frequencies of the prototypes lowpass analog
. . p ~ ) . N “ y .
& filter* and the resulting highpass® fﬂt:er respectively. Let Qc and »
’ “DB ‘be the corresponding ones for the digital lowpass and highpasé filters.
, . Lo .
Ve £(s) -0 L (2.20)
Y \ cB's .
s - & D _
,'. ' ! L ) N
. .-t and using'(2.9), we get .
- g
. \‘;' ’ \ :
. .é;d . , - - _l - -
) + N
/ H = o.ug - 3
. %, - - .
o . . . gz hH. AN L z—l €2.21)
5“ * . - 1+ usCuSB ‘l+i_]:- Y
&N CT ' .
& = : .
g‘“ Equation (2.21), can'be rearranged to give -
3 ~ ‘ ' \g.(z—l) - (Z__""_’._l.) . (2.22)
F - . - - Itaz -,
ig;ﬂ , a -\
E ® - . , ,
g e whére * .
. ~ I ry n T ‘L‘. B z “
) Lo ) e e . ‘ .
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Pl it SEPL S CTPF R LI

* “ - o
%“1) 39 a .
- x[.” \ 8 ) ‘ I v
o v o= (2.23)
. N s L . ' .
- 'ns./\ - E . s
y e ' .
s .
: - N © {¢) LP=-BP Transformation: - . S -
s LAY N < o
. . LIS | ; C
R oo Now "let us determine g(z ~) for the bandpass case. Let w,
" and "ﬂc “be the ‘cutoff freqﬁencies of 'th, prototype analog ahd corresponding
- X d&gital lowpass k}lters. Let Wy @y anfl W, be the center frequency,
* " the lower and.upper cutoff fr%querﬁzies off analog bandpass filter. -
, . Let Qo’ QI and Q2 be the correspond h'g ones . for the digital bandpass
o filter. Thenm we known that the analog lowpass and bandpass transformation
3 s [53) _
; .
.:: . s ™
-/( ER I
. 0
. . f(a) w T - (2.24)
. . ) N
. where e ’ - B
o * ) ) N
Yo T » B =uw, ~w.l " , N (2.25a)
LR S : <@ ' ‘
i . -
and N K ) o
. W = ww, . (2 .‘25b)
- ' . - , ;
Hence from (2.9), the transformation needed to convert a digital lowi?ass
' ' to a digital bandpass filter is . ' , ‘ ' -
":,_‘\ ' . . . * a ' . . N ) ( . -
v . .; R . ¢ - . N
. ! . 2
- * ~ . - & /
-~ i :h‘ "‘;

.

~d

.. " e
v e et o TN




‘ R - . . : o \ ' ,
i - 19 - . | T : .
- L e 1,2, 2, 1.2 |
' S 1- -};—{ (1-z ™) +w°(1+z )} "
. . 2 .- .
- T g(z7h) = — 122 > ) .. (2.26) .-
o | , / F e e h Ak ~
x . . 1+ =< } -
- . ; B .2
. . ; - ‘ 1z
- : i
ar ,
'z""l 2(11( "'1 + K“l 'si
P SO K+l K+l - S oy
_ . gz )= K1 22 _ oK -1, (2.27)
. - P K1 K+1° ; o ’
ki
\" where ' ' '
. . . K s
8 Al—wg . 4 .
‘a = 5 = cos (QOT) / . (2.28)
o 14 ‘ ! |
P Q -
- . o . % ’ ..- ~ . N " . - . .
o Lo e szT : QZ'-Qr - \
- _ K = ~— (l+m ) = tan (——-) cot ¢ )T (2.29)
4 ‘ L
" Equations (2.27), ‘\'(2.28) and (2.29) aré identical to those given in [40]. .
:E;. “ \ -
) ' ) ' . (d) LP-BS Transformation: - ' «
‘° . ) ‘ . Finally, we consider the lowpass to band-jelimination' &ansfom’ation,
" Let ldc and Qc be the cutoff frequencies of the lowpag‘e analog filte:;
W o . and its corresponding lo@ass digi.tal filter. Let mo,'wl - and w, be
3 Q " the center frequency, the lower and upper cutoff frequencies of the analog -
‘bdandstop filter, and let Qb’ Ql and nz ‘be the corresponding ones of -
N ¢ N . LY o
e
‘. \ ' . -
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the‘ban‘dstokp digital filter. Then, the required lowpas# to bandstop
, S ..

transformation is [53]

The reférg . fronﬁ«'(ZL 9), -

y A

L.

and

)

A

.

s

gzl =

<

» .
Y :
‘f(s)(,= w B L
. c 82+w2
N &
® B(l—z‘-'z)
1- < —_—
(-2 Dl (427
w B(l—z-z)
1+ Lo

(1—2_1) 2+w§(]q.f:z—

", Simplifying (2.31), we get finally
. . - &

\

1)2

22 _ 22 -1 1K
1+K 1+K

1-K -2 20 -1

S v e

\

QT
2

¢

- = tan (——) tan (

!

2 .

[*] o R
— = c?g' (QOT) .

[o]
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2.3 Conclusions: ‘ . ;

' Thus summarizing,“corresponding to. any -transformation s-f(s)
an analog filter, the corresponding transformation for the digital , .
. ] . .

filcéi_is z-l*g(zfl) where g(ztl)~’is given by (2.9); if £(s) is a_

.
. .

- " reactanceé function, then g(z-l) 4s an allpass function an

%

d vice versa.

In. the latter case, f(s) may be shown to be

B

. ) N —i ' : N i ' u‘;,
‘< L gle) m(-LECZD, : (2.35)]
) +g(z ™) 1. 1-8 R
v L # l+s ‘ ’
. \. y N t
"l
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CHAPTER 3

A NEW TYPE OF WAVE DIGITAL FILTER L ' T

.

- U
3.1 Introduction: ) ’ ‘ . \ .
There has been a yreat deal of effort .directed towards the :

realization of digital filters having low sensitivities to multiplier

[13-31) [13,21-28]

variations. Fettweis~ proposed a class of digital

filters known- as tbe wave digital filters which exhibit much legs -

'veriiifona in the fran fer charecteristics then the conventional.ferm
: '[18,19)

of digital filters\do./ Using Fettweis' technique, Renner and Gupta
have given procedures for designiné digital filters patterned after

maximum available power.(MAP) networks.

»
N - “ .
Fettweis' method is based on imitating the ‘doubly terminated_
'
LC-ladder structures, Inategafbf the voltages and currents, incident and
“ - ) -
refle€ted voltage or current waves are used as the input and output
signals in wave digital filtexs. 'Using the biiineaf F transformation;
& r .
each two-terminal element. in the analog filter is tgansformed into a i

corresponding two-terminal (one-port) digital element, with the incident
. N ‘

and refleeted waves as digital input and output. N

- s
~

ﬁhen different digital elements are to be interconnected to

' form a ladder, the port resistances of the different digitel elements

mst be altered igﬁgfaer that the incident and reflected waQee ae different

ports, which in turn implies the different port voltages and currents, ‘.

« be compatible. In order to achieve thi&/ Fettweis uses "digital aﬁapters

¢ d >

A
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atf the appropriate placeE"B,) as to malfe the waves at different ports

comp%tible. However, for physical realizability condition, the resulting

\ ). -
¢ digital structure must have no delay-free loops. In Fettweis' method,
: . . L ) '
when the port resistances are arbitrary, then dglay-free loops appear

oW

'when differef;t ports are in;erconnected.[lal .To avgid this, extra delays
(called ;he‘\mit elements) héve to be inserted bet;aeen the ;)orts of the“
adapters .' This results in ‘Btrli.tctures'which are nonce;noﬁic in delays and
mul.t:ip]liers. Later., by constrainix{g the port;. ré‘sistances to, have a
definit;e rel’af:ion, Pettweis showed that the struct'u\ra obtained thus wilvl .

be frpe of delay—i'r‘ee loops and hence physically realingle‘ while {t is

.canonic in both multipliers and delays [21].

~

- . We propose here an’ alternate method of realizing a wave-digital

P

filter étarting with a doubly terminated\ lossless analog two-port *

[
network '[46]. The lossless network is firsts described by a wave or
scattering transfer matrix in which the dncident and reflected.waves at )

“the two ports are related to the voltageé‘nd currents at the resp‘ecti‘vej

" ports through the ABCD matrix of the two-port. Then using the bilinear

z transform the wave matrix \%f the analog network is transformed into

»

a chain matrix description of a digital two-port where the digital inputs
and outputs are identified with the respective incident and reflected
waves at the ports of the analog network. A realization' is then, obtained

corregponding ‘to this chain matrix of the digital two-port. c ‘

4 .
‘When. the lossless analog two-port is a cascade of two-ports,
< N ( ? 4 "
, then, the overall wave matrix is- the product of the wave matrices of the
S \ , . L ,
. indi{vidual two-ports, Hence, the overall chal@mtrix\of the corresponding
“ LY
¢ ) - ~ Panad
. T !
AR B e MR e

=
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-

digital two-port is the prpZ::j of the chain matrices corresponding to

submatrices may be realized and cascaded

§

the ‘individual tyo-Perts.
without the n;éay
realization. In order that the resulting structure’be‘physically'

realizable, 1i.e,, the présent outfut sample be computed from the present

v

* and past input samples'and past output samples, there should be no delay-
N - v

)

. .o . . . [
* free loop dn the digital structure. It is possible that a delay-free

! - N

s Ty : o
loop may exist when digital two-ports are cas®aded even though there may

be no delay-free looé in the individual two-ports. However, 1f we ensure

~

‘that there is no delay-free path between the input and the output of
port 1, say, then no delay-free léop will be presegt in the‘ovefall
sttucﬁpte. Hasyag Fhis {act; in ;ection 3:5 c;nditions on the pért \’
vtesiétahces are/derived such that -the resulting digital reéiizgtion will

9ave no delay-frée/loops The resulting gtructure’will also be canoﬁic

in“t:h delay‘s and mult‘ipliérs. . ., . . s ‘& .

3.2 Characterization of the Wave Digital Two-port:

\
X

- Consider Fig, 3.}, where the black box N mayICOntain an
* interconnection of .linear elements. - Now define the wave variables.

(a,,b,), 1=1,2 by

Fo) r~ -
& 11- R v, T ‘

: - ’ , NER TR
' ‘biJ 1 -Rid I '

7

for any 'adapters' to,obtaiﬁ the overall digital .

-




are arbitrary port normalization constants at ports 1 and 2.

1

‘

The voltages s

and currents at the ports 1 and 2 of N are further related bfr ‘the ABCD |
. . .

AR Y

matrix by K TR
e . . . ‘ i
R o N~ (2
, vﬂ A B v, | .
- j (3.2) i
: ' D| |-I . ;
, ) >
. e ‘
. Using (3 1) and (3. Z)f( Wwe may now express (51,51) in terms of "(52-,52).
RN o % |
W f;;. e ’
. \ oY . .
) ‘ ., : Tt ~ . -~ . ~ ~
S |8y o A ‘bz 52 | . ‘ -
- o=l o] = RENER T
. ! k122 a,
g ' ¢
where‘ - //‘
. L
. A#RC:  BRD
T + . ‘
2 xR, .
h 0 N -
2 - A+R.C B+R.D
s JARC MY
2 ZRZ ~ .
DAt . A—Ric B-R D B (3.4)
R R T %
" o
Lo A-R)C _ B-RD :
2" T, .
o . . 7 - -
It may be observed that the determinant of [F] is
- . Q R L Y
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|7 -_;1;— (AD-BC) o 3 L (345)

n general, the elements of [F] are functions of s.’ If we now use
the bilinear transformation {32-34)

- Cael ‘ o
. - Lt - / 3.
| s é\. ‘ . (3.6)
: o and identify a; and a, with the ioput, and b, and b, with the
) * ' output variables of a digital 2-port [52), then we may recognize (3.3)
- ' : ““P the chain matrix description of a digiﬁal two-port. " We shall write
_ "(3.3) with (3.6) substituted as
< al U b% - - b2 ) ‘ o
- "= [F) . (3.7a) u
. \ t.,.l v k 3, a, . :
, ‘&%"“ v{here . . .
- . {F} = [F] L (3.7b)
® . e o vith e= 237 - ey I
A G ‘ ‘ - ‘ - C

1 - ’

(3.8)°

2

Rrk N with port resistances - - ‘
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Rl and Rz, we ‘may describe a corresponding wa;le digital two-port N,

>

3
'

whose chain matrix is given by (3.7). It is clear thatfi N is 4

~

cascade of tinzports, Bay, Nl,ﬁz,:..,ﬁm,. then th espondihgodigital

b
t

—

two~port is the cascade of the dlgital two-ports ‘ Ny ’NZ””‘Nm ~whe|;e - -

Ni 1s the digital tt;m-port corresponding to Ni; of coursé,} it 18’ \/ .

.

assumed here that the output-port resistance ¥ N; 15 the same as the : .

g « input port resistance of. N1+1‘ ' b .
: : - T p
3.3 Réali.zg‘"tion‘of‘ the Digital Two-port: . N
' / re

J We shall now consider the realization of a digital f:wo-pgrt

) - st?rt:_ing with a doubly terminated analog metwork N '(Fig. 3.2). It

1s seen from Fig. 3.2 that , - L .
. ..‘ . , (‘
\ \ vl. - vs-IJRs :»(3.9) ‘ -
“ v‘ . * o : - S B ' ‘
.v2 -' _IZRL \ (3.10)
. . R
o _ ' I
'ﬁet{ce, from (3.1) and (3.10), we have \
: | -~ o
S h ~ > N = .
e ( a, =b, ¢ \/ oGan
.~ , : RN e
" and \ . - ‘ ‘ )
- -~ 2v2 o :
A, : b2 - m » - . (3.12) \
where - - )
LY N _R - '
) S : ,
| ¢ RL"'Rz‘— -(3.13) .
. . N J ‘ | l 4
. L}
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9] o - A 2 ‘ . .

Also, from &3.1\) and (3.9), we have

- N ~
. .

. N a1+6b1 = (1+8) a

’

\ ' - Hence, ) ' <.

i . PN .o ~ : .

»

": \) | -—g- - 2V2 - 2 v2 '“
. ~' (. ' . ¥ Bs (1+¢)V. . 14+ . Vs g '.:“
‘ : >
- Also from (3.3) and (3.14)3"

' - , (u+x’¢)b2 = (1+8)a_-8(v+ek)b,
) - \ ) ‘ . . '
or, SR S
. 22 1+8 ! '
. a,  uHAG V8 + kep - -
- ,, . . Do :;3 .. ;
‘ T If we denote
e | LY
’ v . . .
' ) N “. —2— - 2:—1- A
S H(z) s v with s 21
8
.;hen' -~
& N
N .
\ | |
’ ¢ 1

R / 7
o LT TRER
e ) ' . ‘ ' i ..

.
~
——
e,
-
.




\“

-t

-

~with s = 21 .by using Fig. 3.3, where fhé digital two—po;'t N is

-2 H(2) ° o S . (3.2Qa)

\
b ‘g

:3. - 1+6 ' - '(3.20b)

S IRV a u+x¢+ve+ke¢’

a, = b2¢ . - (3‘.20_c)

' - a . .
A / u —

a = (],+6)as—eb

©

1

(3.204)
oL . : : '

-

.

The correaponding realization ia shown in Fig. 3.3, where N is the

~

. digital two-port cprresponding to. N.

v
Thus given the realization T(s8) = ‘v—?— as a doubly terminated
: . '8, ’ v
two-port N, we can obtain the corresponding realization for H(z) = _vl
’ ” 8

i

z+1"

obtained from the correspondfhg analog network N. '
o . i ! v

Thus given the realization T(s) - :;2“_ as a gloublvy.termi‘natea )
two-por: ~l~i, “v‘z‘e‘y.can oﬁtain tha corresponding r:alization fo;- H(z) - -:3—
with e = Ez;‘-]!:— by using Fig. 3.3, where the digit;l two-port N 1is ;
obtained from the corre#ponding analog network N. ’ N /g

J

Until now we have not made- any assumptions about N. However, .

\
R4 \

. B é{we shall assume N to be a 'lossless ladder since it is lgﬁ_mm\[lﬂ] to

h_a\’ve very low senaitiyi:ty with, respect to elémeixtg variations, Then the

.- . - 2

A




Digital 2-port ®
N~

-t f

FI1G. 3.5 -~/ 'The d;i,éital 2-port realization ‘corréspondiné
PR in Fig. 3.2.
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. series .elements can only be an L, C or an LC-parallel circuit , while

' *
the shunt elements can only be an L; C or a series LC-circuit . Thus,
it 18 necessary to derive -the dfgital tﬁG-—pbrts corresponding to only
these elements, which we 'shall do in succeeding sections. Thén, we

may cdscade them to form N and use Fig. 3.3 to realize H(z).

o

3.4 Design of Diﬁital Two-ports Cb‘rresponding to. the Case Rl-RZ for all
W . B

the Series and Shunt Elements in N:

shunt element by Yb(s).‘ Let Zl and Y2 represent sthe functions

with 8=(z-1)/(z+1). Then for_a seriea element Z,s he digital two-

o

por® description 1is ¢

. 5

v

-

Ahy reactance function can always be realized in Foster's I or 1II form.

v

~ B -
* PN e
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‘ Aty
‘ he R 2%, . ’

RS ¢ TP SR ¢ TP I

while for a shunt element Yy

4

vhere o '= (2B-L)/(2B+L)

}
1

(al-az)

.(al-az) ' )

1 |2 "2 2 2
. - - (7]
!::1 vy kz az ’ e,
where
r N
. Y
U l2* (66
2 I
Y ' I 3
N + ‘Gl Gy)
2 ,2Gl_ :
JD
T vy ™ (Amug), ey = (1-3y)
‘In the simple case when Rl;ﬁzvl (say), (3.21) and (3.23) 'nay‘ﬁg re-
arranged as 3 ‘ ‘
1 . . ‘ ] (lzaa ‘(l-z"l)
Y . N bl -‘.2 + lwz'l
- 0 &S a-h
- — bz - al -. ‘1

(3.23) \

Y,

’
.

b

T - N . X .
. [P U
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” . ' . for the series element, and

- | . - &S aeh

| ) b, = g, ~ (a,+a,)
| , , ‘ : N 2 l+oz + 12
&S a-2h - J 6as
. N R R =1 (a*ap)
) I+oz

' , . where o = (26-C)/(26+C) . ‘ .
) for the shunt element, For illustration, the corresponding realizations )

are shown for series L and shunt C in Fig. 3.4(a) and (b).

| . . Realizations for series C and shunt. L may be obtained by changing

z " to 42-1 and L to 1/C in Fig. 3.4(a) and (b) respectively.

4 R . .
Similarly, realizations may also be obtained.for a parallel LC in the
serlies arm anci a 'seriéa LC in the shunt arm. It should be pointed out o . !

that there are,no' cdgjlay‘-free loops {n any of thesq' realizations.

However, when these are cascaded, delay-free loops appear, a situation
. . .- - ' 3
\ ' which is similar to the one encountered in wave digital filters discussed
in Refs. (13,18,19].. In order to overcome this difficulty, we introduce

an extra delagy element either in the forward path-or in the return path
“ /‘_‘\
/‘
where two sections are casgcaded. It should be pointed out furth*r that .

"o

one ahm(xld qlways choose eithet R-&L tor’ R-R "in Pig. 3 2, 8o \hat

“in Fig. 3.3 either ¢-o or. O=o0 in order to ayoid a &elay-fren ioop/"/

i — . .
s, N " . . . .
. ip the over‘hll.struct}xre., However, this results in no loss of gengral;ty,.-

e N
« A}

"“To {llustrate the procedure a design exanple :la considered.

L 'I'his is taken from [18]. Let it be required to design a third-order

~

lmquu Buttervorth filter with' a cutoff frequency. oflr 100 Hz. and




2

'

s = (2R-L)/(2R+L)
Y ¢

FIG. 3.4a - A digital ,re}alizat:@c-n for the serles induct;)r where R
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sampling frequency of 10 KHz. Since the bilipear.z transformation is °

-

" being used, the cirticd‘frgquency must b’e prewarped using [32-34]

3 o . NDT _ ’ N
. - uSA = tan (—2—9 ‘ K J (3.27) .

M v

RS

. - N )
where 8y and up correspond to the critical frequencies of the analog - .

" and digital filters respectively. The analog filter is sl‘lowﬁ in Fig. 3.5,

with ﬂits corresponding digital structure in Fig. 3.6. In order to l
examine the effect of quantization of the multiplier coef:!jficient;s, ;;lots
-of the magnitude response df the wave digital filter of the abo‘;e e\gch:ple )
dre shown in Fig. 3.7 for different levels of fixed-point quantization.
To‘a‘ nizzke a valid comparison the same ’dig’ital,transf‘e‘r function is‘realized
in the convent}on‘al cr’asca\de lform'agwghown in Fig. 3.8, and its correspond-

) 1 ) . .
ing plots are shown in Fig., 3.9. From the two plpts, we .observe that

~ v

the shift in the magnitude response due to coefficient changes is less

for‘\the proposed-wave digital realization than for the conventional

r

- cascade form. It is found that for this example, realization is possible

e.ve,n with word lengths of .5 bits for multipliers .by 'the p)rbposed met‘ho\c\l

-
e

'whil"e a minimum of 15 bits are required for the conv'en;iorigf‘cascade jﬁrm

' and ]..O‘bits for the Fettwels' st:ructure._\The different parameters of\-
interest are 1119‘1:ed: in Table 3.1. Rrom the entfies in the t;ble, we
~c:l::gerwl/e that the proposed wave digica fil;eir realization 18 more désirat;lg

than the conventional cascade form and| comparable to the Fettweis'

v
o

realization.
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3.5 Canonic Realization of Wave Digif:al Two-ports:

¢
l

Unitl now it had been assumed that the port resistances R, - <
were, equal for each of the individual two-ports in N, Under

and R2

this condition, even t{hough the corresponding digital two—ports had no

.

dealy-free loops, cascade of such two~ports had delay-free loops. 1In

order to remove the delay-free loops, we had to introduce extra delays.

R *Ry»

digital filters which are ¢ :onigq ylth respect to both delays and

-

We shall now show ‘that by relaxing the condition ' we can obtain

NS
 multipliers [46). , ’ .
. ‘ - i »
The digital: two-port “descriptions correspondiug to series and
shunt elements are respectively given by (3.21) and (3.23) and may- be ]
rewritten [46] as - . . i . )
. ‘ 1
. ] T N
. by ‘= a, + ( ) (a;-a,)
. . ) |
| 4 . (3.28)
'l b, = a, + (—-I) (al—az) i o R
for the series element, and d '?}M y
B} 4 i :
¢
. ~ V ' P
| bl = a, fo+ ( ) (a 2 2) . _
\ - ) ¢ 4 L. ’ A
) e ‘ (3.29)
- L ‘ ' : V™

1, s
bz - -32‘ + ‘(-‘;) (81"'082) - . . :

N ‘ - -

vim ¢




order to ensure this, we should make sure that the numerators of (Tl—]:) T

" In this case the digital two-iiort 'ﬂescript;ton becomes - o

- 44 =

for the shunt element. . These may be realized as shown in F:lg. 3'10(a)

!
and (b). It is seen from these figures that there are delay:—free paths

fr\gml a, to b2 in the realization of both the series and shunt elements.

i i S L

o

Thus, if (vl/ul) and (L-%) are made to have no"delay-fre/e paths, then

2
. s
there will be nQ\delay-\free paths from a, ) to_,‘bl; as’ a conseﬁuer}ce,

. . b
there will be no khy-free loops when two sections are cascaded. In

v

. . . o . '11
v O B B C C
and (TJ_Z-) should be of at least one degree lower in "z than ‘their - ,
corresponding denominators.' - . , .
. + . “ . v N \ N ‘ﬂ A
We shal§ first show how we can achleve this .for a ae‘r;L"ee L.
. '.‘ . . . 5 . o
For this element, we may write oo ' ‘ -
Y z(R +L) +- (R -R,-L) T A
= - k‘ i (3.30) : |
1 z.(R2+R1-f-L) +‘(R2 R;-L) . . T .o
. § € ) '*\:
To ensure (-u-];) to have r;o ’ﬁeiay-free paths, we set - e T .

R,-R#L = 0. ., or BRpe L Lo @3 g

e

~ [P - - ’ - -
! - ~
~

. A
N/\J . . .. .
<y -
v > N "
. ot 1 -
B N [ . 4 . '

\

._SE’:_L_ SR
bl -‘ /+ L)z (31-32) e - -:
' : . ‘ ! 3 ": " ‘ .» /
oS . — s ‘ \ ) » i i R . _» , (3'32)_ .
b, = a, * ——‘—’Q—_Z_T)—D (a,-a,) ; .
(\ . g © 4oz
. % X I ‘; .
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PIG, 3.10b" - The digit’al ‘,Z-port:rqa'li.z‘at\ioxi o}vquétion
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K “here | : ' ST .
l. 'ﬂ ' RZ .’RZ (’ ‘ —— (3 33
: | TTR R/ : +33)
N - L4 L‘
A realization for (3.32) is shown in Téble"3.2.. e
‘ - . L .
~ For a shunt capacitor, we have fromr(3.24)_.‘
P ' v, (6=6,=C)z + (G1=G,#C) ‘ )
; - %g' A 1l 72 (3.34) - .
r Lo 2. (G+G,+C)z + (Gy+G,~C) e
,‘5;“ u . -
oy . S : : '
o In oxder that ;l— have no delay-free path, we-must se
?»;: 1 \ ’ 2 B " ' ’ Al ) - .
AN “in &
. /‘ , . A}
. ! - =C = U
: 6,~6,~C = 0 .
~ ) \
or a ’ (3-35) .
o * Gl = G2+C * ) ‘ ’
L] - Q d}q": a
P h * ‘ v ‘.
S Then the digital two-port description becomes o }
o ‘ ° . -1 . , Lo, '
by ‘2“"*%"‘1’"‘2")‘ K S
. 1+oz ' . ' .
e : ©.(3.36) *
) Lo J‘b . +. 1+z—l ( . a) ‘ >
. . = g . (a,+a,0) - !
K ' 2 2 1402z 1 ’ 81 2 ) o '
. X o A % A,
S where ° - } 2
-‘4" ' . ) 'V m [ A "
L o = Gyl6y ) S P s (R
' A ' '] B 4 '
: . . ) ¢ * ! f ! .- ) \
.4 ) '—‘ ' !
- . Ty \ \ r
‘\ ] - ~ ) !
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A

Y G . ) ' o S
A realization- for (3.36) 1s shown in Table 3.2. .
. . . o : N
- L , Next we shall obtain a realization for the parallel 'LC
- - " circuit in the series amm of a ladder. This may be done in a-simple
T4 T . ) , C .
' manner as follows: The impedance of the parallel LC circuit is s -
. ! g lcs . : A
e . B sl (3.38) ;
I s . - . N 8 +1'/LC T @
. s v ‘ . . s 3 R v
. . With s Tr,eplacét‘i in (3.38) by .(1-z71)/(1+z~1)_, equation (3.38) becomes
t Coe . - L .
" N “ "‘ ; . . ‘ | 'Zl -\Zﬂ ' | ' < N ‘e
s e s=(-i /ey L
. o ' 1/¢ (1-z‘2i | : " '
. T : A - ¢ (3.39)
S0 T , ‘ PPN S SR :
* - ' ' ,/ T .
\k. ) ' A )
s Equation, (3.39) may be rearranged to give , o . v
-~ '\‘ . Py ) . -] i
B ‘ “1, =1, =1 °
. ' ! - + ‘
. 2. = (L/(1+10) ’-15‘”,‘ _i/(l = _ll (3.40)
1 427" (otz 1)/ (l+az” ) \ ;
v vhere ' : o ‘ . 7
@ ( ;? ' - =a-py/anc, | - G \
¥ L. e v...\\'. . N . B R 4 ) N - ' C c
Conpsringuz,l » in (3.40) with gHat correspc;;xding to a 'series inductor,
we get the followin_g,:' L fg¥ the sefiea'inductancé is repluced‘ by
.o \ . o, . S,
Rt Gear -
L/ (1+LC( for the pardllel LC and :z 1 for the series L is replaced by . :
i . \ . 4 . x| N \ . . : ~ . . .
’ -1 B - .\ . - T ! ‘,“. . LR .
g(z. a) for the parallel l\.C,)he}'e | | . L
: R « L% . - ) . .




/ . . ’
~ —

gle™h = 27 (are ™)/ ez : (3.42) -

. The port normalization constants for the parallel LC case are related

by N

R

L = RptL/(+LO) » .38 7

[l

b
v b3

. s Thus, a realization 9 the parallel LC cir{:uit in the series arm méy

be obtained from that corresponding to a series L by simply replacing

T z-L by g\(z-l) where g‘(z..l')— is given by (3.42). ‘The realization is

-

J]
shown in Table 3.2 with the multipfier values. N />

Next, we shall consider the realizatioms for the shunt’

elements, Let [Fp] be the chain matrix of a digital two-port Np

@ ~ corresponding to a shunt element of -a ladder, and given by (3.23). Let

NT represent a digital two-port, whose transfer matrix is the transpose

P
of that of Np; such a two-port can be obtgined from Np by simply Con . |
) (50,51 .. ./~ T o |
reversing the arrows %n Np. ! Then £he chain matrix of Np is © - T
v . glven by . C
. » . ‘& “ ﬁ .
@ 4 u by N ' ' ‘ ‘
(r) =+ |72 2| ‘  (3.4ba) *
o P & v k : I
v .2 2 X ’ . A '
3 . . : 1
vhere ‘ . . |
’ Rl ’ - !
i Aw|F ]| = ~R—2 J(3.44)) L
4 o " L “ - |
¥ . . .
" ‘ ~ ¢ [y "‘w'" N N ; .
. ! '.
" -
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with R and‘G' - with R2, we

Y

If we now identify b with Z‘,. Gl 1 2
‘8 at- (3,44) reduces to

R -

[FP]T 1 (3.45)
N U
‘ , . . v o ' ! )

The realization for the above 1is the same as that of za with bl’ )

'3
and 8, to =-a,. Hence, the realization for the shunt

.
B3

changed to —blu

element an nmay be obtained by starting with the realization of the T

E]

series elément for which Z;-Yb, tranus-posing it, changing 'bl to -bl,

az‘to -a, and replacing R1 by. G1 and R2 by G2' Tqus, for a

shunt capacitor C, the realization ‘is as shown in Table 3.3, where ., ' &

:0-(62/61), G,=G,+C. Similarly, the realizations for an L and a series

172

~

4

" LC circuit in the shunt arm can be obtained from /t'hat of the corresponding

without delay-free loops. It is also seen that if networks "NI—NG are .-,

‘to the corresponding digit&l realization as realization I(a). :

element (and hence for the shunt elemenE). and thus gbtain an alternate|

elements in the seriesxarm. These are shown in

these realizations. Tims, any of the networks Nl-N6 may be cascaded ] "o

used, we.may always choose the port resistance R2 of the last element‘ ) -

in the lossless network to be the load resistance R .. We shall refer

- N v
«

L

. _ . : .
We may now obtain an alternate realization for the series

L S . .
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realization'for the digitéi filter., ' . -

s

Consider the series element -for which thé chain matrix 1F] ' ‘ !

of the corresponding digital two-port N, As given by (3.21). Let

N R [Fr} be the chain matrix of the two-port.obtained by reversing the
ports of Ns' Then, o
- , ,\__//j
RZ -V - ‘ L

' \ (FJ==% | ¥ ™ 1 (3.46)
r R y T
L, e
‘e, 1 1 ’ ,
N From (3.21) and (3;46), it is seen that [Fr] = [f] 1if we interchange *

the roles of R, and R2. Thus, a second reéiiza;ion for Za can be

2

obtained by simply reverging the‘ﬁérts of the realizations given in

Table 3.1 and interchanging R, “and‘ R, in those realizations. These

oot

are shown in Table 3.4. Similarly, a second set of realizations

ﬁ* ’ corresponding to Y, may be obtained using Table 3.3 and gré shown, in
' o N N i
Table 3.5, It is seen that when these networks ‘are cascaded, there -

. ‘ . .
would be no delay~free loops. Further, if thesé are used in obtaining

N a . .
. . N for Fig. 3.3, we may always assume that the port resistance Rf of

.
N Al %
u Ty

~. . the first element in the losgless network N to be equal to R8 .in .
) Fig._S.i. We shafl refer to the borrgspoﬂd{sg\digital‘rellization as L \H
’ \

realization II(a).

- . ' s 4

. 13
el N <

=
b N -

W - For the sake.of illuétrétion, consider the nétwotk of Fig. 3.11."

- Then, usihg networks” Nl-N6.’ we may obtain realizations 1(a) and II(a);

thege are shown’ in Figs. 3.i2'and 3.13, In Fig. 3,12, the differen;‘

«
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digital two-ports are- C o ‘
- ’l ? )
- “ i -‘ - - \ (] N
N Na' ngtwork N6 @th g GL/'Ga*' o=(1 LACA)/(J#L&C‘[') .
.\ Ng ¢ network le with om-R‘ﬁ/Rb o ‘
] - . o . (3.47)
N : network N, with o=G, /G - o . ) N ,
e ; 4. i b e . -
Nd: network N, with U-,Rc/Rd , a-(l-Llcl)/‘(l+;1Cl:)

\

and the function realized is

1

b > ' ‘.
224 (z) = 2H(z) (3.48) !
s+ ' - .
where i ) )
’ i v ’ o ¢ ! LN
‘ H(z) = <2 with . s=(z-1)/(2+1) ( (3.49) °
_ s <

-~

x ND: network ’N3 wit’h
Nc: nerork NA with
NB: network Nl

o« (/
NA: network NS .

4

the dif ferent net;woi‘ks are

q'GD(Gd '

¢

~

GR /Ry Gm(L-LyC)/ (BHLyG) 4

oo (3.50)

P

vit:h~ a-Rc/RB R

ES

fth o-GB/G‘A‘ , d-(]:-L4C4)/(}+L4C4). R

and the corrésponding function ;'ealized is

T

—..u_...m.mv..," WAL
= e PR
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f/II(a) depending on wﬁéther Tables 3.2 and 3.3 or 3.4 and 3,5 have been

a8

-

L3

',(b)' (c%:ah&}kd) respeétively [46i. . . - - *

s

" express

4 '-f (EL-R,;)/(RL+RA) g
S

’ N . 1
- R
’ . . ‘a
N &
N . - . .
- G - .
. f .
A .

P

3.6 Alternate Canonic Realizations: .

-4

< C ‘ I
- We have shown in the previous section that we can always get

" two canonic realizations for the digitai,filter of Fig. 3.3, starting

. with the analog network of Fig. 3.11. In poth these realizations, N
: ' . ¢ o .
is a cascade of subnetworks whose chain matrides are of the form (3.7)

—_~—

with IEI -0R1/§2. We have referred to theqé as realizations I(a) or

used. We shall now show that we can always get three more feal;zationé

.+ corresponding to each of I(a) and TI(a) [46]. We céil these realizggipns

s o
%y \

Realization (b): -

B - . w
~

Let thelrealizatiqp'(a) [I(a) or II(a)] be as in Fig. 3.3.

o . ‘ * £ N
" Let the cﬁ&in matrix of N be [F] as given by (3.7). Hence, we may

!
v

G

?




!‘ . 3 S ' w

% _ ’ * \

If we now im‘pdse the constraints

- oapd e

i .

) a, = -Sbl

N ' ® o ‘ - N . .
P00 _ ¢ a, = (1-9)a_+gb, ,

AL e ¥
Sy R gy

R u+ov+or+ogk .

a” . e e
.
.

-

o

N 5
b. R "
_ S S S U e
R S

\ . 5Realiz§t16n {c): 6 B .

“ s &

. Let NT be the digé&. twb—'poft whos

trafn,spose of that of N. Thi's nay he thainad

toow -. f N R
' N - 3 [FT] 2 -A- !F]m ]

- » o

<
,\) .

Tansfer matrix¥ is the /\/
*N by simply reversing. *
‘tkhe. directidn of the arrows in’ N. Then the :chaip matrix 6t NT is *

" (3.58a)

(3.55a)

'(3.55b) ¢ Ji"

¢ »
’ LY
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FIG. 3.°lllo - 7Type>c~1b or IIb digital réalizgtfion co:tgspc;nding to Vt,h.e
i ' network -of Fig. 2. .
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‘— "\ h\g . l.‘ » ‘%\y . | A~-~Ilr|0 r . “ . ‘q, -\‘. | ﬁ (n

. If [F] 18 given by (03.7)./tlif—;n_'f""J

¥ “ . . i b \

‘ : . [FT]-EZ’ L B (:i.seb)_ T

R J

"

» Dot 1

. . . k
o . N ‘ N

. o T .
“ Thus, if N is replaced by N  in Fig. 3.3, we see that

A . .‘!??3 ‘. ~ . . . 7 ‘ ‘ * . !& by v a
A , o R | | |
‘ 2 148 — (3.59) B

"
o

1
2 s [ ——
o L & By 0 +vE + kee
. ' ' ‘. . ".,‘ ‘ . /J
& ) . - ’

: :?-»}l—-?—- H(z) s SN N (3.60);
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?{,,1 e B
¢
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<
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« N v - - *
. ' . R L
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W o
o
v - . + Al
' = O - YA ] . . 2
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Realization (d) s ‘ ) o y .

'

'

' . o , e

. . | . ,
Similarly, 4t may be slfown that 1f N 18‘ replace&' by N in

AP

ol ®, KR S e

-
-
:
.
.

R

o
:
,

w

b ) : N - ‘ .
v -;-l 2 2 H(z) S (3.61)
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;_Q;he multiplier

be set equal to RL in order to avoid a delay-free loop in theyﬁ%erall

" These are:shown in Figs. 3.l5a, b,c, and 3.16a,

" .transfer scattering matrices.

- 63 -

s

It should be pointed out ‘hére that when using type 1 structures,

™~

~

¢ must be set equal to zero or‘eqﬁivalently R,. must

2-

structure; setting RZ-RL results in ho loss of generality.

when using type II structures the multiplier & must be set equal to

Zero or equizalently 31 yugt be.sgt#equal to R8

loop; this again results in no loss of generality.

b 74 N

As an example, let us obtain realizations I(b), I(c), I(d),

e

II(b), II(c) and II(d) from I(a) and II(a) shown in Figs. 3.12, 3.13,

and c respectively.
0 Co . )
3:7 Conclusions:

o

In this chapter, a new type of wave digitgl filter has been
L ' -

proposed. Doubly terminated lossless ladder networks were considered

'where the different series and shunt elements were characterized by

Using the bilinear transformation

L > 1¢

o s # (z-1)/(z+1)

«

:" e ' ' ‘ : o

-

A v

matrix of a-wave digital two-port and the 1ndividual two—parts were
7

1

cascaded to realize the overall chain matrix. The twolpaxt character—

Similarly,

to avoid a delay-free

' ' e
. each transfer scattering matrix was transformed to a corresﬁnnding chain

ization of the analdg circuit elements eliminates the néed ?r "adapters"

K3

to interconnect the wave’ two-ports.
o \

. ¥
4

For a given analog structure, it has been ghown that one can

v ! - 1

1




¢

Le 4

" obtain éi’ght digital realizations, which are all canoni‘c with respect to

both delays and multipliers. The seﬁsitivity propgrt'ies as well as the ,5'

' round off noise of these different realizations will be dealt with in

P

Chapter V. o ‘
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CHAPTER 4

‘ BANDPASS AND BANDSTOP WAVE DIGITAL FILTERS WITH )

Ed

VARIABLE CENTER FREQUENCY AND°BANDWIDTH

A3

@.1 Introduction:

Wave digital'filter’s,‘realikzed by! Fettweis' m;tho'd ['l3,f3l—28] o

have been shown to possess good sensitivity properties compared to the

conventional realizations. In a later chapter we will show that the

- -~

wave digital.realizations proposed in chapter 3 also possess' good
. ¢ °

.sensitivity properties. In Fettweis' method, each analog element is

‘ ) {
characterized by a wave digital one-port and a digit:al’filter is obtained,

‘1n principle, by interconnecting « these wave digital one-ports with the

appropriate adapters. The method proposed in chapter 3, on the other hand
deperids on wave digital two-port descriptions for the analog elements.

AT ¥ . '
'I“ne@overall digital filter is obtained by cascading the individuhl wave
‘ S \ .
two-ports. The discussion in this chapter.relgte‘s to the wave digital

filtets proposed in thg previous chapter. - . Ty

£

In order té‘obtain a bandpass (BP) or a bandstop (B'S) digital
R {
filter, we caﬁ start with a pi:ot:otype lowpass (LP) analog filter, then

6Rtain the appropriate BP or BS analog filter and then obtain the
, N : ‘ e
correeponding wave digital filter. This method suffexs from the fact
that the .center frequency and bandwidth cannot be independently controlled

t

by varying the mulr.ipli,er values. On the other-hand, ‘we candreaﬁze .

a BP or BS wdve digitsl filter using the spectral transformations gi\nen

\




» ;i:w N A ~ . —
i "3'; . . \ ) J ¢ ' 0 ’
. ) ’ : .
IS " -~ 79." : t ,
-t . . s , ) ' , ’ l
£ , v R ' . .
) R - o : o .o
ey . ’ ’ e ) .
@ , \ - 4.4% Conclusions: : ‘o oo ‘
C , - It 'is shown that by a proper rearrangement of the BP or BS
s ] Cs . . . D . R '
, S ) transformation in the analog doinain, the center frequency and BW can ‘
. ‘be controlled independently in the resulting wave digital filter.. It is,
v o " . - N .
m \ further shown that the multiplier which controls the center frequency ig
5 ' the same for all the sections in the BP or BS wave digital filter structure
0, - * s f ' ‘
K h ) \ ﬂ

& . az}d_,hence,.a sav\@f in. cogfficient registaxn.is-achieved, © w e I
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CHAPTER 5

COEFFICIENT SENSITIVITY AND ROUNDOFF NOISE ANALYSIS =~ =

o

" 5.1 Introduction: ° \ i - ‘ . . )

o

With the advent of LSI tech‘niﬁues and with the tlcroprocessoi's
] i

entering’ the market, there has been greater: emphasis on the conétruction .

of special purpqse hardware for real-time digital filtering applicecions.

* The cost of such hardware depends directly on factors such as the required ¢

.~ - , > »
‘data and coefficient word lengths, scaling requirements and the noumber”
of Arithmetic operations requifed per sample. These factors are, in
.~ v N ) L4 N
turn, strongly influenced by the chpice of a metwork structure that.is’
» I3 4 - * .

'

v
e

~

used for the imprlementati\on. Consequently there has been great intetest
recently in the design and analysis of different types of structures with

the v:l\ew that some of them might be most suitable from the point of view

of hardware considerations. (

, When a digital filter is implemented by means of a special- -

~

_ purpose hardwsr’e the coefficlent and signal wotdle;\gths jre both finites

‘Due to finite coefficient accuracy, the given ttansfer function can not

be realized exactlya. As a result, there will be a shift in the frequency

2

- characteri{stics (like %}‘e dc ga:ln,‘ cutoff frequency etc.) from the specified

ones. This is-'usually known as the sens:ttivity of thé filter due to

coefficient rounding. The shorter signal (or data) wordlength limits

-

theé accuracy of arithﬂpvrc\operationa and in effeét introduces a noise_*

~

" at the output. This is known as the nmmdoff no:l.ue sssociated with a.

digi.tal filter. .“

e =




- ¢
\ ' . , i

In this ‘chapter we shall carry out the floatiné-poinf

sensitivity 'andf“i"ohndoff error assoclated with the wave digital structures

proposed in Chapter 3.. The results“on floating-point coefficient sensiti\‘v-

ity and roundoff noise in Fettweis' wa&e digital Etmctureq axe already"
evailable in [60}”, Hence, we shall use these results reported in [60] to’
compare the sensitivity and roundoff error in the digical realizations

proposed in the 3rd Chapter with those of Fettweis'  structures and the -
. ! / 4

—

conventional reélizations.

t

Section 5.2 . contains the oating—point coefficient sensitivity

and Section 5.3 the roundoff noise in the digital structures that vere
proposed earlier in Qapter 3. - . R
5.2 Coefficient Semsitivity: - o Y : ‘ R

In order to compare the coefficient sensitivity of different

digital structures Ku and Ng {60] have used a toot mean square (rms)
ertor.in the Wency response given by

N 213 '

‘\l - = =-_]_'.— ‘ “ ' * )
E s ) Zo ‘_""’1’ [aH(5, )] . (5.1)

& v

where N is’the number of equally spaced frequency points i!r the filter
passband, AH 4is the difference between the ugn:ltudee of the freq\uency
reaponse"‘of the ‘1deal filter (vith. infinite coefficieat accuracy) and

of the filter with 1ts nultiplier coefficieut values, mnnded, and H is

a we‘ighting funetion. The vei,ghting function accentuates the relative

€

inportance of error in the frequency response in diffetent ftequency

bande. In our study, the weighting function is set equal to unity oinee

K ® =~ . ' -

Q
. , o R
. .

’ / -
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s

S
¢

; we are mainly intgrestea.yn the passband [60]. The E

in (5.1) 18 = @

various digital structures. The mantissa part of a floating-point number

is rouﬂded to a specified/&g&gth'in sign magnitudé representation.

However, the worélength requirements of the sign and exponent are not
counted. The magnitude of the frequency response is always normalized
a —,\‘ ' ' .

to unity at zero frequency (§ince only lowpass filters are considered)

to compensate for the constant gain shifts in the passband. 4

" Two cases, are considered: (i) a second-order lowpass.Butterworth
filter and -(i1) a seventh-order lowpass Chebyshev filter having 1 db
passband ripple. In each caée a wave digital structure is derived from

a corresponding doubly terminated LC ladder network using the methaA‘out—

. ]
lined in Chapter 3, and the E . 1In (5.1) computed, The values of 'N

in (5.1)\are taken as 50 ayd 100 respectively for the secon?—order‘and

the seventh-order filters. Siné; it is known that the sensigivity deter}—

orates with decre;sing filter. bandwidth (or increasing sampling frequepcy)

and coefficient. wordlength, these two parameters are v;ried in comﬁﬁzing

the B 18 (5.1). A normalized filter bandwidth £, as defined by
‘/\ |

fn = fC/fB . (5.2)

-
+

is used, where f; is the actual filtér cutoff frequency and f8 is
the sampling frequehcy. In order to account for the varying bandwidth,

the‘L's and C's in the reference analog network. are frequency scaled using

!

b




.

b

-
Y
3

b

s tructure and the direct realization as found it‘x (60]. At a large relative

.

"

- 88 -

. \ L= L'/tan('rrfn) . . -

‘ ’ | 1 (5.3)
C= C'/tan('nfn) :

where L' and C' are the values corresponding to the

case, \ I

(1) Second-order Filter:

A
N

A second-order analog lowpass Butterworth filter.: and its

o -~

corresponding wave digital filter derived using the method proposed in

the 3rd Chapter are shown in Figs. 5.1 and 5.2 respectively The'

v

sensitivity measure as defined in (5.1) is computed for the,strudti;re

in Fig. 5.2 using N=50. Figs. 5.34 ‘and b show the Em\ .vs, they

1 - E

e

normalized bandwidth for coefficient wordlengths| of 8 'and 12 bits
v . . ‘ i

. [ :
respectively., The same figs. also show the Ermé for Fettweis' new

b // »

SRS .

bandwidth all the three types of realizations have’ more or less the same
—h

.

rms error in the frequency response ds expected, but at narrow bandwidtha
the rms error for the direct realization <increases bwhile it does not

increase for the wave digital structure proposed in the 3rd Chapter

! 4

and Fettweis' new structure. The complexity of ‘these structures are shown ~

' 3

[}

in Table 5.1. ?

< (14) Seventh—order Filter:

o . l
A's g/vét-order lowpass analog net:work of the Chehyshev type

with l db(passband ripple 1s shown »:Ln Fig. 5 4, The corresponding type I

. -
> I .

a




PR -

FIG. 5.1 = Second-order Prototype LC Ladder Network.

.
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. . . . - 95‘ - A‘ cr [ 4 \\
L] - f . ’ )
and II wave digital Pealizations [46] are shown in Figs. 5 and 6 respe&:t:ivély.
e ! ' s : \ ) ' T

Thé port normalization constants’ and the muléziplier valués for typé 1

. structures are determined [46] by

Yoa e,
L ~ *
w3, .

.- Rp= R P .
6 = Cgt1/Ry B ‘ R

R, = L5+1/G6 . . ﬁ -

'
(]
[

& _ . . '
- G, = C,+1/R, . o Sl cs._a)
B3 '- L3+1/G4 ] - | .o °
(. ‘ '
- . - . N . R -
62 C2+1/R3 \
N h i J 5 } < ¢
Rl = Ll+1/G2 .
and .

o T R/Ry
L 96 = 1/(5eRy)

e

v o oo oy = 1/ (RSGG) ‘ - | ’ | . ' Y \:i
3 ’ ) \ . ‘ . ‘ ' ‘ N A

T Rt GRY | - (5.5) r
N e,

0 = U GR) S

o, = 1/(R,G y

‘ . . } . . - ~ \ . .
o e)! (R R1+Rs). S \ﬁ p
. while thoses for type IIL structures are détermined [46] by -
. ‘ : -
s .

.
Re dad S pun e

BRSSP S

. . f
o 463 S iy e o
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Te e ey = UGRG), e = (RoR) Gy

“in Figs. 5.5 and 5.6 in the same.

-

i’

i
QO ®m o0 9w
L o
[ ] |} 1 [ 4
«Q |l (2] [
(=) LY L SR < w
+ O+ o+ 4+
H = e
~ ~ ~ ~
F P P
t
~~
19, ]
L
o
N

w
[
|
+
=
N
G
)

’ e B
and . ‘ J
. 01 -’ RS/R7 * ) R Lt
g . o o, = 1/(G6R2)

03 - 1/ (R5G6) .

"
,
g

&
]

1( (,G4R5) . ~ /(\5. 7)

-1/ (R3G4)

Q
]

.

6 = Y (GyRy) TN e

Q
¥

i o -
o
[N

-
’

The sensitivity néépui‘e aa"‘definiin (5.1) is computed for the realizations

as was done for the second-order %
N ¥

. case except ﬁhat'a \fa_.lue of 100 is used for' N. Im Figs. 5.7a and b ite’

" shown the Ems veé. the coefficient wordlengths for relative bandwhths .

of 1/4 and 1/16 for the wave digital filters proposed in the 3rd chapter.

. The same figures also show the E_, for the Fe}:tvreis' nw:atructure and

. . r
N ; ’m\ R . o . . L ) .
. ‘

* . }" ' .1“. ) )

IV Kt St $n "o Braakiois vy




“as one might expect.

5 . /' -97" “ ‘,‘ N

the conventional cascade realization [60], Fig. 5.8 shows the Erm,h as

a function of the relative bandwidth for a coefficient wordlength of 10

bits for all the three types of realizations.

#

At a large relative bandwidth of 1/4 all the three different

PR .

realizations have more or. less the same -rms error in the fréquency
response as expected. However, avt very narrow bandwidths, the rms error.
1nc;e=ases rapidly for the coﬁventisna; cascade realization while it is:
fairly constant for the digifal structures proposed in Clapter 3 and
Fettwe:'Ls‘ new structure. The co;xnplexity of the;, various digital structures

t

is shown in Table 5.2.

-9

S It\is. well~known that theé 'p“oles (and zeros) o:f a digital~f“ilt:er
move close 'tp the unit e&fﬁe in t;he z-;Jléne as the -sémpling frequency
.ia increased. As a consequence the frequency response error increase‘s
rapidly in the case of conventional \{ealigations [38].l Also, with

dacreasing coefficient wotdléngth the frequency response error increases,

. Y
However, there is not much increase in the rms error in the
r‘frequency response for Fettweis' new structlure and tle strué:tures prgpoged
in the 3rd chapter; when bandwidth and coefficientzrdlengths» are decreaséd.
Following [60] this may be expllained as follows: First, the rount'ied‘ J
multiplier coefficlents 11-'1 the wave digital a’tructures‘sdetermine a ne;w ‘
set of element‘ vafu;es in t’he corresponding analog referenc:e network as
determined by"the‘ equations (5.4) and (5.5).0r (5.6) and (5.7). These

N w
new analog element values are, of course, differeant from the ideal ones.

_The amount of change in the analqé element ‘values, hawever, de(?enda on

7 e . ! '
- " —r : * P
‘ P.\ w .5 %‘\T\

- ¢




dhy ~

-ye¢ *ST4 JO 3IomIaN 9ya 03 BUTPUOdSATIC) BINIINIIS TEITBEQ SABH BI 9

.




-

T

-

|

-

&

©

WS
"s |

*$*C °BTI IO IOMIaN 3yl ouawaﬂmaoamwuuou musuoswum Hm\uwwwn w>w3. qr 9d41 - 4q$°C °91d

Vel

LI 0. N

RV PN

o oa Bia el LS

AT N

R



*

PR T b P AR T - o

A

At

3

*9*g *B14 3o jIomiaN Y

- .

~

04

B T

-

[ 4

3

-3

3 03 Buypuodsaizo) 3an3ionxlg Je3ITITQ o>w~.» 21 m,&nﬂ

TR

- e

- ..
. -
\..o | .MVI.I[ mD 0 —— » Nb
B Ly ~ 9, % , Cat
Ly 9 S . Zy .
L 1 i\
x N
! Sw— ~. e II_ ol rmaed 8 8 - h
. " Am B
. ) 3 .
. N —~~
< \ : . . :
LR - ( y v .
c , . o : —
' _ ? & ~ ’ "
- B o o
&> - : ‘ . § ° .s : - ! L, ’
) s - S AT mh(g ' S ‘ - Q .
' ¢ i \V w - '
(. b 8 e g
¢ .
~ 2% . _ - , .w; -
,\c - ’ K i » ‘ ) <F Au



_ R —

. A ] - . . . <L A T (s T AEPERIIE 2 st i bt B
. ) > i ) - ) e -
) : ' - , . \_\ , N + o-
¢ N . . . ' 5 .
. . . L - @4&, : R h . - \\1\ ' -
. : \r \. . T R .
-, - ! i P . . m.u -, -
v - u. \\\\.\.!.vll . - . 3 - *
© . - : nv .. -
.im *314 Jo jaomiay 2y3 03 Buypuodssiio) 2In3on13s TeRIISIQ °aBM PI 2dLI - PE¢'¢ °9Id ¢ .
- - . - g
mll.'. . no -— 3 mo o < ¢ mo it , qo L mo B No e ﬁb -
.Hm . . mx wo ‘ mm , .‘w . mm . Nw . , ‘
L 9 S : N N N N I -
. N . N . N h hA kA h .
NF‘L ’ ﬁ‘ll.. S— fetg—p ’ - ] ’
HU — z, - &) ’ - ) - €
) ’ ~ . ' . i ’ ; ) ) «/, i : 7z . . ' »
- . . ’ . . ﬁ‘,. ) “, »
- . : N ’ - . . - . .
» , . 4 ) h . ) ) . . * - ]
) : C . AN .. . T
' . 0 ; . = ' & ~ - . A - ’ T
T . . ’ - v n .. :
‘n../. ) . , i i ’ ) e : i




* . 0 < 5 | B n
! [% ° - « B
_aa ) ) .,A 9 |
o ’ O
N
R o . | «. g 4 1 ) s .
< o ~ , ‘ , }
| — ’ - e
| -
r * av -
» . » . \\j/ . * ’ )
“p*¢c *SFd "JO JiomIaN 94yl o3 Burpuodssiio) IANIONIAIS TEITETQ °2a8M ®IT 3dLI - ®B9°S- ‘914 _ A
[ . ° ™ . X ) .w
% Te el Tp | No@l €, ) ", S, . A L
— o
o~ S 7 o . < . - ,
‘ - l-
3 q )T S | £ L3 L N B4 B 9 .
| ~ | ) < ﬁ/&\ ’ c
. T .
q —— - - < .
) , »
£ n:\ < . ~ \
t - . .
SN | ) . | )
& * ;f» -I
i . ) . N ‘
- L ) ¢ ~ R -
(8 i
= - - -

y X LYY g
e B R R . O




T ————
-t .. A oo ; |
\- o n. < ! - -
Y ] - r.\.».
« .
' . . . | ) | |
- b AR .rw.ﬁ,.m 3o xuoau.mz 2y3 03 Bujpuodssiioy 2In3onads TEIFETQ IASM qI1 2dLL - .49°S Ol d
| — .. , , , \/ 3 7
; g=Tte T Lol % Lol o Lo 5 L[5 N T
C ‘ ‘ R ) |
[ . . ] | .
S L 9 . S N 5 , w
_ 2 w| 1y (A gy [ o) B [T omg (TR Sy [T O X
! - K N , »‘
T L 1.
.n.r.lll_ .‘I-J S T —— >y
. - 3 5 - ’ - - » ) - ‘ .
’ . R . % : N : . X
. , . ]
v - L, i ,

w

) - $ v

Ty
(LS

e s ub.gr\(fgi%w&wgr 5 . ‘!..1.1 sy




’ b
.

N »
i

*pec 814 JO -jIomIaN w:,u 03 Surpuodsaiio) 3anjonils IBITITQ 9AEBM °IT °d{] - 99°¢ '*9Id

gt , - .
. .
- N L
, .
v 1 4
. ¢ » ’
1 : : :
<. .
’ - - ’
.
H - ’
. .
- - : - '
- -
. . -
L. - - - !
. R
* - )
. v L 3 3 . 4
' 4
.
’ - ‘ *
B - -
.
. ’ "
.
' .
. ~ B
,
‘ - . . \. 1Y
© T '
v % °
& .
, . . N .
-~ , . - T s .
P SPRPYRE M [Pt R |

o




y-

LT

&

+= 105 -

~~

LY S S

.

13
F

e

-

"G "813 Jo jxomisN |yl o3 wcavmonmmumoo 2an3on1lg TeIT37q 2a®8M PIT 2d4L - - P9°S

.

'
. -3 -
Fal
®» -
; ‘ : - 5.

Y

~




¢ Direct
° New Fettwels
Proposed _

»

COEFFICIENT WORDLENGTH - (BITS) ,

1

FIG. 5.7a =~ The BRMS Error in Frequéncy Response versus Coefficient ordlength
- N for Seventh-order Digital Filters for a Relative Bandwidth
‘ - - of 1/4. ) : .

.

~

RN NPT S I
RO X Ja*—.;gq.'}'ﬁg{g:;‘:’ A




ol

4

u%wn
)

Wg&,?m‘% .-
3

. ‘ LT ¢ Difect ‘
1014 i ‘ : 3 o New Fettweis
o t )
‘ \ Proposed _ '
X

i g R N TR T R
.

O
BRI
L4

4

. L J L ", T x 11.‘ .
© 5 6 7~.8T\9 10 11 12 1% 1

(BITS) .

COEFFICIENT WORDLEN

* The ' RMS Error in ,Freq'uency Response versus Coeffjcient Wor ength

for Seventh-order Digital Filters for a Relative Bandwidth
, of 1/16. = =~ o

=R WA T PR - g
s, TN TN S0 AR e PCRRTY e ) ok




~

¢

~N : . *51TqQ OT JO SyIBUSTPIOM IUSTDTIFR0)H 103 ' ) o ) T
- . BX21TTd TeIT3TQ 19p10-Yyjusaas 1037 Yipimpueg w>HuWme snsiaa Um,d.oammx Aouspbaag uf 10119 SKY @Yl - B°S *9Id .

N -

M8 FATIVTII ) 4 : . ‘
99/1 ° ~ ZE/T 9T/1 B/1 w1 °

! Py o. ] T4
. * * ot N N ) ) ’, - . - X
o~ . x , .M
) ~ , P 7 . . s ° J...O.n ¢ g ¥
~ . i - { . .
, [ ! ° \ - ) '

? - . -
- ) ) C ’ .. :
, 3 - . , . _ B
1 . .
- B . > > c B
. M g . + ‘ 1 . ¥
=T 4 : u . o peomxs oo %
. N . R . , . . . . . , , L o E

'

}s
HoWyA SKY -

; _ ) i _ B #\«. " _
- - > - A ) &T L4 _ .W

Pl > ’ ) : . - . 3“_,

. A | » = 0Txg S :

.
i
=]
-4
\
e T

-
w

. : . _ummonmum - - . .- . ) ; -
’ ST9M119 MON . ’ ) ’

o . 30931q > . * .
. L . ' . “ " -




T o \ R
Jw\v//sx e .mhuwsahm.ou anp
. '8 1 8 L : PII
8 Y€ . ‘8 A 11
. .

. : .

’ 8 he 8 L o qI1
8 . ve “e L -, e

\‘:
V4

8 v .8 L P
. m mm m ) N \0 UH &

8 .qm 1 8 L . q1

w g .owe 8 L . o1
N _ - ) . ) posodoxg
7 ’ w.N i . L - (mdu) sTOMIIag
o ) S . ¢ 2pease)

_—_— o ! :

* paiols§ SUOTITPPV suof3eoT1d ' . i

! s8ABT2(Q 'JO - 21n3on1
» 8333200 30 ¢t | Jo ¢ -FITNR 30 § . sk H\,.a 3 -a u um_

. ) m\mus.uo:u.um 193714 Te3IT8TQ ummuolﬁh u,o L3xe1duoy . ..

P’

.

ORI
TR

o

A,




/ ) - ’ M 1 - ° i
M\ . ) ~
[ . . )
- ) P ; . R s .
~ STITT'T E¥8I0°0~| €CLT 6$S€70°0 CTIT 1 - 999T°C | 0TST0°0 I760°¢ fhmﬁao.o (£60°¢ Z91%0°0 SL91°¢ 43
N ‘ ’ |
- ) - K i R . 5 -
T95L0°0 ..muz.a ?mmo.o VLT £9600°0 9TIT"1 t£950°'0- .qmo.ﬂ.m 6%0710°0- €E60°C | LBETO O~ 6260°¢C /mﬂu,.m.on 0%91°2Z 1)
. i ‘ ’ ‘ . - “
“*= ’ . ’ .
B6EESDT0-| 6O0TT'T [H€LT°0-| STLT"T ITAG mmz.m 8T18Z°0- 7 €091°Z 166550°0 £660°EC | ZHSLT O 0660°¢ " gsenco- TLST°C ; 8
) . = ~
- - .m&y < . : — T . ¢
. P . ‘
9L%8°T-| OT60°T [9LGE°Z~ | BSHTI"T. 0§90°2- $880°1 9THS 1 T | 9T 7891°¢ £91%°7 y891'¢ 0668°C | s8¢ 9 ,
N rd R - : H “
CITY"0 | T9TT'T |S680°T- | LOST T LLeey'y {09T°1 9IS 1T 7T 1 IRY6°T- £€E0°¢ 18%6°' 1~ £ceo’e 6€L0°€- 'z Y
. % ’ ‘ © .
- - - ’ 3 o R HM%J
. 1 .
! . ] ’ ¢ , I/
.- _ SITIT'T - SELT'T |, - SITT'T - 9991°Z - 9€60°€ - 9€60°¢€ .= 99917 n
- ~ \.\.. ) ) .
4 . . , . v - :
: ] , . (#318)
28ueyy _ ou a8uwyn qo a8ueyy Nu aBueyn PH a8uey) .m._ ' aBueyy ma afuwyy .nq nuum!nvuoa
“x p’ . X z X p’ R .__uo.“o._au-oo
. . o n/T=Mg 2ATI®TAY . ‘ . .
. 3 - SIU’TOTII=0) ww«dn:::x jo Buypunoy o3 3np sanye, 3vawarym wahuououm ay3 uy a8ueyy 'y _ ’ .
. o . E'¢ TiEvl - - . .
1 ’ ’ . . \ /
2 N , - B X _
. . L) N . T e . - .

L/ m ) . . BTN Y
: e T AR

LI - - “fak
. - B W LTy Eew Tt oA . - P




’ . -
N iy '
(%2007 0 15292z |8B110°0- v88°€Z i LE00°0~| €%29°ZC | > T10%00°0 6€0T " 9% 89€00°0~| %»696°Z9 - L1L6°Z9 SLTTI0'0 | €L0T° %% T 2
- - n . 4 - s
T
- -« .
I ' R
. . . R ] B . 3 , .
T0¢T°0 259°2¢ LSLT°0 1626°¢€2C 6L%1°0 m 9859°ZZ |- €990°0— {6ZL0"%Y% TSST 0~1 09L8°Z9 _ 71610~ €9.8°79 6¥EZ0-{ 9866 LY 01
s i - ‘ - ‘
! A
mmmqﬁo ) 8ZL°TT 79%9°0 \quo.cw SI8v 0 _ neL" T £90T°0- |OTTIO0" %% 6T29°0-; 008S°Z9 1813°0- vZ8S°29 T9LE°0~{T9E6°EY | 8 .
- ' - . _ - . <
. ; |- _
. : } o
CT : 1 ,
¢ “ “ 4 «
$9°0- 8LY7°TC LT6G°T- 6906°¢€2 L2290, Z98v~2T €LT6°0 TTTIS %% €28%°0 _ %SLZ°E9 €S87°0 ,mnmm.mo . WTEEO*0-~ |SL(80° 9% ,o
— - ! .
— _ ! . i} f .- .
~ v B + , N
? ) 1 R m .
. ! ! . m | o .= -
BLSBZ~ 1S8L6°TT TZ96° L~ 7586°12 _ Nmmm.N|_ 2686712 SZLT ¢ SSYSTSY L YOwYTL | 0459749 vonYy°L 0£59° L9 0LEY™S 000s " 9% b4
“ ’ I . - -
- v i .~ .
) R fl. ~ . « . 2
’ - 1629°¢2 |- - TL88 €L - 1629°22 - 20T 9% - L1L6°29 - L116°29 - 4ZTOT %y -
¥ . -
< ¢ -
. ) s .
B ! r
N . ' (®37149) '
) 28ueyd QU ‘a8uey) qu aduey) »Nu a8ueyn mq asuey) nA - .28ueyn m.._ aluey) ._”..— :uucu,n_uuoa
* X o X - X 1 2 luatorze0n
/] . |«
. Mﬂ 99/ T=ME 2ATILTIY : . .
. - . S3udydT3320) 233Tdrayny Jo Sujlpunoy o3 snp sanTes Juswmaly adL303033 Byl uy aBueyn g N o~
o " S
- D : £°¢ TTVL -




v

4
<
. .
’,)
!."r
-
s
;

S
s Ut bt SR
o .

-

i 2

low for LC ladder structures.- The frequency reasponse of .the LC laM/
5 ) ‘ -

- network with element value changes is the same: as that ofrltht/cc;responding‘
“wave digital structure with its gultiplier coefficlents rounded via the

" bilinear z transform. Hence, the low rms error in the wave digital filters.

—112‘-‘

.
- - .

the manner in which a digital<Btructure-is derived. Obv'iousiy, for the

- hY

digital realizations proposed ‘in the 3rd chspfer and for Fettweis' new

stTucture, the changes in the element’ values i ~tﬁe‘zm.alog reference
“ . < N Vo - 7

.

netwdrk due. to coefficient rounaing are small. Table 5.3 shows the % changes
- . © o .

in the analog element values for different coefficient wordlengths. Second,, '. o

Ve

the sensitivity of the analog filter due to element value changes is very -

N

AN

. L -
} - , \
5.3 Roundoff Error: - i -

©

o

/'\ It is difficult té obtain éxact analytical expressions for the

[y

roundoff error in wave digital filters uéing floating-point arithmetic,
especially when the order of the filter is high. Sfo,' an esti'mgte of the

roundoff error is obtained by simulation [60]. G .

A seventh—order lowpass Cﬁebyshev filter is congideri'ed.' Two

\

filtexr éimlatiohq are carried out, one using the full precision‘of a
1 . . o .-
general purpose computer and the other using a shprter wordlength, In

both cases the filter coefficients are represented with full precision.

'

The input-and output sequences cbﬁsist of 2048 aam;;les. The difference

in these two output sequences 1is an estimate of thé roundoff error.

- il

The sample variances of the ideal output)sequence and the eijrgr’ sequence

a

are used as_a measure\pf t;h”e average si};gna‘l and noise power res éctively.
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Figs. 5.9, 5.10 and 5.11-show the rdﬁndoff'noise using a sine wave input:

o~

sequerice with amplitude equal to unity (with frequency equal to 80% of

the bandwidth). In Figs. 5.12, 5 13 and 5.14 are shown the signal to

noise ratio nsing,white‘noise input. These figures al;! show the’

t

"

- corresponding guantities for the Fettwels' new structure and the conventional
Xy [ ' N

Y -
.cascade realization [60].
& [ ~ . v . .
The’ signal to noise ratio of the conventional cascade form )
} ‘ * . \

decreases rapidly with decreasiﬂg\bandwidth yheteas it decreases only.

v

slightly for the digital structures proposed in the 3rd chaptet and for

the Fettweis' new structure, For all the three Ld_ifferent realizations .

¥
\

the signal to noise ratio‘decreases for decreasing wordlength, as one might

B v
AN ) 4 ~

expect.

Pk , . ~

5.4 Conclusions; / ¢ \‘J//i\\\“\\\sff\\ !

. . t\
In order to assess the suitability of a dig%tal realization

]

for hardware implementation one has to determine the coef ficient sensitivity
and/the roundoff noise associated wit? the realization. 1In this chapter .
we halve determined the floating—point coefficient gensitivity and roundoff
noise in the wave digital Tealizadtions proposed*in Chapter 3 and have .

- , . .
compared them with those of Feftwels' new structure and the conventional |

realiiation_[ﬁO]. ‘ , ‘ . e
.

From the coefficient sensitivity found ‘for secdnd—ordet filters,

Fi

.it is observed that the realization proposed "in Chapter 3 has a far -
better sensitinity than the direct realization and 1s as good as Fettweia"

A seventh—order Chebyshev lowpass filter is realjized in’
@)

new strqcture.

the wave digital Tform proposed in Chapter -3 and its coefficient sensitivigi ,

-, { - .
\ - =, * N LN . \
T L e ‘ C , -

v . . N "

»

o v .

M AT By Ny o
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- ' Ve ! Ve * - . ,
computed. It is again found that the sensitivity of ghis digital structure t

is. _far better than that of the conventional form and is dﬁmgafahle o

JFettweis' theoretical study [59], based on sinusoidal inpﬁtg, in ng

7 g . . . ._wlll. . | . G . 3

0 v

. ~
that of Fettwels' new structure.
: . 5

{

2
BN
>

,;‘ Roundoff noise insthe digitalbsqructuges,proposéd in ghe 3rd ) o 3
chppt;r is @etgrmined'by simulating a §é$e6£h%order lowpass ‘Chebyshev
filter using flo;ting—point arithmetic. 'The roundoff noise‘iﬁ'these
sFructures‘is compared’yith those in éhe conventional cascade form and

Fettweis' new structure [60]. It is fouﬁp that Ehe'digita; structures

“3

proposed in the 3rd chapter givé a much lower rqundoff noise than the -

conventional cascade form. For narrow bandwidths it is seen that the
wave digital ‘realizations [47] give an improvement of about 45 db over

‘

the conventional cascade form. The result obtained is in agreement it

that digital fi%ters exhibiting lower sensitivity have less roﬁndof

noise, ’ - - . ¢
N . o i . . ‘ & ) I

~
T
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‘CHAPTER 6
N ' |

" TWO-DIMENSIONAL WAVE DIGITAL FILTERS
. Y S ’
6.1 Introduction:

-

No—dimensional (2-D) digital filtering has a wide range of

a,

applications. For’ example, areas such as picture processing which
- ben Yo

includes weather photos, dir reconnaissance pictures and medical X-rays

- and areas where geismic retords, magnetic data and electron micrographs
L s .

\ B v
are to be processed call for 2-D digital filtering, Therefore, a great

!

deal of ettention is currently paid o the development of procedures to

ayntheeize 2-D digital filters.

The.major problems involved in 2-D filtering are stability

and synthesis, Instability arises in the case of infinite impulse resgonse
. .

-t R
(IIR) type of 2-D filters while such a problem does not exist in the case .

. L .
of \finite impulse response (FIR) type of filters. This—1is because of

[N

thie fact that the FIR type has an impulse response sequence which is

~

boundgd and of finite duration while that of the IRR type is not oﬁ

“'

L

~

4
N {

finite duration"[32,33]. The IIR type is uspally ;l.mplemented ina .-

recursive fashion and so the corresponding transfer function is a rational

. ' Q . j
polynomial in two variables . zq and z,. The atability=ia, therefore,

determined by the zeroa of the denominator polynomial of the transfer

function. Unlike ‘thé one dimensional case, the depominator polynomial
. . \ :
of the transfer function of 2-D digital filter may not always be factorable

-

.-into lower order terms. This 1ntroduc%a difficultiea in testing the

) stability.' Even thOugh procedures are available for testing the stabilfty

- - .o b

»
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of 2-D digital filters [35], they are often tedious to use.

Y- . . .
* ' \ . ‘There are not many techniques avallable to synthesize 2-D
' ~ filters [35-37]. This is pattly because not much work has been done in . {

obtaining realizable rational po'lyr"xomials to approximate specified filter ,//f

1

A}

“characteristics in the digital domain and partly because 3f lack of wo.rl\r’_; !

in that direction in the analog domain. Even the existing synthesis

».- - techniques require stability tests which fact 1s not very encouraging.

"N

; Recently it has been reported [43] that 2-D 'digital transfer
g 0 ] - '
PR function can be obtained 'to' approximate circularly symmetric functions

~,
¢

starting with a two-vatiable passive analog network and then using the
- z.-1 z,~1
-~ . 2 v
. double bilinear z tranpformation ] and 74 Such a techniqufa o

“1 2 .

. - . Y
guarantees stability since the analog counterpart is absolutely stable.

d
%
"
5
y

»

But, so far not much attentiorn has been paid to rgélization
techniques [44]).' The purpose of ;his Chapter 18 to extend the realizatigpj/

procedure dis@saed in chapter 3 to 2-D digital filters. Starting with ) -

¥

a doubly “terminated lossless ladder network in two varilables, each of
r
the eexiea and shunt arm elements will be replaced by the corresponding

-

wave digital two-porta and the 1ndividual two—ports cascaded to realize '
. the given transfer functiom in "2y and~ z,-. It is expected that, just

as the one dimensional wave digital filter derived from a do.ubly terminated

: lossleas ladder network has excellent semsitivity properties [13,21-28, 46,61]
N ; - . A
" the 2-D digital filter derived from a doubly terminated two-variable'’

. LC ladder will also have lotl sensitivities associated with finite word

. length of coefficients. _That this 1s so is"demonatrated by an example
in Section 6.6. ' , o ) " ‘ )

~ .
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6.2 Two-Dimenaional IIR Digital Filtera:

A linear time-invariant causal 2-D IIR digital filter is

characterized by the 2-D z transform

I —
R 8§ .
S L " -1 "j BN
N(z_,z.) 2 -z aijzl % '
H(z,,2,) = mpitc = 220420 (6D
‘%2 "D(z,z) TR 8 ] _ ' .
‘ z b1 z zj -
351 %2 (L

. 1=0 j=o

where'boo-l and au and b are constant coefficients, The

13

~

D(zl,zz) = 0 for Izll and |z2| s1 asiinulta.neoixsly- [35].

The design of a 2-D IIR digital filter consists of the chg;:!.ce
Ju;T  Ju,T

of “ayy and bij in (6.1) such that H(e , € ) approximates a

-~

given frequency response H(jml, jmz), where w) and w, are respectively,

the horizontal and vérftical spatial frequencies, Once the coeff{pientg in
: e

(6.1) are found 1t is necessary to ensure the sgability'of the filter. \
If unstable, it has_ to be stabilized without pefturbing the l‘g@gnituAde of = -

its frequency response [35,55].

~

When we start with a pasaive‘ @dog transfer ﬁunction" and then
.obtain a corresponding digital ,transfer function by using the double bi~
linear z transform, then the stability in the digital domain is guaraﬁteed.

This is the approach used in this chapter. The IIR filter design {5

carried out by first considering roper two-varisble analog passive network

'to suit the desired frequency specifigdations. “Mn. using the double bi- -

v I
+ .
w‘ . . - ~
. N ) EE—
. AT
¢

?
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8

linear z transform on the tranafer function of the chosen.network, we

can obtain the desired digital transfer function. . -+

. 13

6.3 Characterization of a 2-D Wave Digital Two-port:

»

-

/ -
) Consider Fig. 6.1, where the black box N may con@in an inter-
(. C 0
connection of linear elements in two variables Py and Py- Define ‘the : \/
) : . - D, o :
- wave variables - (ai,bi), i=1,2 by -
— ’ ’
- T »
“a? - .’ v “ I },. ” H
2 o i ) ' ‘
i a 1 R .Yy ‘ oo 4
&, -~ S . -
/= - - (6.2)
H . y, By ST I -
.:"‘ N > T
‘;‘ B ;
1 . ' where R, and R, are arbitrery port normalization constants at ports ’
’ 7 o N

—~ ~ , -~ - ‘ ~ o~ . ¥
1l and 2 of N. Thewi can express (al,bl) in terms of (bZ’aZ) as ’

; , ) o
4 ' .
R 3 é - . ,

t
?
i

[
=
>
ot
N
o
N
-

y ' . - . - = [F] . ! ‘ . (6.3) g ' '

" e
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¢

o - 1,2:6 - &
and - \ ’ -
A B g
‘[a] = = Chain rmatrix of N (6.5)
— “lc > s
t
N o .

It’ma‘;' be observed that the determinant of [F] 1is,

¢

- Rl . .
«|F] = == (AD-BC) . " (6.6)

)

In general, the elements of [F] are functions of Py and Py . If we ;
now use the double bilinear transformation B . —

o z,-1 o o T . )
. S ) ";i—;f‘ y 1=1,2 S . | (6.7)

- .
-

and identify a, and a, with the 2-D inputs and b, and b2 with the
2-D outputs and of a digital filter, then we .may recognize, (6.3) as the

chain matrix descrip;:ion of a 2-D, digital two-port. We shall write (6.3)

with -(6.7) sulastittltéd as, S .
\ s T . ) !
- N B | WA by b, o
- | A = tr (6.8a)’
b1 1V k a, \ a, | )
. o :\ A
where . ' ' ) -V T ’
: . 2l 3 AR -
— [F‘] = [F] with ’ Py = -z-;.'_l.:l_ , 1=1,2 . - o (6.81))
If N s reciprocal, it s seen from (6.6) and (6.8) that '
o @" - ’ - - ) < 1
M § N

AN

- ——



. -- . R} . :
. s . IF ‘--I-{— e Lo T (6.9)_
2 2 \ ) . .

¢ .
<
Asl .

Thus, given any two-variabile {wé-pdrt“N with 'port resistances R1 and
“ A ‘ ' o
RZJ we may describe aacorresponding.Z—D wave digital two-port N; whose

. ‘ ~chaiﬁ‘gntrix is given by (6.8). It is clear that 1f N is a cascade of "

Y

~ ~ -~

&

2-ports, say, Nl, Nz;..., Nm’ then the corresponaing digital two-port is
& ) : o

a cascade of the digital two-ports N;, No,.7T., N where N, is the’

\,{&* m 4
! = . . ~ ) . N
%; 2-D digital two-port corresponding to Ni; of course, it is assumed that
%' | - ~ . ‘ : ’ '
% } the output-port resistance of ' Ni is the same as the input port resistance
b ¢ . ~ ‘ -t . 1 y
£ ' ] - * o .
’ of Ni+1’ .
~§ . 6.4 Realization of the $p Digital Two-port:
: ;\ , 4 Consider now the realization of a 2-D digital two-port. starting
;' with a two-variable doub1y~fermin§ted lossless two-port ,N (?ig. 6.2).
éé : From the rqsu}t; obtained in Chapter 3, we have

b2 ' 2 ‘ ‘ . .
;’-'W H'(zl.’zz) - n (6.10)

\

.
. A "2 ) v
u(zlvzz) "'v"‘ . o : ' -
| 8 e m(m1)/ (2#41), 11,2 A

o A
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" ‘wave digital two-port N. The corresponding realization is shown in

, 6.5 Canonic Realization of 2-D Wave Digital Two-ports:

. A .
M : 1 * 7
- . ‘ B ' N
§ v :
. v . R '
Y . R

, . S -129 - S .
. b . ) ' - K
2 LS | (6.1
. ' 8 rkAB+ve+kod

-

8 = (an-st)/ (R1+R8)
°
and. p, A, v and 'k are the elements of the chain matrix of the 2-D |

“

Fig. 6.3, where N is the digital two-port corresponding to N.
v ¢ l

v a

Thus, given the realization for T(pl’pZ) = le a doubly
- , . 8

"aferminated lossless two-port N, we can obtain the corresponding realization
P :

. v »
2 )
for H(zl"zl? - Vs— with Py = (zi-l)/(zi+1), 1-1,2‘ I.Jy using Fig. 6.3,

»
N

** where the digital two-port N- is obtained from the correspondﬁxg lossless

two-port N. '

-

' So far, %t have not made an& assumptions about N. However, in,

.order to realize N from N in a simple fashion, we shall gssume N -to

be a lossless ladder containing elements in two variables P and ‘pz. .

- " . s 1
Then some of the possible series and shunt arm elene"nte‘ are as shown in

Tables 6.1 and 6.2. It is necessary fo, derive the realtzations for the
digital éwo—porta corresponding to these elements which we shall do in

the following section. :Then, we can cascade them to form N and use

t
L

Fig. 6,3 to realize H(zl;zz). ‘ st .

’

7 -

In Chapter 3 ve -h.oved that by relaxing the condition ll-kz ’

Ry . ’ AR

. . N
/h - . ' N /
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a “/

one might cbtain a one=dimensional wave digital two-port which ia canonic,

and that thera would be no delay-free loops when such two-ports .we_re

i
cascaded.. o

Following this ‘procedure one can obtain the canonic realizations

* cortesponding to the diff?re'nt geries and shunt. arm elemehts in a tlwo-

o

variablg ladder network. To this end we start with the serieés arm elements.
When the series arm consists of an L or a” C ora parallel combination
I

of an L and a C in one variable, then the correspanding : gital two-
port is the same as that of the cortespopding one given Chapter 3 with

z":1 having replaced by l"\z1 or zEl as the case may be. ‘This is shown

~ «

in Table 6.1, sNext, we shall obtain a realization for the 2-D digital two-

port correspohding to the serles arm element wnsigting of L's of Py

and P, typeg‘ in 'paralle}l. This may be done in a simple

manner as
. follows: The impeddnce of this circuit is .
- ! N : * ' ’ -t - . '
0‘ - . ' \ s
‘ L. 7 = —— SR (6.12)
ol © % T/ )+, . ~ -
. 1P/ 7/ (RaPo ‘
and - . , : .
A\ f .~\ J‘ N
R AL A ‘ c !
,,' S N T SRR | Il
'()“ - pi (‘1 zi )/(1+zi )' i 1'2 . } i
. e o \
= 1 .
1 R f - (6.13)‘
3 ' 1+z—1 1+x—:L o
! 1 1 1 1 £ 2
A A s L ~ '
. . 1 1-:1 2 1-:!2 -
- . Tt . y
‘ . o A ’ . L
Equation (6.13) miy be rearranged in the form ) '
. \ R o , o .




':r‘ .
:

N - 132 -
‘ -
“ A 4 ) - LY
az M+ (1~a) z"l-‘-z'lzﬁl
. 1 2 172
1- { P }
¢ L.L 1+(a-1)z,"~az . .
Z, = 2l 12 (6.14)
17T "1, 1 1 -1 o .
wr - 172 . oz, +(-a)z, -2 "2
1 2 "1 72 . s
S . \ R 1+ l{ -1 _1 } ’ .
. . | l-l-(cz—l)z1 -az, ‘ . - \\
" \
ot ® \ _ — %
R L2_ . o ' . .
where K ‘a - EFE_ ( . (6.15)
- 172 )
Now compare Zy in (6.14) with that of an inductor L in one ~§ar1ab1e
in the geries arm, namely,
J | i, =L 127 o ) ' E
“ 1 -1 : °
\\ ’ 8 ‘ ' 1+z ' ' ’ . . » . ‘{ ’
i - ) ' h’ \ ‘\ > (
We then see tha# an 'L 1in the one-dimensional case is replaced by
' Lol -1 -1
Llpz/ (L1+L2) in ,t:he 2-D case and z by g(zl 2, ) where
‘ vl -1 uzI\l-i-\(l;.a)z;l-lez;l . - : .
cglz,, 2, ) = (6.16) )
" 1 2 1+ (u—l)zml‘-—mz-:L ’ -
3 2 - - T .
P A
and a 1is given b.y (6.15). The porﬁ normalization constants are then
' ! . i ’ ! a hr ’
related by (from Table 3.2) ' ) o ;
., . v —_— |
‘ oL, . S \ .
. =R+ L+, . ) (6‘l?)ﬁ
’ i v h ° N ,

_
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Thereforg; a realization for athinf gseries impedance is ohtained hy simply

réplaéing z_1 in the one-~dimensional cagse corresponding to a series L

9 ) as given in (6.16) with O‘RZ/RI .and o as.giyen by

. -1
by glz,7, 2
. (6.15). A realization for g(zzl,z-l) in (6.16) is shoyn in, Fig. 6.4,

and the corresponding 2-D digital two-port is given in Table 6.1, The
realizations for the other series arm configurations, nan‘lely,_ an L of

~ p, and a "C of 1:2~ types in parallel and a C of p, and a C of :

p; types in parallel, may be obtained merely by replacing z—l" in the

one-dimensional realization corresponding to an L in the series .arm

- -1 -1 -1 -1 -1 =1

“ by g(zl » =29 ) and g(-zl y 2, ) respectively, where g(z1 »2, )

. \ ;

) is given by (6.16). In a similar manner, the digital two-ports for the

various shunt arm elements may be obtained from the corresponding one- . |
dimensional digital two-ports and are shown in Table 4.2. The realizations

'in Tables 6.1 and 6.2 are called type la realizations. One can also

- SN L obt;in alt£Ei'nalﬁe canonic realizations forﬁ the s;:ries and shunt arm elements
in.a panner akin to that ol_:fainéd in Chal;ter 3.. These are “c‘alled pe Iﬁia - ‘L
structures and a::'e sh‘o‘wn in Tables 6.3 and 6.~4 r\éspectively. s \\ )

= ! ! ~ : . <\
. ‘ As in the one-dimensional case, one can also derive three more [

canonic structures corresponding to each of Ia and IIa types. Figs. 6.12a,

1

b and ¢ show t;hé Ib, Ic and Id structures corresponding to Ia.type shown

‘in Fig. 67 Similarly, one can obtain ~IIa, ITb, ITI¢ and IId realizations

and are shown in Figs. 6.1.3a, b, ¢ and Erespectively.

It should be pointed out here that when using type I structures
. for the two-dimensional cases, the multiplier ¢ must be set equal to

L . A N
—- zero or equivalently R2 ' must be set equal to RL in order to avoid a
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) L - 0 - . :
- \ - v ‘ 'af"'\ ; h
. : . delay-free lo0p in, the oyerall structure; setting RyR;  resulta in
& , : .

no loas of .generality. Similarly, when using type II structures the.

multipl‘!er © must be set equal i:o, zero or equivalently Rl must be

- pet edual to Rs to avoid a delay-free loop; this again r

) loss of generality. »“

6.6 Design Example:™~_

\ [
'
H »

— .o . Let us consider the design of a circularly symmetric IIR

cegsing, to have spatial filters that are inse‘nsitiv:e to the relaf:’ive

PRI Y

data oridntation.
‘ \

\ Since éircularly symmetric system functions are not exactly
\ .

realizable, we nay only bé able to realize them approximately. Let .

H{w

sy -
A% 'x.,;qam_n“‘

H(dal,wz) 'in a given region, where the vector

v ", "Since the transfer function of the 2-D digital

TR Nt o s W e
.

filter is periodic in w

.and wz'\ with period 2n , ‘only values “of

; T wy and W, in the ‘r‘eg.ibn

W, = {u, : =L '
N 2"l F s )

.

need be considered.
N ' ' * S »
be . . - ) e

. - - )
« ’

. N ‘
-2
P .
5 .
.

We now define an error function r (x, Wl,‘ Wz) to

e Then a suitable analog function B(g,wl,wz) is chosen to approximate |
. o

esults 7:!:;1%6‘0“*

2-D digital filter. It is often necessary, for example 1in pi‘ctureapro-

a2,

1’w2) be the ideal fesponse in the two spatial frequencies Wy and

{

X 1s the design parameter. —

1

[

-




rO_(; Wy ,6,) = lﬁ(wi.w‘zl..l - Iﬁ(z.wl.wzll. _ O (6.18)

The approximation then consists in minimizing some norm of r(g.wl,wz) ,

in the région Wl,W2~ subject to ‘X constrained to a particular region,

}f the approximating function corresponds to a passive network, then X

Al

represents the element vd’uesl Then X 1s restricted to take on only,

positive valyes. In this example, wé will be using minimax error crigerion

so that the approximation prdblém lies in minimizing the maximum‘abso#ute

~

error, f.e., minimize

N

such that X>0..

"
A °

Retdrning ;; the design problem’ in question, when no‘ftrﬁﬁéﬁre
exigts élprioni, one way is to start with a g;ven order dqubl& xerpinat?d
’lic'ladde} in two vnriabieé in which each reactive elemeht can be aasociaéed
.with either a P, °F & p, type;‘aqlin F@;. 6763. ‘Anoghér way 156] is
to consider first a given order doubly carmingtéd.Ld ladder in one
variable, say p, and then trénpform ﬁ into -(a1p1+81p2). Then,iinm, G ,\

both cases ﬁsiug ninimax’ error ‘criterion [57) the vgriohs~L;. and C's and

the terninating resistor as design fpataleters, one can approximate the -

all, h&wcﬁgr, use the first -
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- ~ . Al .
I3 : : M ' .. —
P ‘ . . - 4
. - .
. . . .
. . B -




e

'

FIG. 6.6a -A two-variable doubly terminated LC laddei, of order 2

in each variable.
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method in the example to follow. , . N

Let us then desigu a circularly symmetric 2-D digitll filcer
4 to- have pass and stoﬁband edges of 0.147/T and 0.26n/T respectively.

, This example is taken from Ref. [43]. 1In Ref. [43] they have found that

the approximatiop was acceptable only when the elements of P, type
- o were cascaded with that of P, type. So, we select a doubl); terminated
| 4th oxidei' LC ladder network of the type shown in Fig., 6.6b. The 1nitia1\
~e1ement.-v;1ues of the ladder of Fig, 6.6b correapond to the But;tqrworth
type of response aiong P = Pp = P- The final parameter values are . . ™

' then obtained using the optimization procedure cited in [57). °The

required 2-D digdtal transfer function is finally obtained from the

, transfer function of the analog network of‘ Fig. 6.6b using double bi-
v ® z, -1 -~
. linear z transform, p, = 1

° . zi+1 . .

, 1=1,2 and is found to be

S k1/1207;25)(z1+1)2 (z2‘+1)2

b H(z z ) [ ——— -
- . 1'72 2 2 2 2 2 2
- {zlzz—l,j77zlz2-l.547:122+O.69z1+0.665:24-2.44.12‘1:2 .

o

)

, ~1.067x,-1.0492,40.459} (6.19)

-
.

Equalt:ion.(6.19) may be written approximately as -

v * e 2 2 : \
L. : (3/12267.25) (4 2 (2 41)2
H(z),2,) = Ll L 2 (6.20)

- . >

.
S
. « ,
" ¢ ~ N
o8 \’h .
w . & .
23 ! - y . . \—‘\_0_'/’

It is foupd that the absolute maximum deviation of the actual response

2 2
Czl-1.5511+0. 7) (22-1.5832+0.69)

from h)e d.eaire'd'response in the région of interest is somewhat mllew

¢ - <« .than that obtained in Ref. [43]. Fig. 6.7 shows the digital realization -

v . B . ' o
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corresponding to the network of i’ig. 6. 6Gb. \
. e
The surface plotting of the frequency response of the 24D

digital filter of .Fig. 6.7 is shown in Fig, 6.8, and Fig. 6.9 shows the

contour plots of c{mstant magnitude of its transfer function, The

contours are display n steps of 0.1.

.

In order to show the good sensitivity prqpert'ios ‘of 2-D wave

digital filters, plots are obtained for the contours for different fixed-
, . - point quantizatioh levels of the multipliers of .t‘he wvave digital filter
. é ¢ L]

)

of Fig. 6.7. These are shown in Fig. 6.10 where one particular contour

J. in the passhand is sho?n. To compare this with the direct realization,
. ~ the same trangfer function in equation (6.20) is realized by the direct
. ' .
method and the correcponding contour plots for different “fixed-point A

qumtiution levels of the multipliers are shown in Fig. 6.11, Inapection
shows that wave digital tulization is desirable compared to the direct

o realization. It is 1nt-reating to note that realization 1s poaaible in

-

wave digital configuration for the example considered even with. 7 bits

for multipliers vhile it is ndt possible for the direct realization of . (

u(zi,zz) in (6.20) even with 10 bits.
r‘ v N

6.7 .}Concluniona: . : ' se

L - 3
A 1mreuitive realizntion for a 2-D digiul fi er of the

a

IIR type is given in thil chapter. Doubly ;:e’rni\nntcd lossless, ladder :

-

networks in two vat;ablem vere tJ:onsidetod wvhere the different series and

By,

F]

shunt arm elements were characterized by transfer, acn‘ttering matrices.

Using the double bilinear 3 tranform py = (2,-1)/(2,41), 1=1,2, each -
. ? @ '

transfer scattering matrix was transformed inéo a corresponding chain matrix’

A

1 s - -

n Fy 3 SN
SE] \i’"’n" 'm%:aui;_



<

'

of a digital m@ith the incident” and reflected vayes being

identified with the digital inputs and aytputs réquctively, and the

individual digital two-ports cascaded to tealize the overall chain matrix.
- . . e , "

For a given analog lgddef structure, eight digital realizations

vere obtained which were all canonic in multipliers. The sensitivity

1 N A* ) %’ )
of one of these digital structure ';asff'ound,t@be wuch better than that

of the correspondiqg direct realization.
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) CHAPTER 7

" CONCLUSIONS ,"’%\

- ’ - 5y N

7.1 Conclusions:

A
. ]

- ) . ‘A new type of wave digital filter str ure, derived from a .

doubly terminated loss&ess ixetwork', has been. proposed in this Thesis,

A.‘linear, lumped, time-invariant, loesless network is first described ﬁl }

[8

/ : . . .
by a wave or scattering matrix where the incident 'and reflected waves

& . = -
at thég*.two ports are related to'the voltages and currents at the respective
. 3 ' B -
Q - 3

X

g o o ports through the chain parameters of the two-port. IUsing the bilinear

# .
o z transform, the wave matrix of the analog network is then transformed
) - into a chain matrix description of a :digigel two-port where the digital

) : inputs and outputs ar%identified with the respective incident " and

0 A reflected waves at the ports of the analog network. " A realization’is ’ R
. . . \f oo ‘ -a S{‘ ' . .

then obtained cérresponding to this chain matrix of the digitay, two-port.
4 ' b . " . ' [ :

[ .
-~ \ " N 4 P L .
. I3 e " + . '
- N -
"

- Sin e LC ladder hetworks have low sensitivity properties due
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11 fo:m) Therefore, both canonic and no&anonic dlgital s
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realizations. for these series and shunt elemer@s have been.derived.

izations which are canonic with respect to the multipliers

N ¢
[y

S

Fof those re

~ . but not with reSpect to the delays, allgport resistancea are assumed RN

- ‘equal., This

esults in-a delay-free loop when the digital two-ports
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“

pr)perties of

‘two digital configurations for the coefficlent word lengthQ of 8 and ‘12

form and 1s comparable ‘to that wf\Fettweis' new structure {60].. A similar

- 159 -

corresponding to the differént series and shunt elemenks of the ladder”

are cascaded even thouéh the individual tw0fporteihave delay~free
‘ &l o ' ) .
loop in themselves., Therefore, extra delays are introducéd between
\ —

successive digital two—porfs for physical realizability condition.

o hd

The condition on the port resistances is relaxed for those

realizations whic? are canonic with respect to both the multipliers

and delays. ‘A relation between the port resistances 18 obtainedpin such
a way that there is no delay-free path from the incident to the reflected .

waves at the input port. This ensures that there be no delay-free loop ‘u %

in the overal]l digital structure. B 4 \

¥ <

. & :
For a given analog structure eight different digital structures

are obtained, all of them being canonic with respect to both’the multipliers
and dFlays. '

' | B
The floatipg-point coefficaent sensitivity and roundoff noiée/

emdigital structires have.been studied. Foflsensitivity

anelyeis an /rms value definedlin [60] has been used to measure the deviation
of the e ual frequency reeponse from the ideal one when the multiplier

coefficients are rounded for implementation. First a second~orderﬁlownass
Butterworth filter is realized in i) the direct‘form and 1ii) thg Egpposed<

~ ‘' o

wave. digital fOEL Then the rms value so defined is computed for those

bits for different relative bandwidths. It is found that the sensitivity

of the proposed digital struetures ‘is much lower than that of the direct

N

study is .made for a seventh-order Chebyshev filter reali%ed in the proposed




D‘a "
. - 160 - . -

form and in the conventional cascade forn;. . It is again found that the

sensitivity of the proposed structures is far better than the conventional

. . “
cascade realization and comparable to that of Fettweis' new structure [60].

« a
-

< 4 ,."
The roundoff noise has been studied by simulating a seventh=order .

lowpass Chebyshev filter on a digital computer using full precision and

ghorter word ‘lengths! The difference in the output sequences of these

two filters is.treated as a measure of the roundoff noise in the filter

*
~implemented. The average signal} power 1s proportional to the varilance

4

of the input seqlience while the average noise power is)proportional to
the variance of t\a difference sequence. The signal to nolse ratio is

calculated for 1) ?ﬁ\ehptoposed digital structures and 11) the conventional’

- ‘

cascade fqrm as a function of ”the relative bandwidths for the co‘t\afficient
word lengths of 8, 10 and 12 bits respectively. It has been found that

the proposed digital realizations have a high signal to noise ratio as |

e . B
compared to the conventional cascade structure. It has also been found
a .

) . [ :
that” for all thé eight structures proposed, the signal to noise ratio N

decreases much less rapidly with decreasing relative bandwidth (or

increasing sampling frequency) while for the convl;ncionai cascade structure

it falls off very rapidly. It is further found that the signal to noise
ratio of the proposed structure is comparable to that of Fe.t:tweisp" new

structure [60].

}
9

- Wave digital realizations for ba‘t\xdp”ass and bandstop filters
with variable center frequency and bandwidth have been obtained. Star
with a prototype lowpass wave d’i’gf‘:‘:ez filter it has been shown that a

band;)ass.or a bandstop digital filter could-be obtained by first recalqulating'

< ¢ [




o

"structurie exhibits much lower sensit@mro multiplier coefficient
v . ‘ .

- 16l -

- c

[

the ‘prototype multiplier values corr\elon‘ding to the required baﬁ%\’iidth

2

“and then replacing each delay element in the prototype structure by an,

appropriate function g(z—l). It has also been shown how to obtain
g(z-l) from the apnyopriate frequency transformation in the analog domain.

¢ v
’e . 1

. % L
Y, The procedure for t proposed digital realization has been

a

extended t'.o the case of'a(?-D' digital filter realization. ‘Statting with a

doubly terminated LC ladder network:in two var.iables, digital'realizations

AN

‘for, some of the possible series and shunt élements of the ladder have been

' ’ b

L4
derived which are canonic with respect to multipliers. An example of

designing a circularly a)immetric 2-D digital filter has been considered,

" where a procedure is outlined as to how to go about choosing a particular

L

network structure and then obtain the element values using a known

-

optimization procedure to approximate the desired spatial frequency
résponse. Confour plots for the ‘magnitude response have been obtgined

for 1) the 'wane, digital realization and 1i) for the direct form realizing

[y

the*same 2-D transfer function. i'I'h‘e results show that fhe 2-D wave. digital

5 -

rounding\ than the direct realization.

N~

7.2 gcope for Further Work: °

L]

Further worthwhile investigations could be'carried out in the

’

areas of error analysié q{a}d digital realizatlons. Since“e digital

-

‘ fiite; is usually implemented }th fixed-point arithmetic, it is necessary

»
\

to cafry out the sensitivity and rouhdgfffnoijse‘analysis in fixed-point

form for the proposed digital realizations. It is also necessary to

investigate the existence ‘of 1imit cycles in. the groposed digital structures

o ~
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and derdve the bounds on such oscillations.. a
" o - . ‘ ) N °© r
. - ’ "

‘ ‘ Lattice networks. are "another. class of important analog e A

sttuctu&e\?. The proposed wave digital realization procedure mdy be

-
<

applied to these*lattice networks to obtain a different class of ‘digital o
IS b

° . raas v

<

4 networks. u

In realizing a circularly symmetric 2-D digital f{l‘ter we stari:"ed

. . G N .
,with a doubly terminated LC ladder in one variable, then assumed that : -~

4 - ° . 0y - <

. R . half of the LC elements to beﬁé Py type aﬁd the remaining half to be

" of P, type.: Instead one can trangform each reactive element in the

- o

one—variaGIe ladder 1into a twg-varia'ble reactive element, i.e.,
Ap > ui 1:1+Bi p2 [56], and then carry out ‘the optimization prdcedure. .

-
.
°

[}

? S This may give rise to a better appr‘soximation to the ‘ideal c1rcular1y o7
K

symmetric responée since there are more number of degrees of freedom.
Y R . . ' : . ‘ )
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