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ABSTRACT

Expressions for a generalized Mo dified

Transitional Butt~ rworth—Chebyshev (MTBC) filter are

derived. The characteristics of this filter as applied

to digital filter design are investigated. It is shown

that by adjusting location and order of the inserted

zeros, the cut—off slope rate of the filter can be

traded for lnaxiiEu.m atten uation in the stop—band .

The perfornance of this MTBC filter is compared to

that of Butterworth , Chebyshev , transitional

Butterworth—Chebyshev filters together with those

suggested by other investigators [1 ]—~ 3]. It is shown

that the stop—ban d attenuation can ~e significantly

increased without great sacrifice of cut—off slope

rate.

Step response of this MTBC filter is also obtained

and compared with other filters. Various tabulations

as we l l  as grapas of this filter are given for design

purposes. A computer program is developed for the

design of this filter.
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I. INTRODUCTION

The digital f i lter is, as defined by Rabiner et a]. [10],

a com putational p rocess or algorithm b y which a digital
s ignal  or sequence of numbers  (acting as i n p u t )  is
transformed into a second sequence of numbers termed the

output digital signal” .

The area of dig ital filtering can be divide d into two

malor subdivisions as Finite Impulse Response (FIR) filters

and Infinite Impulse Response (IIR) filters.

During the development of digital signal processing, the

interest cf the investigators in lIE and FIR filters varied.

Before the introductjon of the FFT algorithm by Cooley and

Tukey (1965) IIR filters were much more efficient than FIR

filters. Stccham ’s work [13] on the FPT method of

performing convolution indica ted that implementaticn of

high—order FIR filters could be made extremely

computationally efficient ; thus, comparison between FIR and

lIE filters are no ].cnger strongly biased toward the latter

[5]. Because FIR filters require very high orders to

produce a sharp attenuation shape, they are not often used

for real—tine filtering of waveforms. Recently, due to the

increase in computing capabilities in digital signal

processing and the availibity of long charge transfer device

(CTD) tapped delay lines (TDL) , FIR filters are f avo red  over
lIE filters. Ho wever, in applications like design of

digital ccmb filters lIE filters are the unique alternative.

There are three basic design techniques of h R  digital

f i l t e r s  [5 ) .

12
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First method is the direct design, whic h is,
appropriately placing poles and zeros to appro ximate

required freguency response.

A seccad method is to use an optimization procedure to

place the poles and ~.eros to match arbitrary frequency

response specifica tions.

Finally the third technique makes use of highly advanced

art of continuous filter design. This technique of

designing digital filters from continuous filters by me~as

of mathematical transfor mations is the most popular h R

digital filter design technique.

Standard Z—transform ,Bilinear Z—transform ~nJ the

matched 1—transfor m make possible direct transformation from

S—domain to Z—doinain , preserving essential characteristics

of analog frequency response .

Existence of frequency transformations r~ duc~s tne

problem to design a frequency normalize d prot . typ .~ low—pass

filter.Then using appropriate frequency transformat .on , this

prototype may be converted into desired bacd—pass ,

band—relect or hig h—pass filter. Popula r p :ototy~ e filters

are Butterworth , Chebyshev , elliptic an d n yb r Ld transitional

filters. Frequency transformations for .Ii~iital rilter .s are

discussed in various literatures C [6] and [7] ).

The problem of designing low—pass prototype filters,

which pcssesses better stop—band a ttenuation and cut-off

slope characterist ics than existing prototypes has always

attracted the researchers in the signal processing area.

Budak and Aron hime suggested [1] modification of

maximall y flat rational functions by introducing a pair of

finite transmission zeros such that the maximally flat

13
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charac ter i s t ic  is maintained but  the c u t — o f f  slope can be
made steeper without great sacrifice of stop— band

attenuation.

Dutto Roy [2] investigated a more general case allowing

insertion of multiple pairs of transmissicn zeros, either

coincident or distinct.

Introducing multipl e pairs of jw—axis zeros in all pole

Chebyshev transfer functions are investigated by Aga rwal and

Sedra [3] .

The most a t t r a c t i v e  f e a t u r e  of these f i n i t e  zero f i l t e r s
is th at t h e y  o f f e r  the  f i l t e r  designer a great  degree  of
freedom in choosin g the location and order of the zeros to

trade cut—off slope for stop—ban d attenuation.

In this thesis, a modified Transitional

Butterworth—C hebysh ev filter is de veloped , which is a more

general case , introducing finite coincident or distinct

multiple pairs of transmission zeros in transitional

Butterworth—Chebyshev filter.

Trad-~—of f’s between tae order of the filter , the order

of transmission zeros, stop—band attenua tion and cut—off

slope are pointed out. Graphs helpful in the design of such

filters are cttained .

Performances of Butterworth , Cnebyshev , Transitional

Butterwo rth—Chebyshev filters and the designs suggested in

references [2] and [3] are compa red with tliose represented

in this thesis for the orders of three through eleven. A

computer program is developed to implement the filters

mentioned above.

In addition , the tin e—domain response of digital filters

14
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is studied. There are many applications, such as digital

MTI filters, for which one is interested in the transient

responses of filters that are specified in the frequency

domain . Step responses of the filters that are discussed in

this report are plotted and compared .

15 
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II. DERIVATION OF ~lODIFIED TRANSITIONAL

BUTTERWORTH—CHEBYSHEV FILTERS

A. INTRODUCTION

The most popular technique for designing IIR digital

filters is to digitize an analog filter that satisfies the

design specifications [5]. There are many techniques for

designing analog low—pass prototype filters. Among the well

kncwn analcg filter classes are the maximally flat

(Butterwcrth) and equal ripple (Chebyshev) filters.

But t e rvorth  f il ters are simple, excellen t in the

pass—band and monotonic in both pass—band and stop—band. The

Chebyshev filters are superior at and near cut—off freguency

and at stcp—tand .

The transitional Butterworth—Chebyshev (TBC) filters

combine the desirable attributes of these two filters in a

single apprcxiniation that is given by

2

~~~~~~~~~~ 

-

where
k= Weightin g factor

n= Order of filter

C~~~(w)= (n—k)~~ order chebyshev polynomial.

When k=n , IF (lw) 1Z  is ident ical with the Buttervorth

function. iihen k 0 , jF(jw) $2 is identica l with the Chehyskiev

16
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func t ion . Wi th  a va ry ing  va lue  of k , a TBC f i l ter  possesses
some character is t ics  of each. As k approaches to n , a TBC

f ilter behav es more li ke a Butterwor th filter , as K
approaches  to zero , it behaves m ore  like a Chebyshev f i l t e r .

In this cha pter, modifica tion of TBC fil ter s by
introducing finite coincident or distinct multipl e pairs of

t ransmiss ion zeros will  be discussed. It  will  be shown
that , us ing a w e i g h t i n g  f ac to r  k , and the location and order
of inserted zeros as parameters , attenuation in the

stop—band may be traded for sharpness of the cut—off

characteristics.

Expressi cn s  for the cut—off slope and mini mum

attenuation in the stop—band are derived in terms of order

of the filter, weighting factor, location , and order of

inserted zercs.

B. MODIFICATION OF THE TEC FiLTERS WITH COINCIDENT

TRANSMISSION ZEROS

Introducing m identical pairs of transmission zeros at

±1w. to eq. (2—1) , we have

.,— .i .. (L)o—t.~~) f \r c.,~~) ~~L ~~ 2k c 2
~~~

) ./

In order to normalize $F(jv) g2 , i.e. to force 1F (jw) J 2  to be
equal to 1/2 at w=1 , the constant K should be

= _ _ _ _ _ _ _ _

17

~- - ~~~~~~~ —- -~~~~-__ - - -_ -_ ~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _

Then eq. (2— 1) becomes

~~~~~~~~
= 

(~~~.
t
~~~~~

t)2fl’
+ (~~,)O

t
t) 1M ~~~~ ~~~~~~~~~

where n>2oi, Lecause of the low—pass characteristics of the
f u n c tion, and the Chebyshev polynomial C~ (w) is defin ed by

ç
Cost(n Cos~~~) t.&~~~~ 1 (i-s)

C ~~~ = 

~ Cock1 (n 
~~~~~~~~~~~~~ ~

) ~ ~~~~ ~~~ I 
~~-6)

1. ~~~~~ ~~ ~~~ Z21~ ~~~~~~~~~

Subs t i t u t i ng  eq. ( 2 — 5 )  in to  eq .  (2— 4 )  , we ob ta in

~~ Zm2. 
~~~~~~ )

(~~0
t.~~ t)Zm1. (~~~-4)~ ’~ ~~~~ C0s~ t(~-~

) e0~~1
Let

f(~
) (~~~t~~~~t) lM (2-8)

= e0~ [cr’-~.) Cos~’~~] (2-s)

Using these  values , eq.  ( 2 — 7 )  become s

F
+ (Wo~- 4) ~~~~

‘ h (  tA))

18

Ih-~  
. - --“ .-

~~~~~~~
--- -

—-—-~~—.- — -. -—---- -  - 

.

— ----- - - — ---- - -.--~~~~~ _____lj_ ..- 
~~~ .— - .-.- -.. — —

~~
- — . ---- —----. - .



- - - 
-~~~~ -.--- .,--..- --— -—------— - -~-- .~ ----.-~~. - ---

Taking th e  de r iva t ive  of eq . (2 — 10)  w i th  respect to w , we
get

F~3~) — 

[f~~) (~~~~ l ; ) ~~ M 
~~~~~~~~~ 

(~~i4)

At the cut—off frequency, w=1 , we have

(2.12)
= _ 1j p

~~ (uo2_ 4 ) 2~~~

k~~u~~~ ~. (2~~)

k (~~= .~~~~a(~-2)~ (~~ ç)

( F(j~) j = L / ~~
substituting these values into eq. (2—11) and simplifiy ing,
we ob ta in

= 
(~~~~~t~~~~ ) 

+ 

~~~~~~~~~~~~ ]

For k=n , the result agrees with the cut—off slope of MB

funct ion , which is derived in [2]. For k=0, the result

agrees with the cut—off slope of MC function as derived in

[ 3) .

2 .  
~~~~~~22:~~~à~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In gener al, stop—band characteristics of finite zero
filters wil l te of the form shown in FIG.1*.

* Becaus e of the i n h e r e n t  l imi t a t ions  in the p lo t t ing
sub rou t i ne  utili zed to p rov ide  the  graphs  in this  thesis, it
was necessary  to add s u p p lem e n t a r y  axes to sh ow proper
scaling f o r  scne of the  g r aphs .

19
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figure 1 — GENERAL STOP—BAND CHARACTERISTICS OF THE F I N I T E
ZERO FILTERS
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The zeros in tr oduce d wi l l  cause a pea k in the s top— band , at
a f r eq uency w~ >w0. The minunium attenuat ion in the stop—band
may be d~ f i n € d  as

JO ~O3 ¶~ (i~i:)

where

I (z~ c)
In the s t o p — b an d  eq.  (2—4)  becomes

C. (w.
t.

~~~ .J~~2)
2

~
M

(~~~t~~ )
Z~ 12

z(~t-~ )-2 
~~~~~ 

/

Let

fur) = (
~~ o~- ~~~~~~~ (2.2!)

~~~ ~~~~ ~a
”
~ (2-2z)

Taking derivatives of these values and substituting them
into eg. (2—11) results in

(~~t 4 )
2fl~ 2~~~~k ) 2  ~~~~~~~L 2~~~[~~~~~~~~~~t t ) ]

~ 
l~~j~p)i [( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (A-~~).Z

~~.23)
Combinin g eq. (2—19) and eg. (2—23), we obtain

Thus

~ ( t )
2PI~ ~~l(~ -~~.-~~-1) 

-

(fl-tM)

21 
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And minumun stop—band attenuation will be given by

tO ri. lo~ ( ‘

~ 
) .÷ .20 lo~ (u)0)

+2O m i ~~[n-~~’t. . 

~~~~~~~~~ ] 

,‘ ~~~~~~~~~~~ (22~)

Plot s of s top—band  a t t en u a t i o n  and c u t — o f f  slope of
MTBC filte:s wi th  two coincident t ransmiss ion  zeros , for
orders 3 thrcugh 11 are given in figures 2 and 3.

C. MODIFICATION OF TBC FILTERS WITH DISTINCT TRANSMISSION
ZE EQ S

Consider the n~~ order TBC function with m pairs of
finite distinct zeros at±jw; , where i=1 ,2,. ..,m an d w~ >1.

The iragnitude squared function of TBC function w. th
distinct transmission zeros will be given by

.
~~~~ c~it_

~ o~
~~4)

7
~~~~~~~~~t~~~yt )L  (~ .Z if’ ~~~~ C.

t
k ( ~ )

1=- I

Let

k(~)= w L
~~~ t)

2.

P u t t i n g  these values in to  eg . (~ —27)  r esu l t s  in

~
(
~ ) I L~~

-I- 
h(w)
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1. 22:~~ fl~ ~~~

The frequency U p at which the stop—band peak will

occur , is g iven by

~Q~
) I

’ 
= 0 (~.2~)

Using eq. (2—6) and taking derivative of eq. (2—28) with

respect tc w , we ob ta in

F~ 
3(w) {2rt k(~) - \~ (LA)) J ( )
~~J FC~~)) kt(

~) [i* ~~
) ~~~~~~ 

~~~~~

k ( ~
)

Combining eq. (2—29) and eq. (2—30) the equation to be

solved for U
p 

may be found to be

~ [ 
~~~~~~~~

_ C~~~t~ u pt)~ ] ~ 
—

which agrees with eq. (2—24) when w~ ‘s are identical. Using

real soluticns of eq. (2—31), stop—band attenuation peaks

nay be f c u n d  to he

where

and m inim um stop—band atttenua tion is given by

= or.~; (
~ ~
)
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Using eq. (2—5) and differentiating eq. (2—27) with respect

to w , the cut—off slope becomes

IF~~)I =_
~~~ ~~~~~~~~~~~which agrees wi th  eq. (2—17)  when the w~ ‘s are iden t ica l .

Plots of cut—off slope and stop—band attenuation of

L1TBC filters with two distinct transmission zeros, for

orders 3 thrcugh 11 are given in fig ures 3—17.

D. SUMMAR Y

The Transitio nal ~utterworth—Chebyshev filter combine

the best features of the Butterworth and Chebyshev filtezs.

A Ilodified Transitiona l Butterworth—Chebyshev filter ,

obtained by introducing finite transmission zeros to a

Transitional Eutteruorth—Chebyshev filter , possesses cut—off

slope and stop—ban d attenuation , which are dependent on the

modification parameters w0 and ii. The closer the w 0 is to

unity, the steeper the cut—off slope. However , this
improvement in the cut—off region results in degradation of

stop—band attenuation. Thus, using w0 and m as parameters ,

an advantageous trade between attenuation in stop—band and

sharpness of the cut—off characteristics can be made.

Graphs are given to serve as guides in trading cut—off slope

for stop—band attenuation.
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III. ~~~~~~~~~ Q~ ~~~ ~~~~ ~~ j J ~~~
FUNCTIONS

A. INTRODUCTION

In chaptEr 2 , derivation of MTBC filter is given. I t is

shown that , stop—band attenuation and cut—off slope rate of

this filter depend on mod i f i ca t ion  parame ters m, k, a n d  w0.
So the filter designer have the flexibility to trade cut—off

slope for stop—band attenuation by changing these

parameters , without changin ; the order of the filter.

In this chapter, performance of IITBC filter is compared

with B, MB , C, MC , and TBC filters.

Formulas for stop— band attenuations and cut—off slopes

of all these filters are given in Table I.

B. MTBC FUN ’ 110N V.a. B FUNCTION

Cut—off elope of MTBC function is given by

+ 
k(~.+~-~ i) (.3~fj l (3 0

2_ 4 )

41

— ~~~~~~~~~ 
- - .  S ---5 . -- . -5-



C‘.0 ‘5-, —

-~~

-~ #. -~~
0 .

~~ 
I

~~~~~ ~~

0 “-0 1-
Z ‘C

4 ~~~~ 
ii ii

0 II cj
c~.4 U II i i

(_) I-

p

~~~~ :~~~~~~~ 

_ _ _  _ _ _ _ _ _ _ _ _ _ _

0 o

~~~

‘U

42

-- - -- -5 i__ _ 
- - - - - ~~~ — - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 



- - 

_ _ _  

_ _

I I 
r 

~~~~~~~~~~~ 
r—

~~~~

-
~I~-:3 

~
-
~~~‘

3 j I

E
C’ ~ E T ~ J E

I 
~~~~~~ ~~~~~~~~~~~~~ 

C

~~ 
L~~-J ~ 

I L_J -~ L~J~J L J

~~~~~~
, 

~~~~\O-
I ‘50 

•..-1 • ~5 -~~ 
‘5.-i -

~~ I
I -f- ‘0£

It —t— II II

_ _  _ _ _  _ _ _  

I

L - _ I c
~ C~~ 3

~~~~ 0 0 w

‘S. — _~~~~~•4
I U.~~~~

‘
-5

—.5 
~~ ~ I— I_J.4 “

43

S • 5-5 ‘ -5-5 _~~_-_ _‘ — ‘-5—— , - ,  — — ~~~~~ =-~- - - -5  ,—

- — -  
- 

- - - ‘ --- 
-5-- , - .--  --  -~~~ - -  -5



From eq. (3—1) r a t io  of c u t — o f f  slopes of these  t w o
functions may be found as

________ 
m i~..(k.~ -2n) ( \

= — 
~~~~~~~~

v . s .  w 0 f o r  n=3 t h r o u g h  11 and n = 1 , 2 are g iven  in
Figures 18 and 19. Stop—band attenuation of MTBC may be

w r i t t e n  as

~~~~~M7GC = + n -k-i) ~ £0 ~~~~ i~~ [ n~~~ • 
t~3 0t~2~

A ] ()
Then th~ difference betwoen st3p—band attenuations i~ given
by

dM~ C/~ - — ~Cfl ~~~~
- k-i ) +~O ~ \~ 

~~ ~
°
~
-]
(3.Ai)

Plots of dNl,~./o v.s. w0 for n=3 through 11 and m = 1 ,2

are given in FIG 20 a n d  2’? .

Figures 19—21 indicate that , MTBC filter can be made 10

times steeper than B filter still having 4~J dB more
attenuaticn at the stop—bana.

C. MTBC: ~~~~ MB F U N C T I ON

Usin; Tabl e I, cut— off slc~pe ra tios of M T SC and MB
filters may be found as

— .2m + (~~--~) [(v~k)~.~ k] 7— S-6
+fl.

Picts of L’M1~~,/M~ 
v . s .  w 0 for n23 through 11 and m 1 ,2 are

givEn in figures 22 and 23.

The iifference between the stop—ba nd attenuations of MTBC

444
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an d MB is g i ven  by

Equat ion  (3—7)  indicates t h a t , s top—band  a t t e n u a t i o n
difference betwee n these filters doesn ’t depend on w~ . For

n= 1O , m= 1 , k=1 , with 48 dB more attenuat ion , cut—off slope

ratio may be changed from 2.5 to 8.0 ~ y chan gin g v0 from

1.Oó to 2.4.

D. MTBC FUNCTION V.s. C FUNCTION

The ratio of cut—off slope of MTBC function to cut—off

slcpe of C function is given by

r _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _U•I~c/C ~ + 2..

Plot of r M.T~~/C 
v.s. w 0 for n=3 through 11 and m= 1 ,2 are

given in Figures 24 and 25. The difference between

stcp—band attenuations of MTBC and C functions is given by

dMr Bc./c = — ~~ 4k) -~
- ~~~ Lo~ 

[ 

~~~~~~~~~ 
-

Plots of dM~~/C 
v.s w 0 for n 3  throug h 11 and m= 1 ,2 are

given in Figures 26 and 27. The Chebyshev filter is known

to provide much steeper cut—off slope than the corresponding

B and TBC filters. Figure 25 shows that the cut-off slope

of the MTBC filter can be made 1.4 time s steeper than that

of the Chebyshev filter, with n 5 , m 2 , and w0 1.06.

B. MTBC FUNCTION V.5. MC FUNCTION
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Th e ra tio of cu t —o ff  s lope of M TBC f i l t e r  to c u t — o f f
slope of MC f i l ter is given by

— 
~~. 

kU ~.*~
-2 n) (~.4)~t_ 4)  f•

‘WT8C/U~ 
+ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~,j3-Io)

Picts of ~~~~~~ v.s. w0 for n=3 through 11 and m= 1 ,2 are
given in Figures 28 and 29.

The difference between stop— band attenuations of MTBC and MC

func t ions  is given by

= — (2-ii )
For a giv en k, 

~~~~~~ 
is aliways constant.

F. MTBC V.S. TBC FUNCTIONS

The ratio of the cut—off slopes of MTBC and TEC

functions is given by

I + 
~~~~~ [ ~ 

(~~* i-~~~~ 
(~-‘~)

Plots oi~ rM.~~f.~~c 
V . 5 .  w, for n=3 through 11 and n = 1 ,2 are

given in Figures 30 and 31.

The d i f f e r e n c e  between the  s t o p — b a n d  a t t e nu a t i c n s  of
t hese t wo f u n c t ions is g iven by

dMl~ /T~ ~ — 6rn +~~O v~ Lo~ [ ,~ 2 m  
- 

~~~~~~~~~~~ 1

Plots of dM.rn~/,.$c v.s. w0 for n=3 through 11 and m=1 ,2

are given in Figures 32 and 33.
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G. SUMMARY

Using the location and the order of the inserted zeros

and the weightin g factor as parameters , the characterist ic

curve of the NT BC filter can be made steeper than that of

the conventional all-pole filters without greatly

sacrificing either stop—band attenuat ion or flatness in the

pass band. A Modified Chebyshev filter provides slightly

better performance than the MTBC filter , at the expense of

substantial degradation of the pass—band flatness. Graphs

are given to help in the comparison and in determining the

numerical advantages gained by increased complexity.
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IV .  C O M P U T E R  P R O G R A M

A. INTROCUCTION

in the previous chapters , expressions for MTBC filter

are derived and the perfornance of this filter is compared

with various filters.

In this chapter , A computer program is developed to

implemen t MTBC filter. It is pointed out that all five

filters, which are used to ccmpare with the NTBC filte:, are

the special cases of the MTBC filter. Thus the program

developed in this chapter for the implementation of the MTBC

filter may also ~e used to implement any one of these five

filters.

A sample problem is worked out to illustrate the use of

the  plot s p r e s e n t e d  in ea r l ier  c h a p t e r s, the  use of the

com pu ter prcgra m , and to point out  the flexibility offered

by the MTBC filter to the filter designer.

B. COMPUTER £ROGRAM

In the most genera l form the transfer function of MTBC

filter is given by eq. (2—27) , which is repea ted here for

co n v e n i e n c e .

2.

I = M 
(2.~)ir (u- 1t~ ~

) j\ (L1~~~
_

~~) ~~~~~ ~~
*1
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where

w = Location of i~~ inserted zero

= Order of inserted zeros

n = Order of filter

k = Weightin g factor of Transitional Butterworth

Chebyshev  f i l te rs

When k=n , and m 0 , jF(jw) 12 is identical to the

Butterworth function. With k=n and iu�O , IF (iw ) ~2 is
identical to the modi fied But terwortli function which is

discussed by BUDAK and ROY [1] — [2 ] .  W h e n  k 0  a n d  m = O ,

~F(jw) f 2  is ident ica l  to the Chebyshev function. With k 0

and m*0 Modified Chebyshev function may be implemented which

is discussed by A G A R V A L  and  SEDRA [ 3] .

When m 0  and k�O , (F(jw) ~ 2 is identica l to the

Transitional Bu tterworth—Chebyshev filter . Finally allowing

both k and m to vary, Modified Transitional

B ut t e rw o r t h — Ch eb y sh e v  fi l t e r s  may be i m p l e m e n t e d .

The program consists of two main parts. In the first

part the analog filter , which is g iven by eq. (2—27), is

im~ lefaented and the frequency response is plotted.

In the second part , the analog transfer function F (j-d)

is first predistorted then transformed into z—domain ay

algebraic substitution method (using Bilinear

z— transforma-tion) to obtain H (z) . Digital ttansfer function

[ H ( z )  J is then factor ed into second order cascaded stages.
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Final ly,  frequency response curves ( IF (jw ) I v.s. w , 20

log IP (iwH v.s. w,and F (~jw) V.s. U0 )  are drawn .

Bilinear Tran sforma tion is pref e r r e d over the other
available algebraic substitution methods (i.e. Impulse

invariant, Matched z—transformation) in obtaining H (z)

mainly for the following reasons [4]

(1) it has the property that realizable stable

c o n t i n u o u s  sys tem s  a re  m a p p e d  to rea l izable  stable d ig i t a l

f i l t e r s .

(2)  W id e t an d  sha rp  c u t — o f f  con t inuous  f i l t e r s  can be
mapped to wideband sha rp  c u t — o f f  d ig i ta l  f i l t e r s  w i t h o u t  t h e

aliasing in the frequency response .

(3) A f t e r  Bi l inear  T r a n s f o rm a t i o n , the  re la t ion  met w ee n
the analog and digital frequencies is gi ven  by

u~~~~~~..j +~~ (~~I)T
By choosing cut—off frequencies approa ching to f3/2 where f~
s tands  for  s a m p l i n g  f r egu en cj ,  e x t r em e l y  sharp  c u t — o f f

slopes m a y  be obtained. As an example plot of cut—off slope

of bilinearly transformed Buttervorzh filter v.s. cut—off

frequency is given in FIG. 34.

C. R E Q U I R E D  EATA C A R D S

The data cards required to use the program are given

below .

Card 1 Values of n,In,k in 312 f o rm a t
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Card 2 : Location of inserted zeros, w~ where i=1 ,2,. ..
in 8F10.5 format

Card 3 Initial and final values of the frequency to bt
used for the frequency response plot in 2F10.5 format

Card 4 Numbe r of solutions required in 13 format

D. REQUIRED SUBR OUTINES/FUNCTIONS

In addition to the built—in subroutines , the following

IBM source library subroutines are used.

1. POLR T

2. PLOTP

3. PStJ B

4.  P M P Y

5. PADDM

E. D E S I G N  E X A M P L E

Suppose  we w a n t  to  des ign  a d igi ta l f i l t e r  w i t h  a cut
off slope of 15 and  m i n u m u m  a t t e n u a t i o n  i n  the  s t o p  b a n d  of
60 Db.

Possible solutions for various types of filters a:e
given in table II.
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TABLE II. POSSIBLE SOLUTIONS OF DESIGN EXAM PLE

C’UT-~~F,~ £‘TOP-~84A/ U
01=• 17? 

~~~~~~~ ,~TTENIi~47/ CAJ
PIL TE~

~~rea-ker -
~r~~~na — —

t ’1~
-f~.o~ j 2o~~~

7I~/~ 7/,4J,7

C 7 - - /725 
-

1 1.22 j  )
~.o

-~ 22 2d.5

_T SC — — /7-~~~

_ _ _ _ _  _ _ _ _ _  _ _ _  ___I ~ 

0 ~/.5

8
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The following input data  specifies a NTBC filter of

order 7 with m=2 , w1 1.36, k=1 , sampling period of 1 sec.,

100 solution points, and frequency response plot from 0 to 3

H z .

2 1  3 1  ~ 1 ‘ I •i lI~ 1 1 1 2  J~
) 114 1 1 3 1 1 4 1 1 1 1  1~~~ 20 2 1 1 2 2 1 2 3 1 2 4 1  231 2S 1 27 J 2 S 2~ I ~0

_____  I I I I 1 1 1 1 1 1 1 1 1  I l l I l l I l l

— I I I — l 1 - ~ ;~ I I I I I ~~~~~~ I 1 I I I I I I I

— I I I — I - ~I.1~~ I 1 I I I I ~~~~~ I I 1 1 i

_.~~OIOI I — I I I I I I I I I I I I I I I I I I I I I

— I I I  — i l l  I I I  I I I  I I I  1 1 1 1 1  l i i i

F r e q u e n c y  re sponses  of t h r ee  of t h e  possible so lu t ions

of the  design example  are g i v e n  in ? i g . 3 5 .
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V. T I M E DOMAIN R E S P O N S E  OF DIGITAL FILTERS

A. INTRODUCTION

In p rev ious  chap te r s  we have i n v e s t i g a t e d  the p rob lem of
desining dig ital filters in the  f r equency  domain , i .e.  to
meet given frequency domain specifications. A filter

designer should always consider the transient response

characteristics of its filter. There are many applications,

such as digital LIITI filter , for which one is interested in

the transient responses of filters that are specified in the

frequency—domain . Tine—domain and freguency-~doinain

characteristics of a filter will work against each other.

Filters close to the ideal frequency characteristic can be

des igned .  Fi l t e r s  whose time charac teristic is close to the
ideal can also be designed , but filters close to both cannot

[ 1 2 3 .

In this chapter time—domain response of dig ital filters

will be discussed and it will be shown that the location of

the transfer functions poles has a pro found effect on the

transient response of the filter.

B. TRANSFER FUNCTIONS’ POLES AND TRANSIENT RESPONSE

Given  a t r a n s f e r  f u n c t i o n  of a d i g i t a l  f i l t e r  in
fac to red  f o r m

_ _ _  — 
-~,) Ca- a~) . .  ( i-e~~)

- 

X~e) 
- 

(~~p~) 
(a.~~~~

). .  -
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w h e r e  z 1 ‘s and p~ ‘s are the zeros and poles , respec t ive ly ,

of the filter. In general , the input signal’s Z—transform

is of th e f o r m

X (~)
(~-~ r)  /

where q; ‘s are the poles of the input function . The

response of the system may be obtained from the transfer

f u n c t i o n  re lat ionsh ip

= = ~~~~~ - - 
~~~ I 1

L(
~
-
~

)” -  ~~~~~ L(~—q~)-- --  ~z-~~ )j
(c.3)

For simplicity, we assume that all of tne poles of the  Y (z)

are distinct, and making partial fraction expansion of Y (z)

we ob t a in

± - . •  + + ~
÷ • • •  ± ~~~~

a-i 1 ~-q~
(c-z~)

The response of the system n ay be decompo sed i n t o  [ 5 ]  two
parts called the input signal node (ISM) and the system mode

(SM) as

‘iizu (~) = ~
- 4. ... ± _

~~~~~~~~~ 

(
~

)
‘1 SM (a) ~~ + ÷... + C

C o m b i n i n g  eq. (5— 4 )  w i t h  eq. (5—5) and eq. (5—6)

+ )~~ M ( a ) + )
~SI~k ( a)

Eq. (5—7) indicates that the response of any linear system

to any input will contain modes generated by the input
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signals poles and the system transfer function poles. The

t ime dom ain  response of the  f i l t e r  may t h e n  be f o u n d  by
t a k i n g  the inverse Z—transform of eq. (5—7)

= k0 ~~~ + 
~1I sM (-

~~ 
-

~~ (5~~)

w h ere

~~I3P4~~~ ) = 
~ (q,)~~~ ~~~~~~ 

(q
~)~~~ 

. .  * ~~ ~~~~ (5-~)
= 

~~~ 

-

~~ ~ . - *  ~~~~~~ ~~~~~~~~~~~~

Equa tions (5—9) and (5—10) indicate that a fast responding

system is one in which all of tne sys t em t r a n s f e r  f u n c t i o n
poles, p; , a re  s u f f i c i e n t l y  smaller  than  u n i ty in magnitu de ,

in order that the system mode will decay to zero rapidly.

On the other hand , a slowly responding system is one in

which the system mode decays to zero very slowly (i.e. at

least one of the p is close to unity in magnitude)

Those poles closest to the unit circle will be called

the system ’s dominant poles because they tend to dominate

the characterist ic of the resultant transient response .

The dominant poles ’ response property is, as stated by

Cadzo w [iLl. ] “The response t i m e  of a l inear  discrete system

is directly dependent on the locations of the system

transfer function ’s dominan t  poles. Depending  on the
particular response—time requirement for a given

application , we then have to correspondingly locate the

dcainant poles of the transfer function. A f as t  responding
sys tem necessi ta tes  d o m i n a n t  poles of m a g n i t u d e  mu c h  less
t h a n  one “ .

The poles of the MTBC filter for the orders 3—11 and for

var ious values of m an d w~ are given in Table III.
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TABLE III. POLES OF ~TBC FILTER

Loc /~~c~. ci /~~~
,
~~gd ~~e’~o.s (~.j0 )
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I ~~~ 1.og 
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TABLE III’ CONTINUED
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A l t h o u g h  thi s pa r t i a l  f r a ct i o n  expansion method helps us

to understand the importance of the poles of the systems

transfer function in transient response analysis of digital

filters, evaluation of residues of corresponding poles of

partial fraction expansion is not a trivial problem .

We believe that the so called ‘ transfer matrix

method , which we are about to discuss, is more suitable for

digital computer simulation .

Give n a digital filter weight ing sequence h (n) and the

i n p u t  sequence x ( n )  , the response of the  di g ital f i l t e r  may
be obta ined by convolu t ion  summat ion

~~~~~ = k(~ ) x(n-~~)

Eq. ( 5 — 1 1 )  nay  ce w r i t t e n  in  m a t r i x  f o r m  as

~~(o) 0 0

[ ~~~~] 

= 

[ 

~~~~~~~~~ 

(511)

~~~~~~~ ~ ~(~) ~
Or

where  G is the  sys tems t r a n s f e r  m a t r i x , w h i ch is d e f i ne d as

k1~) ° 
. _ .

~ (4J k(o’) . . .
(~ 1At)

~(~) ~~~ L(,,-t) .. - Kb)

To find the systems response using eq. (5—13) , systems

transfer matrix must be availa b le. To obtain the weigting
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sequence (impuls e response) of the sys tem to f orm th e system
transfer matrix in terms of the transfer function ’s

coe f f i c i en t s, the d i f f e r e n c e  equat ion  of the sys t em is
solved for the impulse input , i.e.,

k G~) = — 

dt~~~~~ 

b~. ~j C n-i ) (c~ic)

where a~ and b~ are the numerator and denominator

coef f i c i en t s, respect ively ,  of the  t r a n s f e r  function cf the
dig ital f i l t e r .

A ccmputer progranl( FORTRAN ) is developed to
investigate the transien t response 0f the di gital f i l t e r s,
us ing  e q u a ti cn s  (5 — 13)  and (5—15) . P r ogr a m  l i s t i ng  is gi v e n

in Append ix  3.

Step responses of M T B C f i l t e r  fo r  va r ious  v a l u e s  of n ,
m , an d w0 ar-s g iven  in f i g u r e s  36—39. Figure  36 and 37

indicate that increasing the values of ui and w0 also

increases the overshoot and settling time , but does n t have

any significant effect on the rise time. The rise time tends

to increase with increasing order of the filter.
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C. S U L 4 M A R Y

Transient responses of digital filters depend on the
position of the poles of its transf er function . ~ fast
responding filter has poles of magnitude much less than one.

~odi f ica t ion  of all pole filters increase settling time ,
decrease peak overshpot, and doesnt significantly affect the
rise t ime  of the filter’s step response.
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A?PENDIX A

COMPUTER PROGRAM LISTING

CI M E~ S 1C?1~ UM~~(251,RNUMI(25), R D N U M R (2~~),FCM..MI(25)*C1 (25),C (2~~),j~j~~ 5),~~(25JC IMENS 1CI~ )‘(5O),l (5O),~iS0) ,Y ( 5 3 )
CIr ’EF~i 51CF ’ F C CT~ ( 50) ,RCOTI ( ~C ),COF( SC )
CI MEI~SICt~ Ctd (50),C’Y (5C),CZ (50)
CI~ E~ S1C~s RCOTDR (~~0),R0OTCI (5C)Ci~’E1~SIC ?~. CY1 (50 )
C IMENS ICN P~~( 100) ,P~v ( 1CC ) ,RC (1CO) ,RC.1 t 100)
C I t ~SI C~ F1~.(25 ~ ,RC (25)
OIME F~$ I C N ~T (25),YT (25),AX (25) AY(25)
CjMENSIC~1 CUMMY (100),CU ~ MX (1OO~~,IT 8 (23),RTB (3O)C i P ~E F~S 1C 1~ CL ?’KAY (1CC )
CCMPLE ) R1,R,C ,C1

R~ i~C THE C FC E F CF FILTER ,GR CER CF INSERTEC ZE~~CS AND THEC ~E1C- HT NC- FAC TCR
C

REA C (~~,~~C1 ) N,M ,l(Ed F0~~MA T (~~12)
C
C PEA C LCCA 1IC P ’ CF ZEROS
C

REA C (S ,SCC ) (~~(I I ,1 1,I”)
~ C C F C R M . AT (EF1C.5)

C
C REID INITi AL At ’C FINAL VA LUES CF THE FPE~~UEs~CY
C (10 BE LEEC IN EQUE~ C~ RESPC NE E CALC ULATl C~~S)C

PEAC (5,5C2 ) ~F,BEGIN, nLAS T5 C 2  FC~ U~6 T l 2 F1 C .5 )
C -

C R E A C  THE ~L~~EEP CF SGLUTIO~\ PCINTS
C

REAO (s,scc) NPGZNT
5C~~ F C R ~~~~ T ( I~~ I

R E i~C SAMPLI NG PERIOD CF THE DIGITAL FILTER
C

~E A D ( ~~ ,~~C )  7
7~ FC~ MAT (F1C.~~)C

~~P CI N T: N ~~~C I N T
WCELTA :(mLAS T— ,,.BEC-IN )/XPO INT

C
C CAL CLLA TIC f’ CF N UM E RA TCF PCLY NCM IA L
C

ICIMY:!

IF (M .E~~.C) CC 10 401CC 2 I:1,~) ‘ ( ] ) = ‘, (j  )*‘ê4.~3)i (3) = —2  .C~~ (I ) **2 .C
~ (2) ~C • C
~ (E)= 1.C

CALL F?b PY (i ,IDIMZ ,Y ,IC I~ Y,X ,5)
CC 3 J=l,IC1? ~ZY (J ) =Z (.J )
CCN T IN I E
ICIM~~ IC IM Z2 CC NTIt ~L E

C
C CCI~~ ERS ICF ’ CF INCEPENCEN T VAR I.A 8LE FROM ~ TO S
C

CO 2~ 1 3,ICIM’i’,4
Y t !  ) = — 1 . C * Y ( I )
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2~ CO NTI NLE
C F
C FINC THE FCC TS OF NU W E RS~TC R S~~U~ RED FUNCTION
C

tthUM=I C It’~i— 1
CALL PCLR1 (‘v ,COF, MhtJd ,RCCTR ,RCOT I,IER .)

C
C SEL ECT THE RIGHT HALF PLANE RCCTS OF NUM ERATOR SCU4RED S
C FLt -~CTICNC

L = 1
CC 20 I :1,PJNUM
IF (RC CIcU .CT.o.0) C-C 10 20
RNUM R ( L ) = P C C T R ( I )
RNUM I ( 1 ) ~~R C C T I ( I )
L~ L+1

2C C O N T I N I E
M N MN1U ~ / 2
LK~~LLZ L— 1
IF (LZ.E ~~.~’t~) GO TC 32
LL= 1 .C
CD 35 I= 1 ,~ NL,fr
LX = L 4 1
L Y = I # 1
IF (RNUtI (LL ).EQ.~.OOT I (I).OR .RNLMI (LLP.EC. (—1.J *R0OTI

~ (I))) CC TC 35
IF (LL.EC.l ) CO TO 36
L J LL—2
IF (RNLMI (LJ ).EC.RCCTI (I).CR . RNUM I (LJ).E .(—1.C~ R O GT I

* ( I ) ) )  C- C T C 35
I F ( L L . E C . 3 )  C-O TO 2~LI  L L — 4
IF (RNUMI(LI).EQ.~.CCTi (I).OP.RNL MI (LI).EC .(—1 .3*ROCTI

* ( I ) ) )  ~-C IC 35
3~ RNUMR(U :FCG Te~(I)RNU M I ( L I = ~~C C T I ( j I

R N U M ~ (L X ) =FCCTR (LV )
RNUM I (Lx ) ~PCCTI (LV)!F(LX .E~~.MN ) GO 10 33
L L - ~ L 1 + 2

35 CONT INLE
32 CC 22 I= 1,MN

9. (I)=Ct~PL)(~~NLMR (I ),Rt% L ’~~I (I))22 C C NT I N L E
C A L L  t~~}(FCL (MN ,R,C)

1 M N 4 1
C ( M N 1  I :CM~~L~~ ( 1.0,  e . G
CC 31 I:1,fr(~1R C ( i  ) = ) ~E A L ( C ( I ) )

21 CCNT INLE
C- C IC S

4 C 1  R C t 1 ) ~~1.C

RNUMR (1 ) =C .C
R tIbUMI (1 1 C  .0

C A L C U L A T I C N  C F  C E N O M I N A T C R  P O L Y N O M I A L
S N DN UM=2 *N

I F L M . E C . C .~~PiC.K. EC.N I GD TC 432
CC N S T =  1 .C
I F L M . E C . C )  C-C TO 7
CC 11 I~~1,7 ’
CML LT= (a (I)**2.O—1.01**2 .0
C O N S T s C I ~L L 1 * C O N ST

11 C G N T I N L E
1 I F ( K . E C . C )  CC 10 52

K K)(=KI( 41
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CM (KK)( ):CCFsST
CC 12 I= 1 ,KK
C M ( I  ) = C . C

12 CONT INLE
CO TC S3

52 CM (1)~~1.CKK=O .0
K}(K~~1 .C52
NXKI N)’+ 1

C
C OBTA IN THE CI-EBY S HEV FCLV NCM IAL,S QUARE IT AND MULTIPLY
C TI-~ R E S U L T  E~ EL-TTER~~OR1I-- SQUAi~ED FUNCTION
C

C A L L  C H B 5 ~~(CY1,NK )C A L L  P 1~PV (CV,NKK,C Y1,NKK1,CYL,NKKI )
CALL PMFV (CZ,IDZMCZ ,CY ,NKK,CM,KKK )

C
C CET A IN CE t sCMIN j 3TO R SQUARED FUNCTION
C

CALL P~~CC M (Z,IDIM Z,Y,ICIMY, 1 .3,CZ,IOIMCZ)
C
C CC.~ VERSI Ct ’ CF INDEPENCENT VA R I A B L E  FRO M ~ TO S
C

~ CC 17 I=3 ,ICIMZ,4
Z (I)=— 1.C*Z (1)

17 CON TINL E
€ N D N L M = I C I M 2 — 1

C
C FI~~C THE P C C T E  CF DEN O MIN A TOR SQUARED FLNCTIIJ N
C

C A LL PCLRT (Z,COF,NDNUM,ROOTCR ,~~C D T C I  , I E R )
c-c IC 402

4C2 CALL RCCT (t’CNUM , RCCTCR ,RGOTCI )
C
C SELECT THE RIc-)-T HALF PLANE RCCTS OF CENCfrINATC~ SQU A R E D
C FLNCTI1J N
C

4C2 .~~1CC 21 I= 1 ,NCN UM
! F ( R C C T C P ( I ) . G T . O . 0 )  C-C TO 21
RDNLM P (J ) =FCCT DR (I)
RDNUM 1 (J) =RCCTO I (I)
~i J4- 1

21 CCN T INLE
MC~NC N L M / 2
CC 23 1= 1 ,MC
R1 (I )= (MPL )(RDNUMR (I),~~oNuMI (I))

2 2  C O N T I N U E
C A L L  M~~I’FCL (MC ,R1,C1)
~‘C 1=MC 41C 1 (M C 1 )~~C~~FLX (1.C,C.CI4~ F C R M A T  (2x ,2 5 F 1 1. 3 / /)
CD 32 1 1,MC 1
RC 1 (I):RE~ L (C 1 (I))

32 CON TINUE
C
C N C~~MA L I ZATI C r~ CF N J M E R A T C R  P O L Y N O M I A L
C

FACTt3R=RC 1 (1) /RC ( 1)
CC 1CC 1 1,MNI
RC (I)=FC (I)*FACTCR

b C  CONT INLE
t~RITEU ,E 1C )

C
C CLIPUT SECT ICN
C

5 7 C  FC R M A T ( ’ l ’ / / / / )
~RITE (~~,S~ C

5~~C F C R M ~ T (2X, ’ 10w— PAS S PRCTOTYPE(CONTINUCUS) FILTER’//)
~RITEU,Si1 )571 FQ~ M~~T (2X, ’ CROER CF FILTER ‘II)
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~R ITEU ,€ CC ) Nacc FORMAn2X ,12 //
~RIIE (t ,5 72)

572 FCRMA T (2X, ’ ORDER CF INSERTED ZEROS ‘II )
~RIT€ (~~,ECC ) Mi
W R I T E  (~ ,573 I572 FORMAT 2~~,’ hEIGHTING FACTOR OF TBC FILTE R ‘II)
WRIT E (~~,8CC ) K
~R I T E ( ~ ,574)574 FORMAT 2x , ’ LOCAT ICNS OF ZEROS ‘// I
~RITE (~~,EC 11 (w (I) ,I~~1,fr)8C1 FORMAT € F1C .5// )
~RITE (~~,S7E57€ FCRMAT (2X , ’ COEFFICIENTS CF NU MERATOR PCLYNCMIA L

* (  C E S C E N C IN G ORDER ) ‘//I
~R I T E (~~,47 ) (RC(I ),I=1,MNL)
~RITE (~ ,575)575 FORMaT(2x , ’ COEFFICIENTS CF CENOMINATC ~ POLYNOMIAL

*( C.2S CE N CI N C - CRDER ) ‘II)
biRjTE (~~,47) (RC1(I) ,1 1,MD1)
~R I T E  (~ ,S11 )511 FO R M AT 2 X , ’ROOTS CF NU ”ERA TCR ’// )
~RITE ( ~ ,512 )512 FOR MAT (6X, ’REA L PAR T ’,4x,’IMA G INA RY PART ‘II)
CO 5 2 C I= 1 ,M1\
W~~ITE (6,513) RNUMR (I ),RNUMI (I)

512 FO RMAT (S~ ,F1O.5,4X ,F1C .5/52C CO-N T I N L E
hRI TE (6,514 I

514 FORMA T (2X. ’RGCTS CF CENCM INA TOR’ // )
!~RITE ~ ,S12 )CC 521 I= 1 ,MC
W RI TE ~,512) RDNUMR (I),RCNLM I (I )

521 CCN T INLE
~R I T E  ~,S7~~)57~ FOR MA T (2X, ’ IN ITIAL VAL UE CF FRE QUENCY ‘II )
WRITE 6,E 1C ) ~BE GI~SiC FORMAT (2X .F1C .5//)
~RIT E ( 

~ 5 7 7 )
577 FCP MA T (2X , ’ FINAL VALUE CF FRE QUENCY ‘/1)

~RITEU,51C ) WLASTC
C P L ~~T T I N G  S E C T I C N
C

WRITE ( ~5SC FG RYA T (’I’I
C
C C*LL PPLCT TO FIND FRE QUENCY RESPONSE VA LLE S CF THE
C F I L T E R
C

CALL PPLCT (RC ,RCI ,WBEGIN ,WC ELTA,NPOIN T, PX,PV ,M DI ,MNI)
CALL FL C T P (PX, PY,N PCINT,C )

C
C PRECISTCRTI CN FOR BILINEAR TRANSFORM A T ICN
C

SCALE= TAN (1/2.)
CO 777 LK= I ,MN1
EX P=L K— 1
RN (LK )=RC (LK )/(S~ ALE **EXP )

777 C C N T I N L E
— 

CD 778 L l (:1,MD1
E X P ~~L)(—1RD (LK ) :RC1 (LK )/(SCALE **EXF )

77€ CCNT INLE
MT = M N
MK =M 0
cALL ZCMN (RN,RD, ,MT,~~BEGIN ,~~LAS T ,~~0ELTA,NF CIN7 ,fl
~A L L  x FCFM(P C,RCI ,1 ,x T,YT ,MN , MC, 1COC.C ,12 .C)
CALL PFLCT (XT,VT,5C0.C !1O.C,100,AX ,AV, MC I,MNI )
C A L L  FICIF (AX ,AY,100 ,C,
STCP
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END

SL.B ROLTIN E C HBSV ( C Y , N C )
C
C SL~ ROLT INE IC FIND THE CCEFF IC IEN TS OF C )-EEVS I-EV
C PC LYNCM IAL CF GIVEN CRCER
C NC : CRCE F CF CI-EBYS I-EV PCLYNCM IAL
C C’~ : CA LCILATEC COEFFICIENTS (CESCENDING CRCER )
C

C IMENSI CN CX (5 01 ,CY (5C1,YY (5O),ZZ (50),Z (5O)
NN= NC-+ 1
CX (1 ) = I .C
IF (NC .EQ .C) GO T O 2
CY ( 1 ) = C . C
CY (2 )=1.C
IF (NC.EC .1) GO TO 19
YY (1 )=C .C
V V ( 2  )=2.C
CO 5 I:2,NC
I I~~I+].11=1—1
C A L L PM PV ( 2  , ID I M Z , ‘v V  ,2 ,CY, I )
IC IMZZ: IC IMi z
CC 6 J :1,ICIMZ
ZZ (J)=Z (J)

6 C O N I T h I E
CA LL P512 (2 ,IDIMZ,ZZ ,ICIMZZ ,CX, Il )

C
C
C

CO 7 J~~1,ICX (J )=CV (J I
7 C O N T I N L E

CO 8 J=1 ,IC IM Z
CY (~J )=2 (J I

€ C C N T I N L E
S CONTINUE

ic RETUR N
~ CV (1):CX (1)

C-C IC ic
E N C

SUORC UTIN E ZDMN (RC,SCI,N ,M ,F1, F2,WDELTA,NP ,T)
C
C SL dRGUT INE IC FIND AN D PLCT FREQUENCY S~ E5 PONSE CF DIGITAL
C F I L T E R S
C PCI : COEFFICIENTS OF CE N CMINA TC R CF CONTINLOU~ FUNCTICN
C PC C3EF FICI E 1~TS CF NUM ERA TOR CF CCNTINUCLS FUNCT~ ON
C N ORDER CF CENOMINAT CR
C Mi CROER CF NUMER A TOR
C Fl IN ITIAL FRE QUENCY
C F2 : FINAL FRECLENC Y
C I : SAMPLI N G PERIOD
C

CIM EN SICN ECC (25)
CIMENS ION PC (25) ,RC1 (25),ZX (25) ZX1 ( 25) X J (25 1 ,YJ(2 5)

~ RCGTPC (25) , RCCT R N (2 5 )  RCOT IC( 25 LRCOT IN 2 5 )  , C V (  2 5 ) ,
*XPA ~~(25),~~PA’yOA (2S ),
*CX (25 ),YFAY (3 ),YPAYDA( 3 )
C IM E PSSI CN ACO (1O) ,Ajl (1O ) ,A22 ( 10),B11 (10),222 (10)
CIMENSICN X AX IS (1500),YAX !S1 (1500 ),YAXIS2 (1500I,

*p)- (150C ),EEL (b500)
DIME NSI CN XCOF (3 ) ,X2CCF (3) ,COF (3),ROCT~~(2) ,RCCT !(2)I ,RCOT1 (2 I ,RCCT2 (2 I
C IMEN S ICN CLMKA Y (1C0)
DOUBLE PRECISION W ,V
COMM CN ,Pa~s,~~(1OO ),Y (1CC I ,ICALL
PEAL M tCH ,M4GNH ,NLM A ,N1Mi2
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COMPLE ) CX ,CV XJ ,VJ
COMPLE) NLM ,C~ N OM
MJ=M +1
NJ=N-. 1
NM M = N — r .
CALL eZ FRM (RC ,M,NMM, ZX ,i )
CALL E2XF FM (RC 1,N ,NMiMi ,ZX1,CI

C
SFACT=ZX (NJ)/ZX1 (NJ)
CC 90 I=1 ,NJ
ZX1 ( I):Z)1 (IJ*SFACT

cc CCNT INLE
C

~PITE (6 ,6C)

CCEFF IC IENIS CF CENOMINATOR PCLYNOMIAL
C

~RITE (6,4E)(ZXi (I ),I=1,NJ I
~RITE (6 ,6C )CALL PCLRT (ZX,COF,N,RCOTRN,RCOTIN,IER )
C A L L  P C L  ~T (ZXI ,COF ,N ,RCOTRC,RCCTI Q, I ER)CALL CCEV EF ’- (N,MX )
C A L L  F A C T C ~ (ROOTRN ,RCCTIN ,N,MX ,AO3,A 11,422 )CALL F A C T C~ (ROOTRC,P-CCTIC,N,MX ,B22 ,BI1,ECO~F=F 1
CD 10 1 1,t’P

M A G H = 1  .C
PI- 3 =C .C
CC 6
A C =A C C  ( J )
A1 = A11 (J 1
A 2 = A 2 2  (J I
2 1=B 11 (J)
EL=222 ~J)NLM1 = (A2+AC)*CCS ( X )+A1
NUMZ= (A C— A2 )*S IN (XI
NL M =C M FL X (~~L M1 ,NUM2)CENOM 1: (E2-.1.O)*CCS ( X) +B1
CENGM 2 = (1 .— E2 )* S IN ( X I
CENOM =C Mi P I. ( CENOMI ,C ENCM 2
MAG H =A ES (MAGH *CAB S (NUM /DENCM ))
FH I= (A l A N  (N LM2/NUM I ) ) * 5 7 . 2 S 5 7 7 9 5  I
PH2= (A 1AN(CENG ~ 2/CENCMi1))*57.2S577951
FI- 3= PI-24(Fl- 1—PH2 I

6 CGNT INLE
MAGN I-=2 C .*ALGG 1O C MAGI- )
P1—Cl )=PI- 2
FK=Ph (I)
) ‘A X I S( I ) : F

) = MA C- H
‘ Y A X I S 2 ( I ) : M A C - N H -

~(I )=XAXIS ( I)
V ( I)  = V A X  1 5 1( 1)
F=F + .*DEL TA

10 CCNTINLE
%~P I T E  (6 ,6C I

6C FORM4T (’l ’)
4! FCRMAT (2X,10F12 .3///I

~R I TE C 6 ,7C I
7C FURMAT (2), ’ B IL INEA RLY TRANSFOR MED LCw—P AS S
* (PRCIC7’y f f )  D IG ITA L FILTER ’// )

~R I T E ( ~ 61)
6 1 FC RMA T (

~~x , ’ COEFF IC IENTS OF NUMERATOR P C L Y N C M IA L  ‘ / / )
~P IT E ( 6 , 4 ! ) ( Z X ( I ) , I = 1 , N J )
~R IT E  ( 6 , 6 2 )

62 F O R M A T ( 2 X , ’ C O EFF I C I E NTS OF D ENOMINAT O R POLY NO MIAL ‘II)
~R I T E ( 6 , 4 5 ) ( Z X 1 ( I ) , I 1,NJ)
~RITE ( 6

63 F O R M A T (2 X ,~ NUMBER CF CASCADED STAGES’//)
~iRjTE (6,64) MX

64 F O R M A T ( 1 X , I f l
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W R ITE (6 ,El)
81 FORM4T (2X, ’CCEFFICIENTS OF CASCADED STAGES’// )

CC 82 I= 1 ,MX
WRITE (6 ,83 140CC I) ,A 11C I) ,A22 CI ) , Bi1 ( I) ,222 (I)

82 FORMAT (2X,5F12.5// I
82 CCN T INI E

W R ITEL 6,65 I
65 FORMAT (2X , ’RCOTS CF NUM ERATCR ’// )

DC 66 I-=1 ,N
WRIT E (6,45) ROOTRN(I ),ROOTIN (I)

66 CC NTINL E
~RITE (6,67)67 F C R M A T ( 2 X , ’ ROOT S CF CENOM INATCR ‘I/I
CC 68
WR ITE (6.4!) RCOTRO(I),RCCTIO (I)

6€ CONT INUE
WRITE (6 ,S€ I

SE FORMAT (2),’ SA MPLING FREQUENCY ‘II)
WRI TE (6,SS IT

cc FORMA T (2X,F1 C.5 //I
N=NP
biRI TE(6,12 I

12 F C R M A T ( ’ 1 ’ I
CALL FLCT P ()AX IS ,YAX IS1,N ,C)
W R I T E ( 6 , 5 1  I

51 FGRMA I (// 40X, ’ ABS. CAI N V- .S. FRE QUENCY ’)
WRZ TE (6 , 1 61

16 FCRMA T (’i’ )
CA LL FLCTP ()AXI S , VA X I 52 ,N , C)
WRITE (6,525

52 FORMAI (//4CX, ’ GAIN (CB I V.S. FREOUEN CY * I
WR ITE (6,14)

14 FCRMA T (’l’ )
CALL FLCTF ()AXIS, F5- ,F’.,C)
WRI TE (6,52 I

52 FORMA T (// 4CX, ’ PHASE V .S. FRE QUENCY ‘I
R E T U R N
E N C

SLjERCCTIN E CCEVEN (N , fr )
C
C SL~~R O U T I N ~ TC FIND THE NUMBER CF CASCACEC STAG ES
C N~ CE G REE CF NL MERA TCR PCLV NG MIA L
C M: DEGREE CF CENGMINA TC P FCLY N C M IA L
C

NN = (N/2 1*2
IF (N .NE.NN ) GO IC 1

CC IC 2
I M= (N+1)/2
~ R E T U R N

E N C

SUB RCL 1IN E B ZXFR MC X , Mi ,NMM,ZX, IFACT )
CIME N SICN )(25),Y(25),ZX (25) ,XCUM(2 )

~ ,YCLJM (2 ),Z1 (25I,Z2(25-l,X 1 (25I,X2 (25)
*,XFACI (25),ZXj (25)

C SL 3ROLT INE TC FIND T HE 8I L I N E A R Z— TRANSFCS M OF A GIVEN
C P C LVN C MIAI
C x : PCL YN CMI A I
C P d :  CROE R CF PCLY NOMIA L
C N M M z N — M  ( THE DIFFERENCE BETW EEN THE CRCERS OF MJMERATOP
C ANI J C ENCMINA1 CR
C lx : RESULTANT FCLYNOMIAL
C IF AC T= 1 FCR NLM E RATC R
C IF ACT = 0 FCR CENOM INA TCP
C
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M2=M +1
DO I. I :1,NM
ZX (I )=C.C

1 CONTINUE
XDLM ( 1 1 = — i  .C
XDU M (21= b .C
VOUM (1 )=1.C
‘V D LM (2 )= 1. C
IZ X = 2
MM =0
CD 2 I!=1,M2
CALL PCLE F (XDUM ,2,MiM ,X1 ,I 1)
C A L L  F C L E ~~R (YCUM ,2 ,Mi ,X2 ,12)CALL PM PV ( 21, IZ, X l , I 1,X2,12)
FA CT=X (II)
CALL FAOC M (22,1 Z2 , ZX ,I ZX,FACT , 21,! Z)
CC 4 (=1 ,122
ZX (K 1=22 (K)

4 CONT INLE -
MM M Mi + I
IZX=1Z2

2 CCNT INL E
IF (IFACI.EC .0) GC TC S
CALL PCLEXP (YCU M ,2,NMM ,XFACT ,N XFACT )
CALL FMFV42 X I,Ml , XFA CT,NX FA CT, ZX, 1Z2 )
CC 6 I= 1 ,~~2ZX ( I I= ZX1 (I I

6 C O N T I N U E
S M =M2 —1

R E T U R N
E N D

SUERC UTI NE FA CTOR (RRN ,RIN, M ,MX ,422,411 ~~~~C IMEN S ICN RRN (25) ,RIN (25 ) ,X P- (25) ,XI (25), ’fR (25),YI(25),
~ C (25) , C 1 ( 2 5  ),A 00C25 ),411 (2S 1,A22 ( 25)
CCM PLE ) C ,C 1

C
C IN ITIALIZE CCLNTE RS
C

IM~~OP Y I
K 0
N I=O
IX= 1
N AR
NXI = C
I F ( M .N E . C )  CC TO 18
CC 17 ~~~~~~AJO ( 11 = 1  SC
411(1) :C .C
A22 (I )=C .C

ii CONTINUE
CC TC 2 C

1€ IF (M .NE.1) C-C TO 16
AO 0 ( 11:1 .C
411 (1) :—1 .C*RRN ( 1)
422 ( 1):C.C
(=2
NCI F M )
t X K 1
C-C IC 1C

16 CJ 1 1 = 1 , 1 C C
1X1=1 X 4 1
I F ( I X . C - T . M 1  GC ~C 7
IF (RRN (IX).EQ .RRN(IXI).AND .RIN (IX).EQ.

* (— j .C*FIN (JXI ))) CC IC 2
IPd=I M + 1
X R ( I M ) = — 1 . C 4 R R N (  I X )
I X I  X +1

92

- ~~
_
~~~~T T •  =~~~ -~

:-—-:--- --- 

~~~~~~~~~~~ -- — -~-——-- --—-- -



— - -  - 5  ~~~~-~~~~~~--5 -5 -— ---~~ - - -~~~-
----

~~~

N XR= N XR -+ 1
CC IC 1

2 I V I= I V + 1
VR ( IV ):RRN (IX)
VI (IV )= RIN (IX )
VR (IV 1) =R RN (lxi)
V I ( I V I ) = R I N C I X I )
IX = Ix 1- +1
NI=NI +2
tX I=NX 1-4 1
IV IV1 +1

1 CONTINUE
1 N T = N X R - ’ N X I

IF (NT.EC .MX ) GD TO 3
IF (MX. GT.N T I GO TO 8
NCI F=N1— MX
IC= 1
CC 4 1 1,NCIF
IC 1= 1 C-i lA C G (  I )=1.C
A l1 (1)=XR( IC )+XR (ICL )
A22 ( I) =XR (IC )*XR C IC 1)
IC= IC +1

4 C O N T I N U E
NDIF 1=NCIF -. 1
NCC F=NC IF*2
N L A S T = N x — N X I
CC S I=NCI F 1,NLA ST
N CC F=N C C F 4 1
ACC( N C I F i 1=1.0
A11 (NCIF 1 )=XR(NCCF)
A22 (NCIFI ) C.O

S C O N T I N U E
NEEG IN :N LA 51+1
NCCM P= 1
CC 6 I :NEEGIN ,MX
NCO MP l=NCC M P41
£ (1 )=C PF LXC ’YP(N CO M FI,Y I (NCC M P ) )
C (2 )=CNPLX (VR (NCOM P1 ),Y j(NC CMP I ))
CALL MAKP CL (2 ,O ,D1 )
A OC ( NE E C• IN
A11 (N8 EG IN )=R EAL (C 1 (2 ))
A 22 ( NE E C - I N I = R E A L (C I C 1 I )
NCO M P = N C CM P1+1

6 CONTINUE
C-C TC 2 C

€ N C I F= MX — N1
IF (NXR .E Q.C) GO 10 15
CC 9 I=1 ,NX R
A CO (I):1.C
A11 ( I ) =X R (I)
422 (1 )=C .0
K=K + 1

c CONTINUE
IF (NXI .EC.C ) GO IC 1C

1! NXK = N X R
CC 11 1 1,NXI

1K =1-i l
C (15=CMP L )CYR (I), ’vj (I))
D ( 2 ) = C M P L X ( y P ( I K ) , Y I ( t K ) )
CALL MAK FC L (2,O,C1)
4CC (NXI ’ I = 1 . C
A 11 (P,XK I :PEAL (O 1 (2 ))
A22 (NXKI=FEAL (D1 (1))
K = K + 1

11 C O N T I N U E
1C CC 12 1 = K , N C I F

ACC (NXK ) = 1 .C
A 11 (NX$ 1 C  .C
422 ( N X K  ) =C C
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1 C O N T I N U E
CC TC 2 C

2 IX= 1
CC 1.3 1=1 ,NXP
A CO ( I) = 1.0
4l1 (I )=X P (I )
#22 (I) =C .C

12 CONTINUE
N X X~~N X P  + 1
CC 14 l= NXX ,M X
IX1~~IX 4lC (1 )=CMFLX (YR (IX ),YI (IX )I
C (2 )=CtPL )(VR (IX I ),YI (IXL) )
CALL MA KPCL (2,D,Ci)
ACC (NX> 1=1.0
A 11 (NX ))=REAL (D1 (2 ))
A22 (NX )1=PEAL (01 (1 ))
IX= I Xl 41
NX A -=NX )+ 1

14 CONTI NUE
2C RETURN

END

SUBR OUT INE PCLEXP (XX ,IO IMXX, M ,Y Y ,ICIM Y Y)
C
C SL~~ROLTIN E IC FIND THE P C W E R S  CF G I V E N  FC LY N O M I~~LC X X  : P C L Y~ CMi I A L
C ICI MXX : C IM ENSIO N OF XX
C M i :  P O W E R  10 EE RA ISEC
C V V : R E S U L T . ~NT POLYNOMIAL
C IC IMVY : DI ME N SION OF R E S U L T A N T  POLYNO M IAL
C

CIMiENS1C~ XX (25 ) ,YYC2S ),ZZ (25 )
I F ( M . E C .1)  CC 10 4
ICI-MY ’Y: 1
V’i (1 )= 1 .C
I F ( M i . E C . C )  C-C TO 3
CC 1 != 1 , M
CALL FMPV (ZZ ,IDIN ZZ ,VY,ICIM YY ,XX , IDIMXX )
CO 2
YY(J ) 2Z (J )

2 C C N T I N I F
IDIM\’~= ICIM ZZ

1 CONTINUE
GC IC 2

4 CO S l = l , I C I MX X
V V (I )= X X (I )

S C O N T I N U E
IC IMY V = IC XX

2 R E T U R N
END

SUB RCL1IN E P P L D T ( RC  , RC 1 , W 8 E G I N , t ~O E LT 4 , N PC I N T ,P X , PY ,

DI MENSI ON RC (i0O) ,RC1 (100)
C IMEN S ICN FX ( 1W)) ,PY C 1-)C)
CC MP LE X XNL M ,CNU M

C
CC 666 I=1,NPCINT
~=W +W CEL IA

r
C INi TIA L IZ~~TICN CF REAL AND CO M PLEX PARTS JF NUMEQATL )R
C AN ) DE !~CMIP sA1 C R
C

XNUMA= C .C
)U~U M E : C . C
X N L ’~C = C  .0
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XN LMC C.C
C

X Ct~Ut dA :C
XDMJ~ 8 :C .C
XCMJ~1C:C .CXC N Uf r C :C .C

C I~ I11ALI Z~ TICt~ CF
C

t’NLMC 1
~thUM
frt~UM2=~MNL M3=4

C
t~CbUI~C: 1
F4CN (JM 1:2
l~Ct~UI~2:3
FdDMJ t~3:4C
XC= MMJ C— 1

X 2=MNLJ~2 — 1

C
XC3~~ C1~L fr C—l,(C1=t.c 1’t_ ,’ 1—1
~C2~~’C~ (.P~2—1XC3=1 ’Ct ’L~~~- 1C
DC 6~~ .i=1,1CO

C
IFLMM ~I’3 .LE.t~’N1) X NU~~C =XNU~~C+ R C ( M N U l3 ) * ~~~*X3
IF(MNUt~2 .LE.MN 1)
IF (MMJIw1.LE .~ N1) Xt. U~~~=XNU~4 B+R C ( MN U M1I *~.* *x 1
IF(MNU~C .L.E.MNL) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C
IF(MCM.P~3.LE.MD1) X DMJM C=XCNUMC+R C 1( MO M 3 ) * ~~*~~X D3
IF (M Cr ~IJ~2 .LE .!~Oi) ~C M..fr C=X Er~uMC+RC 1(~~C M.iM2 ) * ~i**X D2
IF(~’CN L M 1.LE. MD1)  XC M.~~8=X C N U Me +RC 1 frCr~W ?~1 )*~ **X D1
IF(.~’CM~~C .LE.MO1) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C

C It~CR~~t~ENT CC U’TERS
C

1~t~LMC=I L.~’C+4
~t’~UM1~~~l & ~’ 1+4
l’N 2~~~1~L~’2+4
MN LM~~=~~t~Lt ~~+4

C
PCMi t~O:~~CM.~~O+4
~DNUM1=~~Ct~L!~’1+4
~CNU~~2 C P ~t~~244
~Dt~Li t ’3 : t’C~~L?’ 3+4

C
XC=XC +4.C
X 1 = X 1+4 . C
X2 X 2 + 4 . C
X 3 X 3 +4  5C

C
XC~~= X C C . 4  .C
~C 1 = X C  144 .C

2= XC 2+4
) ( C 2= XC ~~+4 .C

C 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C-C T C 668

6~~ CCt~T11~LE
CA I.CLLATE ?~A C- t~ITUD~ CF ThE T RAN SFER FUNCTICN

C
66* XNU~~1=)M.~’Sg— X NU MC

X NLM2~ )~~ue—XNuMD
XNUM~ C F F LX ( X NLJM1, X NLJfr2 )
CNL~ 1 = ) C P L I ’ A — X D N t JF’C
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CNUM2=)CM.t’E—XDN UMD
CNtJM =C i’F1)c (Ct~tJfr1 ,CMJ~ 2)
~MAG H=CAE5 (XNUM/D ~~LM)Fxu ~~~~P~~( I) =2c .C*ALOG1O (X~’tGH )6é~ CONTINLE
RETUR N
END

SL3RCL.IINE XFORM (X ,~i’ ,F~iT’YPE ,XT,YT ,N,N ,F1 , F2)
C
C S~~~RGUTINE FCF FRE QUENC~Y TRANSFORMATIONS
C
C NIYPE=3 ; NC IRANSFGRMATICNS RE QUIRED
C N1YPE~~i ; LC~~— PASS TO LCh—PASS TRANSFORMAT ICN
C N1YPE=2 ; LC I —PASS TC HiGH— PASS TRA NSFO RMA TION
C NTYPE=3 ; LC~~— FASS Ta eM~C—PA 5S TRAN~SFORM~A TIO N
C N1YPE=4 ; LC~~— FASS TO EAt ~C—STCP TRANSFOR MA T ION
C X CC !FFICIENTS OF NUMERATOR PCL ’VNCM IAL
C ~ : COEFFICI EN TS OF CENCM INAT CR POLYNOM IAL
C M : ORDER CF NLM ERATCR FCL~ NC~~IA L
C N CRCER CF CENOMINA TOP P O LY NOM IAL
C )c1,VT : TRA N SFO RMED NUM ERAT OR AND DENOM INATOR ~CLYNGMIA LSC

C IMEN SICN X (25~ ,Y (2S ),XT (2~~),YT (25~Nt’
N 1=N +~M1 =M 41
IF (NT’Y FE .NE.1) GC TC U
CC I I=1 ,/~l

I CCNTINLE
CC 2 I:1,N1
)‘N=N1—I
YT (I I=~v (I ~* ( F 1**x N

2 CCt ’~T INLE0-0 TO 2C
11 IF (NV ~FE .NE.2 ) GO TO 2C

*F =td

FACT= (F1**~?F )/LFL**)F)

CC 3 I= l ,M I
)(M=M 1—I
K~~K — 1
~~~~~~~~~~~~~~~~~~~~~~~~~~~CGN T INLE
K=N 1 +~CC 4 I:1,N1

~fT (I~~~f (K)4 (F1**XN ~4 CCNTINLE
2C RETURN

END

SU2RCUTINE RCCT (N ,RR,RI)
C
C SL 3ROLTINE IC FIND Tt~E ROCTS CF THE EQUATION
C ~**N+l= CC N : O RDER CF FC LYNOMIAL
C RR :AR RAY CC NTA IN It ’ IG REA L PARTS OF CALCLLA TED RCCTS
C R I :ARR 4 Y CC~ T4INL NG IMA C - IN AR Y PA RTS OF CALCUL A TED ROOTS
C
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CI MENS ICN FP (25),Rj( 2!~PI:3.j41~ c2
XN N
TETA= FI/~~IDC 1 I:1,N
X I~~I— 1
ARG= ((2.C*41 )+fl*TETA
RR ( I )=SIN (ARC )
RI(I ) = C C S ( A R C )

1 CCN T INLE
RETURN
ENC
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APPE NDIX B

COMPUTER PROGRAM LISTING

CONMCN H (JCC),HM(1CC,100),X (100),V(100),N, P ,NPULSE
C
C SL~ RCUTtNE IC FIND THE TIME CCMA IN RESFOMSE
C A O ZOI TAL FILTER
C
C N : F LIER’S CRCER + 1
C A : NUMERAI CR COEFFICIENTS CF THE DIGITAL FILTER
C e : CENC MINA TCR COEFFICIENTS ( WHERE FIRST COEFFICIENT
C W14..L BE NORM ALIZED AN C KILL NCT eE ENTEREC IC THE
C P RO GRAM
C

p=1 .
N=24
NPULSE= 2C
l~RITEU,1C)1~ FaRMA T (’I’ )
CALL I”FLIS
CALL t-MTR ~CALL It~FLICALL C CN~~C L
~iRITE (~ ,1CC A LL P LOT
kRITEU ,1C)
ST C P
ENC

SLERCLTINE I-MTRX
C
C SLBROUT INE IC FIND SYSTEMS TRANSFER MATRIX
C

COMMON h (100),HM(130,100),X (100),V(100),N,P,NPULSE

NM = N FL L SE+ 1
CC I I~~1,NNCC 2 J :1,NN
HM(I ,.J):C.C

2 CONTINLE
I CON T IN LE

CO 3 I= 1 ,NN
CC 4 J 1,NN
IF (J.C1.1) C-C TO 4
L I— J4 1
HM ( I ,L )=I- (J

4 CCNTI NLE
CCNT INLE
hRITEU,2C)

2C FGRMAI (2X , ’ HMATRIX ‘I/I )
3C FORMAT (2X,26F5.3//)

CC 5 I~~1,N~
~iRtTE (~~,3C) (HM(I,J),J 1,NN )

~ CCNT INLERETUR N
END

SI.BRCL1INE INPUT
C
C SLoROU TINE IC FORM THE INPLT PULSE SEQUENCE
C

CCMMCN I- (LCO),HM (100,100),X (1OC),V(100),N, P ,NPULSE
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NM~ NPU 1S E 41
CC 1 I= 1,NPL LSE
)‘(I ) P

1 CCNTINLE
CC 2 I= NM ,NN
X (I )=O.C

2 CCNT INL E
~‘RITE ( ~ , 1C)

1~ FCRM AT (2X, ’ INP UT VECTOR ‘/ 1 )
~‘iRITEU,2C ) (XtI ) ,I=1,NN)2C FORMAT (2~~,26F5.3//)RETURN
END

SLe RCUTIN E CCNVOL
C
C SIBROUTINE IC PERFOR M CONVOLUTION SUMMATION
C

COMMCN H (1OJ),HM (1O3,lO~ J , X(l3O),V (1O.)),N,?,NPULSE
NN=N +1
CC I I=1 ,t %P
V (I )~~O.CCC 2 ~i:1 PP
V (I)=V (I ~+HM(I ,J)*X (J)

2 CCNTINL .E
1 CGNT INLE
~RITE (~ p lC )

ic FDRM~A T1 2~~,’ RESULT VECTOR ‘/ 1 )
bRIT E (~~~2C) (V (I) ,I=l,NN )2C F3RMAT (~~~,2 6F5.3//IRETUR N
ENC

SLERCL 1INE PLOT
C
C SI.dRGUTINE IC PLOT THE CUTPUT
C

COM MON (100),HM ( 100,103),X (1301 ,V (lO3),N~ P ,NP ULSE
C I M E N S I C N  I ( 2 5 O ) , Y ( 2 E C ) , Z ( 2 ~~C~
NCELTA : 10
NFCIN T~~(NPLLSE+3 )*NCELTACO 1 I=1 ,NF CINT
XI~~I1(1) =X I
Y(  I) ~C .CZ(I )=C.C

1 CCNTINLE
(=0
CC 2 I=l,t~FCINI,NDELTAIF (K.C-1.NNI CC TO 5
K= K+1
CC 3 , j s 1 , 4
L= I+J— 1
Y (L )=V (K)

3 CCNT INLE
2 CON TINL E
f CALL PLCTP (T,Y,NPGIN1’,l)

C FL~ I INFIT PLLSES
C

1 C 0
NM =NPLL SE— 1
CC 10 I=1,NPCINT ,NCELTA
IF (K.G1 .NM ) GO TO 7
K=K+ 1
CC 8 J:1,4
L 1 +J— I
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Z(L~ =X (K $
E CCNTINLE

1C CONTINLE
1 CALL FLCT P (T,Z,NPCINI,.3 )

RETURN
ENC

SLBRCL 1INE IMPULS
C
C SLÔROLTINE IC FIND IM PUL SE RESPONSE OF THE FILTER.
C ( ~CLVIN G C IFFERENC E ECLA TION S p
C

CCMMCN H (1CC) HM (1CO,100) ,X (100),VUOQ),N,P,NPULSE
CI M EN S ICN A (163),B (1CC)
CIMENS ICI ’ CLMMY (100)
CIMEN SICN C (100)
READ( 5,3C) M
NN=N +l
NNN =NN 420

C
C INI T IAL IZAII CN CF VECTO RS
C

CC 35 I 1 ,NNN
C (I) =C.
HI )=C~A (I)=C.
EU )=C.

3E CO NT INLE
C ( 20) = 1

C
.C S~~IFT CRI C IN IC 20
C

NORDER = M 4 2 C
REAC (5,2C)IA (I1,I=20,NCRCER )
READ (~~,2C ) (EU) ,I=2 0,NCRCER )3C FGRMAT (12 )

2C FCRMA T (E F 1C.5 )
~RITEU,1) M1 FORMA (2X, ’ ORDER OF THE FILTE R IS
~RITEU , 2 )

2 FO RMA T (2~~,’NLMERATCR CCEF FICIENTS ‘ I / I )
~RITE (~ ,3 P (A(I I, Z=20 ,N CRCERIWRITE (~ ,4)4 FORMAT (2X, ’CENOMINA TCR COEFF ICIENTS ‘ / 1 / )
WRITE (~ ,3 ) (E (I), 1=20 ,NCRCEP )CO “C II=2C ,NNN
FA CT 1 C .

-CO 5C JL=2C ,NORD~~RN K = N K —  1
FACT 1 FA CT 1+A (IL)*C (P1< )

5~ CG NT INL E
FACT2=C.
NK=I I
CO 60 IL=21,NORDER
N K = Nl (—1
FACT2 FACT 2+8( IL) *H (PKJ

6C CCN T INLE
HII )= FACT 1— FACT2

4C CONTIN LE
~,qR ITE Ct ,2 1)21 F~ RMA T (2X ,‘*EIGHT ING SECUENCE’/ //)
~iRITEU z 1CI (H(I),I 2C,NNN )

IC FCR MAT (~ X,12F10.5//)
3 FORMAT (2X ,12F10 .3)

CC 5~ KK Z2C ,NCR DE P
A (KKl ( ) :A (1<1< )
e (KKK ):E (KK



5! CONTINLE

CD 6! I=2C ,NNN
C UMMY ( lc K ) H (  I)
$K=KK +1

~f CCNTINLE
CC 7! 1 1 ,Pt
Pi(I I =CLMP ’v (I)

i f  CONTIN.E
XCUM= E (3
8(3) =8 (1)
E (l )=XC LM
PEAC (5,1CCP FI,F2
READ (5,1C() I

b c  FG~ M ftT (3f1C.5)
N Ps I. CC)~NP= 1CC.
FCELTA : (F 2—Fl )/XNP
CALL ZCMN (A ,e,M,M,F1 ,F2,FDELTA ,Np ,T)RET URN
ENC
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