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ABSTBACT

This thesis discusses the realization o1 one and two
dimensional high speed recursive digital risters. using the
. . e
residue number system.

Initially a one dimensional Lecursive - argital filter;
usinyg the Peled-Liu bit slicing  structure was realized in
both the wveightaye number system ({ rixed point arcithmetic )

ahd the residue puscer system (RNS). Tuis study revealed

that
i) T he furothput rate oL the rilter obtained using
the WNS is considerably hiyser tuau 1ts counterpart
the weigyhtdge number systém {3 : 1 diirerence).
il If tne coerricients of the digitai pf1iter transfer

runction are sultably scaled to inteygers, the re-
sulting per.ormance characteristics o. the filters
realized using the ®NS resemibles those obtained us-
iny tie welyhtagye nunbel systeun.

Gn the basis of these results, o residue coded two di-
mensional recursive digital rilter sas deslghed and compared
with the conventional realizations f[of sucu LrdCLOCS as spec-
tral characteristics stakility and the speed or the ;ésult—

1y rilter.

\
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Chapter I

INTRODUCTIGN

1.1  PREVIEW

In this thesis an attémpt has tLeen made to re;lize di—- -
gital filters which have the fcllowing ieatures.

i’a& T he filtefs are CQn;;:ucted Eroim 4 swpall set of re-
latively simple circuits, primarily read only memo-
ries {RUOM) and shift registers.

ii The configuration oflthe digital circcuits is highly

| modular in rorm and thus. hell_sulted roc VLSI con-
struction.

Normally a RCH oriented scheme btased on a4 table look-up
methced would not be feasible in)'d Welynted nuober systenm
(witn a fixed radix;, for any realistic dyunamlc range of
the rilter due to the luumbex: Ci pcssivle comu;udtions. Al-
ternatively tune residue nubber system (ulws) 1s a carrcy free,
modular nunver system [18). The use of the uN> uliows a num-
ber to ke represented with respect to tue numper of the se—
lected moduli and the operations ct tuae various moduli can
be carried out independent oL each otuer. Whe Tresulting
small dynamic range makes 1t possible to use RCM  table
look-up technigque and independent r[paraliel opelations capa-—
vblLlity provides the basis for a very hign tnrouthutl;ate of

the filter.

~



2

Thus the cdefficients of the digital riilter to be real-

ized were coded in residues and the <fliter strCuctures were
implcmented using the RNS fof processiny one aud twc dimen-

v

sional signals.
1.2 REALIZATION OF DIGITAL FILTEES

The hardware realization ¢f digital flliters can assupe
various forhs, deﬁending upon the @eslrtu-qeqree cf,dgéicaf
tion or specialization weeded for the PULpPOSe. ' Ihwa Bqéad
sense, these can Lte divided int& tvo classes: recursive and
nonrecursive. -FOr a4 recursive realizatiou aiso teferred to

. 1 - .

45 infinlte impulse response filters, tne panctional rela-
tionship Letween the input sSeguence OF tue Ilitel {x(n)} and
the resuiting output scyuence of thé iirleer LY(“J}T can bpe

. . G AS
descrived us ~——

y(n) = F [y(n-1), y(n-2),-- x(n), x(n-1), x(n-2)--] (1.1)

l.e. tpe current output saaple y(n) ls 4 [dhction Of past
outputs 4as well as present and past lnput sqapies.

For a4 noarecursive realizdation diso relelivd to das [i-

uite lopulse response rilters tue Lelatlon uctween the out—

put and the input sequeuces becowes

y(n) = F [x(n), x(n-1), x(n-2), --] (1.2)
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i.e. the output sample y(n) is a fﬁnction of only present
énd pasf input samples.
Consider a z-domain transier function ol the digital

Lilter H({z),, given by

(1.3)

ilere z_lis the urit delay operator,uj's and bj 's

represept the coefficients of the Lilteilltrdnsﬁer function
and N i; the order of the filter.

A difrerence -equation relatiny the ourput and the inpft
Can Le derived by cross multiplying ihe teroms ot egn. (1. 3)

and takiny the inverse z-transform to give

. N N )
v(n) = ) a. x(n-j) - § b. y(n-j) (1.4)
j_—.o J j=l J

.
The differcnce equation (1.4, f[orms tne pasis of hard—
' - s/
Wale Cealization of one dimeansional cecursive digital £il-

ters. .
.

Similarly tihe. difference equaticn ror a two uimensional

qsfursive digyital filter can be decriveu to give



wok _
yik,2) = } a P
n.=0 N =0 nyn, x(k Ny ['A n2)
v 2
M M, .

. y(k—ml, Q—mz)

b
m
=0 m2=0 1m2

(ml. mz) # 0 simultaneously (1:.5)

-

1.3 BELEMENTS OF DIGITAL FILTERS
| The study of equation {1.4) reveils tudar tue Lbasic ele-
@ents of digital tilters needed to Leallle Lt cunsists pri-
marily ot

1j Delay.Elements

ii) Audel {OL Suptractern)

-1ii; Multiplicr !
1.3.1 Delay Elenments

These consistys primarily o6 Sholiét LeJisters  oOrC First-

In-First-uvut regylisters. The sSlize 0L tae su;;i register is
aqual to tie dynawic range oL the rilter, aud the number of
Shift reylsters reguired is equal to t©wice tae order-of tae

Eilter (for recursive digital rilter laplescutatlona.).
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1.3.2 Adder (Or Subtracter)

Commercial‘ adders are availakbkle an n;nar; or binary
coded decimal (BCD) form, out of walich binary adders are
most suited for digital filter realization {9]. If the in-
coming data is in twe's complementlﬁorm sunﬁraction, cén
also be performed using the same adderc.

Quite viten these adders are useu in conjuuction with
the Look-Ahead carry generators so as to limit the total add

time of the larger numbers (more thaa 4 bits.). to that of

single four pit adder [ 4].

1.3.3 Multipliers

Toe multiplier is orften the most Coapiicated element of
the dlqital iilter, and some efiorts nas beeu made to dis-
cover efiiclent ways of realiziny this runction. Convention-
ally multiplication of two numbers is pecrormed using rast
Array #Hultipliers . . .

Alternatively a multiplication taule can ove formulated
and stored using the read onlylmemory (Huil) « tliece the malti-
plicand, and and sultiplier iorms the audress Lnputs to tie
ROY ana 1ts output is the product oi the two. The technique
introduces a Juantization error owing tv tue Jlimited word-
length or the ROM used. However foil uiyital Lllter imple-
mentation purpose the exact precisicn output 1s often not

hecessary; hence the techulgque surlices an iwporcant option

in realizing tae functiorn.
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Hultiplication of two numkers can aiso ve percformed us-
inyg tne ADD/SHIFT technigue. The details oi vhis along with

the special purpose hardwsare needdd fer digyital riltering is

provided in references (4] and [8]..

Y

1.4 FORNS QF REALIZATIGN

There are a multitude of eguivalent uigital forms in
which the trdnsfec-function (1.3) can be reallzeud, but three
canonical forms cr variations therecr, are amost commonly
used. Thése dare

i) The Direct Form

iiy T he Cdsgade Forum

11i} The Paraliel Form
1.4.1 The Direct Fora

The Direct Forn shown in £figa. (1. 1) iwplivs galirect real-
ization of eyn. {1.4) and 1s usudally avoided ror the imple-
mentatlon o1 higher order L1lters ‘Lecause or its coefficient

Seilsitive nature ror poles close to tne uuit cirrcie {3 3.

1.4.2 The Cascade Form
The Cascade fora showu 1n Lig.(l.2; corresponds to the
factorization of tae puterator and  delowml haloul pclynomials

oL egn. {1.3) to produce ii(2) oi the cara S

H(z) = Hi(z) {1.6)



where H (z) is either a second-order section, legay,

.

a ., +a,.z+a,.z

H.(z) = oi 1i 2i (1.7
i . 1+ bliz + bZiZ
«
or a tirst-order section, i.e., ’
Y : -
a + a..z
¢} 1i
BT e | (+.8)
1i

and K 1is Ehu ilnteqer part of (N+1)/2. lue 1ndividual first
or second order sections of fig. (1.2, way be rcalized using
the direct forum. One yeneral difriculty with the cascade
structure 1s that, we must decide whicu poles to pair wWith
whicn zeoroes in Lhe éxact order in walch it 15 to be real-
ized. In tae limit or infinite bit precision, Lor the word—-
length of all variables, the questicns or PAlLlisy and order-
ing are 1nsigpificant, In 4 fFractical sSitudtioh, however
tiiey 'are guite important. A more cosmplete discussion of this

problew is given in [5].



1.4.3 - The Parallel Form

The pdarallel form-shown in £1g. {1.3) results from the

partial fraction expahsioh 0oL egn.{1-3; to yive

K
H{z) = C+ ) H, (2) (1.9)

i=1
where C = drl/ Do Agalp first auu secovuwa order fil-

ter sections in direct form are used to Ceaiize individual

sections connected togetlter in parallel to feallle H(Z).

e
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1.5 ~~ EPFECTS OF QUANTIZATION S V
In inoplementing a digitai filter 1£ is required to ex-
press the coefficients and the input,data to tae filter in
terms of‘finite wordlengths. The dxftecent dreas ot guantl-

s

zatlou thus arising.can be categorized as. tOllOHb-

1-5.1 A/D Conversion !g;§g_gg ggig Quantization

dith regard to data word quantizdtion {;'s and ,y's of -
eqn. (1.4,} tue filter input seqguenc<e itselt nust be ex-
pressed by digitdl words of rixed length. Lf tniS sequence
is obtained Dby encoding 4n dnaloy s;qnd%, then an error
noise of meau‘square value 62/12 where 6 is the %mplitude
corresponding to the least significant it or tue data word

is incurred «t the outset,this being reuuceu vy 6 db with

€ach additional bit used [9].

14542 Coeffecient gQuantization

Like the input data each of the coefricieats cf the di-

gital filter: must also be expressed in teras of a finite

wordlength. AS 4 conseguence

i The LLequengy response of the Lilter weviates from
/ . that cbtained using inrfinite wordienyta precision.
il A Ccoefficient sensitive filter 4ay pecome unstable

depending upon the type or 3tructule useu for real-

lzaticen {2].
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1.5.3 BRound Off‘Errog, ' -

- Of the three ﬁypes of quantization error, tae #ound off
eLror in arithmetic operations is UuUsually tae post serious.
As long as no overrlow occcurs, additiou does not lead to any
inaccuracy in 'representinq the sdm; muitiplication always
requires guactization of the results amua so tuis operation
is the usual cause of noise in the filter structure.

iﬁ; upﬁef;and lower bounds of error aue to roundinyg and
truncation afger each arithmetic operatioun (or small groups
of arifhmeﬁic operat;ons; in fixed and rfioatiny point drith-
metic LS ydiven in fiq.(1.uj, 45 o FLeLaDlllity Jdensity f&nc-

tion of the error [ 1]«

1-5.4 Limit Cycles [1]

+ L]

In the cCcase 0f CecuCsive digital Lliteis tuere is an
added problew of limit cycles wmainly ucéu:;uq due to the ov-
ercflow ?ﬁ the dynamlc ranye of the rileer.

This effect cah be eliminated Ly ouae 9L tulee ways.

1) Properly scaling the rilter so tuat overclow 1s ab-
solutelf impossible. This teéecuuirgue uas the disad-
vantayes ol decreasing the sSiguadi Lo noise ratio of
the Lilter realized.

11 Modirying the adders so thdt tuey sSaturate rather
than "wrap dround"as in o tlue two's complement

N
unit.

iil) Chauging the stiucture of the riLiter secticn.
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1.6  PREVIOUS HORK
1.6.1 For Realizing Ope Dimemsional Digital Filters.

in 1968 Jackson [?] suggésted an apprbdcu to the imple-
mentation of digital filters. The paper outiines the various
forms of realization along wita the conriguration of digital
circuits that is highly modular and thus well suited for LSI
constfuction. It also discusses the applicapility of two's
complement aritametic in the implementation or digital fil-
ter. |

In 1974 pPeled and Liu { 10] preseated au novel idea .for
the ipplementation of digital filters. The rcealication calls
for the storing of iinite number of possible outcomes of an
intermediate arithmetic operation, agu Jdsinyg thew to obtain
the next output sample, throuyh repedted audition and Shift-
ing operations. Taus in eifect nultiplication adas been re-
placed by ADD/SHIFY operation, and tit sliciay technique was
used to oblain the next ovutput sample.

The serial nature of tac propcsed structure, houéver
accounts for the decrease in the operstiny speca of the Fil-
ter with an lucrease in its dysaslc range. Tuis limits its
usability to a class oI general filtors wWwapose cuefficients
dLe€ NOL Very sensitive to quantization.

Later in 1975 Agarwal and Bdfrus Lt 11] proposed struc-
Lture particularly suite? for coerficient sensitive CecUrsive
digital filters. The method 1s Laseu oa transrorming tae
coefficients of the z- plane to z- plaue wanose vrigin is at

z=1.
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In 1978 Ahmad Shenoi and Allen [12] presented a filter
structure based on the digital increuent computers also re-
ferred to as the digital differential analyzers. The filter
structure is shown to be suitable for realizing transfer
- functions having their pcles near z = 1
Until recently, all filters were impleméntea in a fixed
‘radix systen. Despite the number of advantages of the
weighted number system cne of its Bajor draupack is that,
“the arithmetic oferations (addition subtraction and'multi—
plication) of.higher order bits of the same number cannot
proceed, until carry from the lower order pits dre generat-
ed. The problem can be solved byfus}uq tae Loox—-Ahead barry
Jjenerators or dlternatively by using'tne pumper system which
is free from any base viz. tée RNS. ’

Lately Jullien and Jenkins [19] studied thne applica-
tions vr residue number system in the realization of digital
filters. The carxy rfree property of the residue uupber Sys-—
tem was utilized and filter structures were proposed facli-
tating digital filtering in the range or 4-o Hlz. Also scal-
ing alyorithn was presented -for the use of recursive digital

filters.

1.6.2  For Bealizind Tve Dimengional Pigital Filters

Very little work has been done in tue haruwarCe realiza-
tion of Two dimensional recursive digital rilters, grimarily
due to the dirficulty ot factorizing the ,transrer function

1nto sections of Zx2 or 3x3 filters. -



-

16

in 1976 Mitra et al (13] presented a paper on the
hardware implementation of two dimensiohdi recursive digital
filters. The work was an extensicn orf the beled Liu bit
élicinq Approach to suit two dimensional riltering

In 1578 Hit;a and Crakrabarti flu] plesented 4 generai-
scheme for realizing two dimensional aiyital transfer func-
tiops. The method is based o artitioninyg twvo dimensional
transfer function into that consrgtihq or ouly X delays,
only ¥ delays and a linking t:ansief LUUCLLOHVOL koth X and

Y delays.

’

N

ESBARCH TN

1.7 BJECTIVES OF TH

(=]
i

{

Hardwarc realization of diyital siiters ndve ranged
from generalized pcocéssors to dedicated ldrge scale inte-
gyrated circuits. one of the key issue Lh tne luplepentation
of digyital filters 15 to achieve a higin tucowghput rate, for
any realistic dyndmic range ot the tilter. Tais problem can
Lbe solved effectively by the use of rLeslude udubel System in
tiue implementati@n of digyital riiters.

Recently Jenkins [20] proposed 1 residue ¢oded recur-
sive digital‘filter usiny the ygeneral scalinyg technique to
obtain fhe output. This thesls studies the [easibility and
tne problems assoclated with sucn 4 realica tion, mailnly due
to the

1) Limited pumter ranye oL the filter.
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ii, Yuantization of the coefficieats when scaled to in-
tegers. . |
These problems have bLeen solved oy seleétlnq a higher
moduli. This increases thé total nuamker range of the systenm
and allows th use of a-lahger scale-factor to scale the
coeffigientsA without overflowing the numper range of the
filter. Also the technique of scaling through metric vector
estinates proposed by Jullien [21] was used ian lieu of the
Jeneral scaling technigue to decrease tae quantrzation error
in the output processed sigynal.
On a similar basis a filter structuie nas oeen proposed

and simulated ou the computer to Frocess two dimensional

3lynals recursively.

1.8  THESIS ORGANIZATION-

Chapter 2 presents the details or nardware realization
0i ifixed point recursive digital rilter usingy the Peled-Liu
bit slicing technique.

In chapter 3 the mathematical concepts or the BRNS is
introduced tarouyh a discussion 0f 1ts bpasic properties. It
is shown that the RNS is much more suitaulél Lor realizinyg
nighly parallel digital filters than the conventional fixed
Ladlx number system (such as the bivary numper system ), be-

cause arithmetic operations in KNS are tuily 1naependent di-

gits.
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Further the coefficients of tte 16u~pass fecursive di-
gital rfilter used in chapter 2 were coded Ln k&S and ihe re-’
sidue coded ' recursive di@ital Lilter structure pioposed by
Jenkins was simulated on the computer‘to stuay the feasibil-
ity of the structure for practical implementation.
in dhapker 4 a hardware structute based on RCM imple-
mentation is proposed and tested to process two dimensional
signals recursively using the ENS. -

Finally chapter 5 presents the conclusious that can tbe

obtained from the research work presented 1n this thesis.



Chapter II

- REALIZATION OF 1-D RECORSIVE DIGITAL FILTER

-

The difference equation (1.4) can be realized in a var-

oY
iety of ways using the fixed point arithimetic. Tae Peled-Liu
bit slicing techniqu el [10] was chosen for realization at

the outset mainly due to the ease wita waicu multiplication

can te performed without the use of acray wmultipliers.

2.1 THE PELED-LIU APPROACH
Consider the iomplementation of a second order section

oL eqh. (1.4} speciiied by the inputscutput Lelationship

yin) =a, « x(n) +a, » x(n-1) + a, * x(n-2)

o 1 2

- bl * y{n-1) - b2 + y(n-2) (2.1)

The inputsoutput sigynals ot the riiver are bounded by
*1 volt and 8 binary bits including tae siyn pit i1n 2's com-

plementary code are used to represent tae S1gnai that is

1 This technigue was suggyested earlier oy Crosicer [6].

_‘}9_
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sim) =-s.(n)" + § s (m?.27 (2.2)
1 ]=1 1

where bi(n )-'12 is either x{n) or y(n). cql. (<.1) can now
. L]
be rewritten as

B-1 . 0
ym) = a_ - { ¥ xm? 27 - xm")
[») -
J=1 '
B-1 . o
+a, +{ } xm? « 277 - x(n~1) "}
1 .
=1
. B-1 L o
+a, - { E x(n-2)7 . 277 - x(n-2)"}
B-1 .. o
- bl N E yin-1)7 . 279 - y(n-1) "}
v i=1
B-1 .. 0
-b, - 1§ ytn-2y? L2 -y ) (2.3)
J=1

- b, » 57 = b, -« s (2.4)

2 Si(n;:| rﬁp:eﬁeuts the jth bit oz Si(n;.
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Rearranginy the terms of egn. (2.3}, aud by using

egn. {2.4; we get

yiy = 3 279 Lk [x@3, xe-13, xm-27, yo-n3, y-2)3]

-F [xm?, xtn-1)%, x(n-2)%, yu-1)°, yn-2)21 (2.5) -

EqDh. (2.5, forms the basis of Peled-Liu approach for the
realization of tﬁe difference equatiaon (2.1).Inspectidn of
egn. (2.5, reveals the fcllouinglproperties.

i There are five arqgumeuts of tne runction F(.; form-
ing 2° = 32 possible cembinations or the function
F(.). The value of the function ¥ (., depends upon
the binary véctcr (0 of 1) tadat Loras its argument.
Thus for a yiven diiference equatiou tuese values
can be precomputed and stored iu &UN rorwmipog a Look
Up table as illustrated in table 2.1 .
In practice the contents or gJud are scaled by
a ractor S and rounded to 4 opits berore storing
them in FOM. The selection of tne scale ractor S is

onh a mipnimax basis [16] .
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The arguments of function F (., serves as address
inputs to the BCH..' : _
Each gutput sample y(n can pe computed Ly resort-
ipg to Jdata additions with Two's pompleﬁentary
Right Shift'aud a single suktraction. The details
oL Two's Complement Multiplication pertormed usinq-

ADD/SHIFT technique are “given 1an section 2.2.
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00001:
00010:
00011:

|
001004

|
-00101

|
001104

|
00111}

|
01000

|
01001

|
01010}
i
01011}

i
01100

: i
01101

I
01110

|
01111}

l

TABLE 2.1 -
Contents Cf RuM
ROM i i MEM. | ROM * !
-CONTENTS {LOC. } ADD. | COHIENTS |
_ l - | | ‘ t
,0 I 17 | 10000) ap i
i | I |
- 14 10 - b
b2 1 t 1 001: (ao 5! i
—b1 ; : 19.1 10010: (a0 - b1; :
-(b1 + b2; : 290 i 10011: (ao- bl - bz; i
a 421 1 10100 (a + a |
2 i | | |
(a2 - b2; 1 22 : 101011 (éo + a2 - 02, i
(a2 - nl; L 23 : 1011UII .{ao + 32 - b1; :
5T bl - b2) : 24 : 10111: (a +a2-b -b ) :
a 1 25 1 11000j (a__+ a i
l . . -
b | : |
(al - b2; : 26 : 11001: (ao + a - b2, :
(@a; = by : 27 : 11010{ (ﬂ) + %_ - b]! {
b, - &t { 28 § 11011} (a +a —b -b |
1 1 2
| L [ R
(al *od,) ‘: 29 : 11100: (a0+ dl+ az; :
1t asr - Lz’ I 30 | 1110]] (ao+%_*a§—bj J
i i | |
1 ta, - bl; : 31 : 11110: (§0+§l+a2—b]f :
a.+a.-b -—hz; i 32 | i
| |

11111} (a +a_+a
| o 1

-b -b
2 1 2




24

2.2 THO'S CONPLENENT MULTIPLICATIOH

Consider the muyltiplication of two nuwbpers n. and n

1 2
as shown below
YEML T
= (~0.390625) - (0.8125)
= =~0.3173828125 (2.6)

LS .
Here nl forws the multiplicand {8D) n. forws the multif
. . ,

2

rlier (ME) aud Y is the Lrroduct of twc npumbers.

Iwo's Ccocmplement OF -9U. 390625

1. 100111 (4D

J.11ul  (¥R)

i)

Binary Represantation of 0.8125

The 1 apd 'J' on the left of tae uinacy polnt of mul-
tipliCdnd and aultiplier indicates its respecn;ﬁe siyn { re-
fer table 2.2, . To start with the dccumulator 1is cl;ared.
The accumulator is of 12 bits in order tu get tue exact out-
put.

-Since the least signiticant bit (L38) of tue HR is 1
the 4D 1100111 is added to the accumulator, «ud & 2's com-
Flementary right shift 1s performed to emsure tue sign of
thue shiited partial gproduct.

1Lhe operation is ccntinued till tue @most significant
bit (M5B) of tuae Ma is redched. Jow since the <'s couplement

of the nulLer 1S represented as
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X = - O-'Q--E J . 2_j
=-x + § X _ (2.7)
the Hd is multiplied with the MSE~Of tne Mk, 2's complement

of it is taken and added to the partial product of the accu-

mulator to give the final output. The aetails or the opera-

tion are shown in table 2.2 .
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The Details

TABLE 2.2

Of Twc's Cosplement Multipiication

Q

0

1

(HD)

¢

0

1

0

0

0
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i
i
I
|
|
i
l
|
i
|
|
|
]
i
|
|
|
i
|

y = (~0.390625 (0-8125)
= -0.3173828125
m
TwWwo's Complement Of -0.390625 = 1.10u1l1
‘ Xy Xq .
Binary ERepresantation of 0.81Z25 = Y.1101
| cesmaTzc | sccuaviaror |
T ciear 1 e ivewsevsoo |
ADD x,@'= 1100 1 11 : 113011100
2's cowp. Rigbt Shift { 111041114
ADD x;0 =00 00 00 0 : 11100 111u
2's comp. Riybt Shift i 11T 1109111
ADD x,3 = 1100 111 -: 11J0009wv 11
2's comp. Right Shift i 11 100 0uU 91
ADD x; 8 = 1 100 111 : 101911101
2's comp. Riyght Shift : T1T31v 11 1w
s038. xoa =0000000 : 113 1u 1110
: |
11310 1110110 =-0.3173828125
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2.3 HARDWARE INPLEMENTATION

The Peled-Liu approach discussed above was implemented
in hardware. The hardware architecture may be aivided into
three sections.

ij The analog interfacing hardware consistffgfgg)ana—
log to digital ccnverter (ADC), digital to analog
converter (DAC; and the code converSLPn circuitry.

ii The digital filter consisting of shift registers,
arithmetic logic units (AL3), accumulater {ACC)} and
the EOH for storiry the paitial Lrdactions of a giv-
en transfer function. |

1ii) The control circuit consisting or the clrcuitry to
synchronize and provide timing pulses ror the fil-
ter and fhe interfacing hardvareé.

Fig. (2.1, depicts the circuit digayraa vr the second
order recursive digital filter Hith‘d Jdynamic range of 8
pits. Fig.{2.2) représents the€ corresponuiny timing diagram
of the rilter controls.

Analog input of +5 volts range enters the filter
thiough the ADC. The ALC is level trigygered by a Start Of
Conversion pulse (S5C) and the End Cf Conversion line {E0C)
will remain low until the conversion is complieted. The de-—
tails of the interiacing hardware is given in L17]

At the begilnpning of every sample cycle, tne input data

x(n, 1s synchronously parallel loaded into tne spift



MSB

x(n) x{n-1)
= L. I
ADC . —J SRy : SRy SR3
—q
=
- —
4 [
1] l
0 511 4
3 CKSR 10 CKADC
4 S/LSR, Round 11 EoC
5 SC
Fig. 2.1(a) Interface Section
. .
—-—/
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x(n-2)
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register SR1. This occurs at the‘qegat;ve €edge of the clock
CKSR (clock shiit register), ; the line S)EEE being held low.
for the purpose. Similarly thé Ecevious output{ sample
y{n-1) is also loaded broadside inlo S584. However since the
coefficient data in the HCM has been scaled down by a factor
of S (S =2 in the filter isplemented), the output data
y{n-1, must be scaled up by the same factor before heing
loaded into SR4. For S = 2 this scaling is accomplished by a
nard-vired 1 bit left shift {(skewed parallel conpection). A
0% is wired to the LS3 input of Sk4.

Seven more successive clock edges .or the clock CKSR are
needed to shirt all 8 bits throuyn £he rég;sters. The output
Of the shift registers are tapped to tne adaress pins of the
EPHOM (MC2708) which cortains the 3: values of the partial
fraction F(.). The value of F{.) selectea are AND gated with
the rounding control line 'ROUND! {¥hich 15 active low dur-
iny roundiny cycle.) and‘ becones Lhe B inputs of the
ADDER/SUBTRACTOR. ~ .

The other input A of the.ADDEE/SUBTRACTou nas, its seven
inputs coming rfrom the accumulator {74194, . 1he MSB LS
of the input A to the adder is derivea irom the sign exten-—

sion logic (SE; which performs the Operation

SEn+1 =D (A7n + B7n + COn) (2.8)
Here b{-) is the umit delay operator.
A 1s the HSB of the input A to the ADL/SUB unit

n

correspondiny to the b-th intervai of tinme.
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Tn is.the MSB of the igpu; B Fo the ADD/SOB unit
corresponding to the n-ta Lnté:le of time.

and € on is the final carry output ot tne ADD/SUﬁ unit

corresponding to the £-th i1nterval of tioe.

Additional circuitry is required to accomodate the rounding
cycle and hence

SE * ROUND + ROUND * Q

Aot T SEhp (2.9)

n

where Q. is the MSB output of the accumulator 16 ]

At the beginning of every sample cycle Eoe dccumulatof
and tne delay rlirilops DF1 and DiZ are cleareu Lty helding
the line Clear Accumulator (CLACC) low. Tue ovutput 9f the
adder is then loaded into the avcumylator auua shifted'one
“bit right on two sucessive positive edyes or the clock
CKACC.  The sign extension flag is lodded ou Lue positive
edyge ol the clock CKFF.

The LSB output of the &DDHE/SUBihALTUu 15 also tied to
the i1nput of the delay {lip:lop DFze Tuois eilectively holds
tiae fﬂ bit of the result wnich 15 USed duUrLlly wue rounding
cycled

After 7 pdartlal sums has  Leen Sompuied, the ADD/SUD
(add/Subtract; line oi the ALU is pulled low iol subtraction
and the Cinal result is loaded into tne ucCumulator.

The ALD/5UB line is now neld at loyic levei '1' and the

ROUND line at '0' for rounding the output of the rilter to 3
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b%ts. This is acccmplished by adding the cont;nts of the ac-
cumulator and the delay flipfzﬁp DF2 (nolding the éhﬂ bit of
the result) in the ADD/SUB unit.

The rounded output thus obtained is scaled ugp by the
faétor S .and loaded into the shift register Sk4 through a
skewed parallel connection, and the filter is ready to pro-
cess another sample.

Thé details of the control circuit feguired to syn-
cironize and ©provide timing pulses for tae rilter and the

interrfacing hardware is given in | 17)

2.4 FILTER OPS§ATIOIS AND TBSTING

The conventional Peled Liu approaca was 1mpleﬁented in
séituare { gée aprendix for the listing of tae PLOQLaE.) as
well as in hardware. |

A second order lowpass butterworth rilter with a cutoff

trequency of 100 hz. was designed and usea ror tpe PUEpOSE.,

The correspording difference equaticn is giveu by

v(n) = 0.019804 -+ x(n) + 0.039608 + x(n-1) + 0.019804 - x(n-2)

+ 1.564376 + y(n-1) - 0.6435943 + y(n-2) (2.10)

~

The ROM contents oi the difference equation were der-
ived using table (2.1;, with.a scale-factor or <. A Fortran

prograw to compute and scale thne values or F{.) ror a given
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second order IIR filter was developed and used Lor the pur-
pose.- The prograts is listed in the appendix.

A + 1 volt test sine wave of fxéqueﬂcy Langihng frpm 10
hz-.to 1 RHz. was red as an input to the rilter. Fig. (2.3)
represents the photoyraphs of the actual 1nput/output wave-
formslof the filter for three test frequencies. ?//

i)': £ = 50 hz. ( pass band f

ii) £ = 100 hz. ( cutcffi freq.)

iiif £ = 400 hz. ( stop band
Fig. (2.4) depicts the actual and the ideal - Lleguency res-
ponse of the filter. The 1ideal freqyuency respoance 1s ob-
tained by directly computing the difiereace ‘equation (2.8,

on IEM 370,3031 computer.
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Chapter‘III
BRESIDUE CODED COMBINATORIAL BRECURSIVE DIGITAL
FILTRRS
Earlier in chapter 2, hardware implementation of a re-
cursive digital‘filter tiansfec funcfion using Peled-Liu bit
slicing approach was discussed. The inplementation was based
on tue use of fixed point arithmetic witu neyative numbers
rcepresented in fuc's coaflement code. it thus utilizes fixed
radix number system. Despite numerous advantagyes of the
weighted number system, its basic limitation is that truely
parallel arithmeﬁic,_ in wnicl all digits are processed sim-
ultaneously, is not possible because éz carry propogation.
In recent years attempts have been made to circumvent this
limitation. These approaches can be classiried into two ca-
tegories :
i) Methods to reduce carry progogation time by-.adding
specialized Look Ahead carry cifcultry.
ii; The use cr nuwmber system with Specilal cdarrcy charac-
teristics i.e. The kesidue Number System. |
A brief introduction of BNS and 1its cdrresponding ar-
\\\ lthmetic 15 ¢iscussed in the next section; rurther details

oL which is provided in [18].
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3.1 RESIDUE MUMBER ABRITHHETIC
‘ ~
A residue number sSystem is ccnstructed trom a set of

palrwise relatively prime wmoduli {ml,mz,..m

L ;. The total

Ty
wihere L is the number oL moduli used to roruwulate the num-
Eer system.

The total numbec‘range 15 partitioped so as to accomo-
date negative oumkers. If ¥ is odd, the uynamic range of the
residue representaticn is {- (@-1)/2 , (4-1) /<) Ir ¥ 1s even
the dynamic range is [-8/2 , H/2 -1]a |

BEach lnteger, x, witnin the dynawmic rauge can te uni-

quely represented a5 4 sequence of resitdue digi1ts as shpwn

below.
F 4
X = (xl, Xor wees xL) ) (3.2)
where x. = lx|m x 20
i
my - Ix‘mi x <0 i=1,2, ..., L

and jx|m denotes the ledast positive residue of X with re-
i :
spect to the modulus .. kesidue ofperdations cail be defined

as fcocllows :
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(Xer Xor weer X)) # (¥Vey You eeer ¥o) = (21, 2oy ove, 2.)
1 2 L 1 27 L 1 2 L
(3.3)

e

where zy = | x5 % Yi‘mi e 1 = 1,0a-,L
and * denotes addition, subtraction cr multiplication.
‘General division is a complicated process of RNS, and
fortunately not required in the implementation of digital
filtefs. However a restricted form of division iu which the
divisor is a iixed constant is often required an the imple-
mentation. This fixed constant divisicn is cailed scaling. -
Scaling is required iu residue codéd recursive digital
filter implementation, because stable recucrsive difference
Qyuations qenefally have fractiqﬁal or mixed fractional
coefficients that cannot be represented 1n an integer number
systen. These fractional coeificients nust pe converted to
integers by multiplying them with an dpﬁcopcidte scale-fac-
tor S and rounding them to the nearest ilntegyer as illustrat-

ed in eqgn. (3.4, 1iror a4 second order recursive iilter sec-

tion.
Y (n) = é {[s - aojr - x(n) + [S - al] « x{n-1)
+ [s - azjr « x{n-2) - [s - b1] « y(n-1)
- [s - b,J. ¢+ y(n-2) } (3.4)



Thé notation ts;écﬁ% indicates th&é d, 45 multiplied by
the scalé-factor S and thé result is rounued To the pearest
integer for representing eqn. {3.4). Alter the expression
within the brackets {.}] of .eqn.{3.u; hgs beén computed the
result must be dividéd by s and quantized to an lntegér va~-
lue so that y(n) is available ifor- further 1terdation.

There are twvo general techniques: Orf scaling within the
BENS. These techniques are based on a Jelyated mdqnitudé con~
version, and requires that the scale-ractor be chbsen as a
product cf some mcduli., The two scaliny tecauiques are the
,method of exact division [18] and the sdomatiou of metric

vector estimates [22].

3.1.1 Exact Division scaling
This techpigue uses the multiplicative iuverses to per-

form tine division using tte theores

(3.5)

where b 1s the dividend, a 1s the divisoLr and the sym-

ami

oo The proof of the theorem is given in {1d]. The theoren

bol

represents the multiplicative luvelse of a mod

is-valid only if the dividend bt 1is an exact muitiple of the
LY

diviscr a.
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The use of the theorem can be extended Ltor f;e purpose'

of scalin§ by selecting a divisor that is.equal to one or
product ok some moduli. The défails cof tne manipulations re-
quired for the purpose is illustrated bélou. Let X be the
input to the scaling process, Y be the output, and K the

scaling factor. Then

where [ » ] means the integer value of tne number in the

brackets. This can be written as : -

X = YK + ]x|K (3.7)

which yields

X - |x]
X
z (3.8)

Y =

The term X - [X|K in eqn. {3.8) is an exact wmultiple of

Y. Hence using eqn. {3.5;, €gn. (3.8) can be expressed as

(3.9)

Bl




N

L2
If we consider scaliny by the first s’ modui1r of the RNS
base vector elements, then the foliowingq recursive form

constitutes the scaling algoritha [21].

(k+1) l (k) _ ) ’L
¢ ¢ 9 = (3.10)
L\ my } Kimg Imimg |,
1 {
with | l/
e [ e T N
TT m, '
i=1 *

/
for 0 < k < S-1 ; k < i < N-1.

The remaining s’ residues Day Le aeterminea oy the base
extension method [18]. hence the scaling algyorrtam actually
consists of two oferations naasely, division rLemdainder Zero

and extension of Lase.

3.1.2 Scaling Using Estimatges
Au alternate procedureqgto scaling uy exact division,

usSing aultiplicative laversey, 15 to use scaled metric vec-

tor estimates.
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From the Chinese Eémainqer Theoren (CRT;,' ‘We can

express the input x in terms of its residue representation

[181.

- A M (3.11)

FS
)
Il e~
=
5’>"H>4

H
3

where A(x, 1s an integel function of X and

%

= H)
’_l-

Egn. (3.11, can be rewritten in terus ot summation of

metric vectors as

xi-Ui'— A(x) « M {(3.12)

»
]
=1t

wnere the wmagnitude of the unit metric vector associated

with the ith modulus is given by

U, = m.

1 1

| (3.13)
m.

1'm.

1

Eren egn. (3.12; we caun tind that



Ly

~ !
L U. M A
¥ = o = X, v —> - A(X) "+ — (3.14)
TT =L T Tm TTm
™ I .3
J=1 j=1 j=1

where ¥ is in the set of all real nuabers and is not
/én general an inteyer. ae can form 4 Scaiiug runction based

or the summation of scaled metric vectors L equa. (3.14).

- L - x, = U. L X, « U;
v= ] =+ 3 = 1 e (3.15)
T T ST |

wher'e € 15 au error resultiny flLom Che sudming esti-
1
mates of the scaled metric vectors.An,obvious upper bound on
is given by je| < L/2.

From eqo. (3-13) and eqr.(3.15)
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L ‘
[T m. | ==
{ L j=d+1 3 | Milm, 1
2 |y 7L o
/ my i=1 mi mi m,

(3.16)
We note that for S+1 <n< L, tne remainder of the
rounding process is zero. Tie reconstruction oL the first s
residues can be done thrcugh the base extension method.

¥

3.2 BESIDOE CODED COMBINATORIAL DIGITAL FILTERS

esidue npumber concepts and ccaovinatorial techniques
can be combined to yield very eificient hardware architec-
ture for conventional cascade or garallel diyital filters
[20]-

To accomplish this, the inputy/cutput sauaple Dk is en-
coded in hardware as a bimary integer aiter multiplying it
with a suitable scale-factor X to suit the integer repre-

sentation as

(3.17)

lHere R represents the dynamic range ot tne filter and
bk (R~1)"bko represents the binary integers oz " the input
samngle. Rewriting eqn. (2.1) and substituting equ.{3. 17} in

eyh. {2.1; we get



y(n) = ] C + D

2% F(b

I
~3

187 e bNR) (3.18) °

where ¢ represents the coefiicients or cthe gilter
transfer function,
N represents the total nuakber oif the pliter

coefficients. ( N=5 for a seconu oraer iilter.,

and F(b

e’

N
...,bm)= E b e

Thus y(n) Can be computed Ly dqudressing the stored
function F{blE . bNR ), -Shitting and auding. 1t the filter
coeflicents are required to have large numper or tits then
the aritnmetic ovperations in the above eguations will he ox-
ecuted with lony wordleﬁqth operands, dau tne Nedory will
nsed long wordlength to accomodate F{.j. In sucb a case it
mu& be advantageous to encode thé operutléns Liuto a residue
systex so that the operations can beé executed with shorter
residue operands in parallel subrilters. Tue ccorputation

then takes the fornm
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y(n) = L 27 F(by., ..., boo) (3.19)
where F, (b, «ac b o) = | F ( b ges-d Nl)lmi' The

combinatorial algorithm ‘can be implemented by using more
than a single bit from each data saasple. Wnen the residue
uunkber system consists of many suzall moduli e.y. when each
moduli needs only 5 bits the computation can pe arramrged as

follows

[y [ = F {Fl[ |22, |D3'mi]

where. ..
| 1) P oo
F D, | D = ' 2% + x(n-1l)+g+a
1(IPa 1, 1Py my oto © 1|m;
4 ) ;
+ L 27« x(n=2)esea,|
2=0 i|m.
i
{3.21)
( o ] ) ] 2t
F.(jp,}. . |D = 27 y{n=1)- (- s+b.)
2 l 4 mi 5'm 120 1 mi
' 4 2 . te .
+ Y 27 y(n-2)- (- s+b,) [
£=0 imi



) ot |
D = 2 e+ x(n)*s*a_ |, {3.23)
| 1|“‘i 1 2=0 O|®y

o

A program to coumpute the fuancticr taples fl(.), Fo(-),
and F3(-{ for- all four modulli, glven tne coetricients of the
difference equ. is listed in the appendix. 1lue resulting
arcnitecture is shown in £ig. (3.1) for tae lth subfilter ot
an RBRNS system with base vector { 32,31,29,47 ;. 1The scaler
block provided at the end or the sybrilter cowputes y (n)
rrom 1y.(n;imi.-0etails oL the scaler wlock dare given in the
‘next scection.

The architecture prcvides the capabilicy rob obtaining
higyh speced and algn precision simultaneously. Tue systea is
approximatcly’equivalent to a conveotional 2 ' s couplement
system with 20 ovits wordlenytu s3 wheére the computation are
quanticed to 10 bits by roundiuglthe lower nauli word.

The total propogation delay betore an output sample is
reached can Dbe categorized as below. lue typical access
time orf the sulift register 74LS5135 (= 30 nanoseconds) and 1K
x 3 schottky TTL EEOM D¥377181 (= 40 nanoseconds). 1s used as

a reference in the calculation of the propoyation delay.

+

3 Let 2B =-32-31:29-27(vwhere a is the equivalent no. of bits
in the weiguted number system.) Thes A=20 blts.
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(1) Total access time (t,) from the interrace purfer
to the output of the function tasle Fy{+) or its
equivalent.
= ta (S5E1) + ta [Fl(-)}.

= 70 nancsecconds.

(2) Total access time (ta; to formulate |y (u)i_.

t  (Modulo adder) + t P 0 4,

80 nanoseconds.

(3; Total access tiﬁe (ta, to formulate |Ys(ﬂjlm. in the.
scaler biock. :
=105 nanoseconds.
The total propogatiou delay; 1ip computiuy onhe output
sample, thus 1s tae sumiation of (1},(2) aud (3) shich is

€qual to 255 nanoseconds enabling the rilter to operate at a

naxinum speed of 4 MHzZ.

3.3  SCALER

Tie scaler block shown in rig.(3.1). L3 coastructed us-
ing eqgu. (3.16)

Let S = m,-€, be the scale-tactor or tue iour moduli
nunber system used to iwmplement the residue coucd recursive

digyital filter. Then egp.(3.lc) cah L& LewCltteu d4S

[ - y(n)
\Ys(“’|mk‘ }—-S—mk (3.24)
4 Xi
S
2 1=3 my my 1
R m t3
i=1 i m
— klm
k
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"”,
4 xi
| I m.l =
4 [13=3 ' my Im, 1 ,
+ z o + '2— (3.25)
i=3 i my m,
= Fl(yl, yz) + Fz(y3, Y4) : (3.26)

Here me = My« M, ; the resultant scaled number system.

The functions Fl(yl, y2) and Fz(y3; y4),can be pre-

~computed and stored in ROM for all possible combinations

of |y(n)|m_, i=1, ..., 4. The outputs |yS(n)|m. needed
i i

for all further iteration can simply be obtained as

Cys )| (2.27)
1

llys{n)Imk m.
l_

I
2
-

I
.

. 4 (3.28)

Thus similar to the functions Fl(yl’ yz) and F2(y3,y4)
the functions FMi can also be preéomputed and stored in ROM

for all possible combinations of |ys(n)|m .
k

The architecture for a four moduli scaler is shown in
fig. (3.2). It requires 10 I/C packages and has 3 levels

of propagation.
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3.4 FILTER OfBRQTIORS AND TESTING
The filter structure of fig.(3.1) . was simulated in
software (the program is listed in the appendix.) using the
second order diiference egn. (2.10;, for tae purpose.

" The difference equation was coded in BNS using the mo-
duli {32,31,29,27} with a scale-factor oi 32+31. The result-
ing coefficients along with the details oi . scaled and uns-
caled number ranyge is listed below.

i Total number range ; M = 776730
ii) Scale factor of the filter cgefricients ; S = 992

iii) Scaled number range ; m, = 7383

k
For example the orignal coefficient

-~

ag = 0-019804306
aO-S = 0019804306 x 992
(ao- S)r = 20
Similarly the coefficients (al-s;r """Dz's’f can be

computed aund coded in residuwes as shewn 1h table 3.1
Fig. (3.3) shows the output of the riiter woen a delayed
unit step function 1is fed as an iuput to the rfilter. A study

of this waveform reveals that the output or tne filter is

stable and free from any limit-cycle cscillations.

« % An exawinationm of Figs. (3.4) to (3.7) reveals an apparent
phase~shift between the lnput and tne output waveforms of
the KNS filter. This apparent phase-suirt was caused by
the exclusion of the transient portions or tae cutput in
the illustration.
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TABLE 3.1
Coefficients Of The Filter ;n Mod Foro .
i I | i | i
i ORIGNAL i SCALED i ® 4 ®, 4 @ma | m
1 COEFFICIENT i COEFFICIENT I (32) 1 (31} (29) i (27)
I | ! b i 1
i i i R i
l ag = 0.019804 § (a.- S} = 20 i 20 | 24 i 20 | 20
l | i 0T i i i o
= (.039 A e c= 7 d 10 1
: a 608 : (a) 51, 39 : ;. : : 2
} a, = 0.0719804 | (a,-S) = 20 | 2u V. 20 20 | 20
. P 2 r i i i |
| b, = -1.564376 |-(b,-S) = 1552 § 16 4 2 1 15 | 13
i1 1 7r i i i i
| b, = 0.643594 j—(b, S} =-638 4 2 | 13 | 0 | 10
i 2 2 r i Y 1 I

— e e B e B R e dee e Wi B Sae d—

Fiys. {3.4) . to (3.7 )% show tie time JOBdll outputs of
the filter when a sihe or sSquare wave is red as an input to
the low-pass filter. The output waverorw or tne filter re-
sembles the sinuscidal input to the filter an qus.(J.Q)'and
(3.5)- Also the integrdting effects oL the Low—pass filter
transfer function on the sqyuare wave Luapuls are clearly vi-
sible 1n fiys. {3.6) and (3.7). Thils suygests that if the
coefiicients of the filter transter tuactioa are suitably
scaled to integers, the KNS preserves tne cuadlacteristics of
the filter transier function in the lihit 0.4 Linite bit pre-
cision.

Fig. (3.8) shows the ideal and thke actuad iLrequency res-
ponse of the low-pass filter traansier runction. It is seen

trom the figure that both the frequency responsc resembles
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0
-

each other and that the IJ—db CUt-off'freqﬁency is p;eserved
-in'thg residue coded recursive digital filter. The ;deal
freguency cesponse is computed by directly cémputing the
differencéﬁeguation f2.1; on IBM 37b/3031 having 32 bits
précision. o

On a similar basis a secoﬁd order higa-pass recursive
digital filter transfer function was also realized.,

Figs;(3.9) to (3.12) show the tuime domain outputs of
the filter when a sine or sqyuare wave is rfed as an input to
the higyh-pass filter.

Figs.(3.13) and (3.14) shows the igeal and the actual
frequency responsé ,of the aigh-pass rilter transfer func-
tion.

A study of these figures reveal that, iike the }ou-pass
filter transfer function {egn. {2.10)}, = the time dcmain and
" the Irequency domain characteristics oL the rilter are also

preserved tere.
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Sine Wave at F = 250 Hz.
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Test Input = Sine Wave at F = 1 Khz
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Test Input = Square Wave at F = 10 Kiiz,
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APARISON BETWEEN TEE COMBINATORIAL BECURSIVE DIGITAL
PILYER REALIZED USJAG THE FIXED POINT ARITHMETIC AND
TBE BESIDUE NUMBER ARITHMETIC

In this section a comparison is wmade between the
Peled—iiu approach realized using the weightage nuzber sys-
tem (fixed point'arithmetic; and the residue number system
under the fallouing titles.-

i) Dynamic EHange
ii) Quantization Error
i1ii; Scaling

iv) Hardware Complexity

3.5.1 Dypamic Range

The numBeL cf bits required to represent the coeffi-
cients and the input signal, depends upon the coefficient
sensitiveness, type c¢f tilter structuie caosen LOr realiza-
rtion, and the tolerance specificdtions in tue design of the
filter..

With. the conventional Peled-Liu approacn Lealized using
fixed point arithmetic, it 1s possitle to acnleve an inter-
nal arithmetic of 2B bits Lor a B Lkit realization. One of
tpe major drawbacks of this realizatilon 15 tudt the operat-
ing speed of the illter decreases—on 1ncreasiny the dynamic
range of the filter. [Refer to Table (3.2)]

The residue coded ccobinatorial recursive uigital - fil-
ter can be realized yiﬁh shorter resiaue operdands in paral-

lel subfilters.  This phenomena LS particuiacly useful in
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realizing a coefficient sensitive filter; having a'large di-
ndmic rangé, at very high speed.

'Tables 3.2 and 3.3 show the actual celationship betgeen
the dypamic range --and the bandwidth ot the filter realized
using the weightage number system (fixed point "arithmetic)
énd,the BNS respectively. The tables dre based on the fol-
lowing data..

i The access time to generate ong output sample is
equal to B x 100 lano-secs. in the convenfional
Peled-Liu approach [177] and abb_u£ |

1i) .255 nano—secs. in the residue coded comkinatorial

£illter (refer Eage 45)

TABLE 3.2

Relationship Between The Dyuamic Bange And Bandwidth Of
Digital Filter Realized Usiny The Fixed Point Arithmetic.

| i | | |
| No. Of | Internal | wWord | Actual |
| Bits | Arithoetic { Hate | Bandwidth]
i i —-Bits I -MHz. § -KHz. |
I | i i |
l | i I {
| 8 } 16 bo1.25 025 |
i i i i f
i 12 { 24 I 0.823 416.70
i | | | i
i 1o i 3z I 0.025 | 312.50 |
i i | i i

% .
The parallel form of the Peled-Liuv approach is not considered

for comparison here due to its complexity in realizing it.

5
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TABLE 3.3
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- Relationship Between The Dynamic Eange And Bandwidth Of
‘Besidue Coded Conmbinatorial Digital Piiter Along With The
Equlvalent Dynamlc Range Actuallyedchieved Corresponding To
That Of Table 3.2

| ] T i i | |
I | iEquivalent|Internalj i | [
& Moduli | HNo. | No. Of |} Arith- | Scaie | WordjActual]
| Used ] of | Bits | mektic | Factor| bate| B.W. |
l | Bits] (Tab 3 2;) -Bits | } —dHz| —-MHz |
i i | | - i i l i
{ 1 | | J I i |
116,15,13,11] 4 | 7.91 | 15.07.313 x 114 4.0 | 2.0 }
I i i i i | i i
}132,31,29,271 5 | 9.554 | 19.567 29 x 27| 4.0 | .2.0 |
i L 4 S T i i i [
164,63,61,59] 6 | 12.970 | 23.790 461 x 59| 4.0 | 2.0 |
I, i | i i : | l l
{64,63,61,59] 6 i 17.900 | 23.7390 | 59 | 4.0 | 2.0t
I i i i 1. — | S |
3.5.2 Quantization Error

The quantization error iu the conventional Peled-Liu

appreach is due tao roundiiy of the partidl rractions and

tue cutput of the

#J

2

filter to 8 bits {where o

-B

ofange of the i1ilter.).

where y{n)r

2

15 the dynamic

It is governed py the 1ueguality

< Y(n)n

2-B

- y(n) g 5

{3.29)

1s the rounded output oi tne dagyirtal filter

The principal source of error in a rCesidue coded recur-

sive digital filter is due to

ficients and tne

the guiantization of the coef-

-

input signal to integers.

-

However if the



71
coeffiéients of the dig;tal filter transfer function are su-
dtably scaled to integers, the resulting pertorqanée charac-
teristics of the filter realized using the a8S resembles
;hose obtained using the weightage nusmber systea. To justi-
Ly this statememt a low-pass recursive digital riiter {feqn. (
2.10)} was realized in the weightage number system (fixed
point arithmetic, and the RNS. The scaled dynamic range is
equal to 8 bits in both the cases. |

Fig. (3.15) shows simulated results ot a sine wavefora,
(E = 50 Hz.) propogating through tae low-pass filter.
Fig. {3.15(k)} shows the simulated wavetform, wita full compu-~
ter precision (32 bitsy. Fig.{ 3.]S(c;) Shows the sinmulated
vaveforms, - ior a 2's cowmplement aritametic (P-L approach)
with 8 bits wordlength while fig.{3.15(d) } S shows a residue
~simulation, of 7.S1 bits of scaled dynamic range. It is ap-
parent tfrom -theseluaveforms that botn tne residue and the
2's complenent ccmputatiodé, resembles each otuer and track
the exdzt res?onée very closely.
Similarly fig.(3.16) shows sinulated results of a sine
waveform, propogating through the low-pass rfilter at f = 250

r

HZ -

A

5 An examination of Tigs.{3.15-(c;:, Fiys. {3.15-(d;},
Figs.{3.16-(c}} and {3.16-(d)} reveals an apparent rhase-
shift between the input and the output of tae 2's comple-
mept and the B8NS filters. This apparent phase-shift was
caused by the exclusion of the transient porticns of the
output in the illustration.
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3.5.3 _ Scaling

The scgling opération is necess;ry in the izplementa-
tion of a recursive digital tilter t¢ prevent the overflow
oﬁ the dynamic range of- the system at the brancaing -nedes.

‘ In the conventional Peléd—Liu Aafproach realized using
the weightage numkter system (rixed gcint aritumetic;, divi-
sion by the fixed radix (= 2 or multiples of £ ror the bi-
nary system) can be accomplisked by salitipy tue bits {mag;
nitude portion only, to the right. Ihis‘sgxxt can also be
wired in the existing hardware, ‘uithout-tne ueed oL any ex-
tra hardware for the purpose of scaling operdation. This is

1llustrated as fcllows ;-

LC] 1100 = Q.75 Civision vy <4 1is
. accomplisned Ly
{0]J 0110 = 0.375 snittiog 1 opat left.

Scalinmy is peyuired in residue codeud recursive filters
because stable recursive difierence eguations udve fractibn—
al or " mixed iLractional coefﬁxciengs that canuot ke repre-
sgn;ed in an ;ntegér nunter system Thkese fracticnal coeffi-
cients must be converted to inteyers py multlplying thenm
with on appropriate scale-factor § anu :ouuaLnQ them to the
nearest integer value as illustrated 1u eyu.(3.30) for a

hJ

second order recursive filter secticn.



yg(n) = % { [s- ao]r « x(n) + [8 - al]r . X(F-l)
+ [s - azjr ¢« x(n-2) - [8 » bl]r - y(n-1)
- [s « byl « v(n-2) } (3.30)

0 is multiplied by

the scale factor S, -and the result is rounded to the nearest

The notation [Sa,], indicates that a

‘integer in preparation for representing (3.30; 1n an RNS.

Arter the expression withilno the brackets {«} or (3-30) has
been computed the result amust be divided ny S and quantized
to ;n integer value so that the output Y(n) L1s available for
the anext iteration. This is not poséiule in the BNS direct-
ly. A lisited form of.division in wbicn tane divisor is one
or prodhct of some moduli chosen for realizdation is hovever
possible throuqﬁ the use of the ¥ixed-mauix Lonversion Tech-
nigue [ 18] or through the use of the Chiuese Kemainder Theo-
rem [ 23]. The scaling process here, thus requires an extra

amount of hardware to implement this algyoritums. -

3.5.4 Hardware Complexity
In the conventiomal Peled-Liu d4pfrodcia, due to the bit
slicing technique, it 1s possible t¢ simplily tue structure,

and achieve hiyher operating speeds as coumparea to other si-
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milar realizations. However some of tne basic dravbacks of

the =structure are

i)

ii)

It is a combination oI synchropously and asynchro-
nously ccntreolled 'dev;ces [equiring a fairly com-
plex‘control.

The necessity of Siyn—Extensiou logic to restore

the sign of the accumulated cutput dt each stage of

iteration.

In contrast the residue coded ccubinatorial recursive

digital filter can be sycchronized easily as

i)

11)

11i

-~

TLe tasic arithmetic i1s 4 wgaular arithmetic ena-
blinyg pipelined structures.

The entire filter is a ECM iaplementaction.

The sign of the number is includea witnin the num-—

ber system, so no extra lcgic ls udecessary to re-

store the sign.
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Chapter IV

TWO DIMENSIONAL BECUESIVE DIGITAL FILTERS

In the preceding chapters a recursive digital filter
was realized using the conventicamal delrghtage number system
and the residue numheq systen iér cciputing.tue Suiput. The
fesults of this simulation reveals that

i) The throughput rate.of- the riiter realized using.

; the EBHNS is considerably higher than the ueightage'

_numpber systean.
iiy If tihe coefficients of the digital rilcer tranéfer
_ function are properly scaled to Lntegers; the re-
sulting performance characteristics oi the filters
realized using the HNS resembles those obtained us-
ing the ueiqhtdqe‘number system.
Since a video spectrum ranges rrom (-4 NHZ., KNS 1s a better

Choice of numkber system ror video Ltandwaiutn fiitering.

4.1 IMPLEMENTATION OF A 2-D QUARTER PLANE DIGLTAL FILTER

Consider a general 3X3 two dimensiomal recursive digi-
tal filter <characterized by the following dirierence equa-

t1ch.

- 77 -
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2 2

- ) - - ,Q,_

v, 2y = L LAy oxle-my, tong)

1 2 .
2 2 .

- - - Ro - -

mlz=o m22=o Pmymy T YTy B o) S
(ml, m, # 0 simultaneously)
where { anlnz } and { bmlmz } are taoe sets of constant

.coeiricients that charaterize the particular riiter.
and k, & detiues the pcsition of tae sampie 1n  the array
filtered.
The coelficients ot the Lidter a alld b oL a
n,n m.m, .

& 12 172
stable realizatle difference eguaticia 1n general, have frac-
tional or amixed fractional coefiicieanls tnat cannot be

epresented 1n an inteyer number systea. JTuese coefrficients
are converted to integers by wmultiplying them witu an appro-

pridte scale-ifactor 5 and rounding the result to the nearest

integer as shown telow.

2 2
-1 . . - -
velk, &) =2 E_ Z_ (s - a ) x(k-n;, %-n,)
nl—O n2—0 172
2 2
) ) (s « b ) ylk-m, 2-m,)
' ml=0 m2=0 ‘ 172

(ml, m., # 0 simultaneously)

(4.2)
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After computihg the expression witnin the brackets of.
eqna. {4.2), the result must be scadled py S and guantized to
an inteéer value so as to obtain Y;(k: L) tor use in the
next iteration. This ié particularly important in the imple-
mentatioh of recursive digital filters to prevent growth of
the output due to greateﬁ units gain.

The realization scheme of a. stavle 2-D kNS recursive
digital filter should be such that the guantizaticn error
due to rounding of coefficients to integers does not produce
an unstakle tilter. = At the same tige care saould be exer-
cized to see that the unscaled output or the difference
eguation (4.2) at any instant does nct produce any overflow
of the number systen.

2
Z= (s - a ) + x{k=-n S?.—nz)

2
z n.n,'r 1’
n,=0 5 0 172

nL=vn

2 2 '
z Z ‘(5 « b ) -y(k-ml'gl_m S-l_rml

(4.3)
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The hardware iﬁplementation of the uiffefence eguatiqn
(4.2) 1is based cn a set of five mcduli (l6,15,13,1%1,7 }s
.With no common factor.TLke selecticn cL moduli 1S stch that
each modu;us can be represanted within Lour bits;
facilitating the use of 25§ X 4 proa's needed for all ar-
ithmetic table lock-up operations. Ihe scale-ractor of the
nunker system is chosen as the product of 13 x 11 x 7 and
estimate scaiing.technigue sugéested Ly Juadaen (21] is used
for obtaining the output. The moduli set taus has an uns-
caled dynamic range of 17.8 bits and a scaled aynamic range
of 7.9 bits.
The differénce equation {(4.2) Lar edcu modulus 1is
splitted into.subfuuctions Fi(«)'s , 1 = 1,0 .Tne resulting

ditference equation is expressed as btelow.

- ‘Y(k, 2)

m. B IF2N(°) P Eg 0t Fenl) * FZD(.) * Fyple)
+ FGD mi (4.4)
where 7
F,zN(-) = |a00 - x(k, g)|mi + ‘am . x(k,g-—l)lmi +
202 x(ks2=2)]
1 m.
1
— - k. R,—
lFlN( ) + |a02 x (k, 2)|rni _ (4.5)
i

¢ A similar result cau also be obtaineu using tne moduli set
{32,31,29,27). The moduli set has a dysamic range of 20

bits and each numpber in the set can be represented by 5
bits.



F

F

an(*)

en*?

Fogl®) + |a12-- x(k-1, 2—2)|mi

m.
1

ay, * x(k-z,z)lmi + |aéi * x(k=2, 2-1)

ay, x(k—2,.£~2)|mi

m.
1

Fonl*) + |ag, » x(k-2, £—2)|mi

i

1
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(4.6)

(4.7)
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Similarly the functioans FZD(-), cee ey FGD(-) can  be
derived'by replacing numerator coefficieants - oy dencminator
and x's with y's. -

The resulting structure of the i{ilter ror moddli m is
shown in fig.(u.1).The figure‘does not lnclﬁde the interface
of the filter. The basic block diagrasm or tae interfAce sec—
tion section is shown in fig. (4.2).It consists of a T.V.
scanner, ' a buffer and 4 residue ercoder.The details of the
intertéce section is given 1in [13]). The ipplementation
schene used in the realization 1s a row-¥ise recursion of
the input array reyuiring storaye oﬁ rcws oL 1nput and out-
put viz x(k—l,i;,x(k—z,lj, y{k—=1,%, ana y(k-2,%).7The size of
%uch storage reygister depends upon the size on'tne input ar-
ray to be Iiltered and the number ©of sucn reygisters is equal
to twice the size of the filter 1131

heferring to fiq.{§.1) tue reglsters ﬁlu,——,RéD‘repre—
Sents rour bit parallel access shift registecs 74L5195 used

elther as buiifers or as columu-dela) elements. The access
time Of supift registers is equal to 3J nunosecouus. The row
delays are provided by First In First uvut (serial ﬁemoryr

shift registers 67401 organiced oS 64 words of .4 bits. The

snift in shift out rate (SI/s0 oI the FIFV 1s 100 nanose—
W .
conds and 1is guaranteed only if the FIFU is not rull.. This

can be avoided by using a FIFO of laryer si1ze tuan the size
of the input array to be filtered. The subtuuctions Fi(.;'s

are stored in séhottky TIL Proms 93417 reguiring an active
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Fig. (4;§§:'Bldck Diagram of an Interface Section to the Filter.
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pull up resistor for each output thd.LLhe. 1ne Proﬁs,has an
dccess time of 25 nanoseconds. * |

The total propogaticn dela y7 tefore an output sample
is reaéhed‘can be categérized as Eel;:-:f

(1) Total access time (t,) from the intertace purfer to the

output or the function table £2N (.} or 1ts equivalent.

ta (RN + tmax {ta(R2N) or taIFHu; + ta(f%N;

i#

120 nanaseconds.

{2) Total access time to add subfunctions Fi(.) 's in

tiree stayes using modulo adder:

t 0 T1) +t (Z2) +t,(I3)

75 nanoseconds

(3) Total access time to foruwulate lysA(x,f‘u) 1‘_1 1iu the
scaler block. - .

= 105 nanoseeccnds.

The total propogation dclay 1S thus tne summation of

{1y (2}, and (3) which 15 equal to 3J> nanosccouds enabling

the filter to operate at a maximum Specd oil I3 Hiiz.

T This p£0p6gdtion delay is calculated UsLng tne above pen-
tioned ccmponants in 1its melementatlon dlid 15 a4 rough es-
timate of the actual delay.



86
4.2 FILTER OPERATIONS AKD TESTING
| The propbsed tuo d1mens;ondl residue coded recntsive

L 4
dlgltal fllter vdas simulated oun the coamputer usinga 3x3

L

o der c1rcu1arly synmetric low-pass filter traasfer function-

v e

with the fcllowiny specifications.

Y(vi,uzy = 1.0, 1.0, 0.8, 0:44, 0.14, 0.03, 0-uu2,

g Co “0.001, 0. 001 0001 -0.001

/W 2+ v, 2 // Del, === -, 1.0 respec;ive—

Figs..(4.3) and (u;u, show an impulse response and a de-

ly.

layed unit sgep Cesponse of the filtec transter rfunction. A.

study of these figures reveal that the St;DllltY of the fil-
1 £
ter tlansfer function is preservedL
Fig.4. S{d) show a 2-D circularly symmetric sindsoidal

input within the passband region of the rxlteL(f/f = 0.05 x

T). Figs. 4. S(b) "and 4.5 {c) deplcts the ruil precision and

the actual ocutput of the filter réﬁlized us 1oy ubNS.
Similarly Figs. (4.6 and (4.7, saows toe laput/output
of the filter when a 2-D circularly symmetric sinusoidal

Signal is ted within the traunsition w/gfu.z x ™ j; and -stop-
\

bdnd\reqions(f/fﬂ=0.u X T ) of the filter tiransier function.

it is fouhd from lccking at these waverorms that the
rfull pngsiﬁion and the actual output oL the t1ltel sfesembles
eaqh other. This‘squesfs that a prcgpetly scalea’2-D redur-—
sive alyital-iilter ‘re;lized usinq.BNS prese:VeS' the spec-

tral characteristics of the rilter tramsier runction.

PRI PR,
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- Finally fiys.(4.8) and A{4.9). s_hous the rdeal and the
actual'freque'ncy response of 'the filtér realizea u'sing RNS. ~

a

i






Fig.

(4.4)

(33,33

Unit-Step Response of
-89 -

a Low-Pass Filter.
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Fig. (4.6) (a) A 2-D Circularly Symmetric Sinusoidal Input
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Fig. (4.8) Ideal Frequency Response of a 2-D Quarter Plane
3 x 3 Low Pass Filter '
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Fig. (4.9) Actual Frequency Response of a 2-D {uarter Plane

3 x 3 Low Pass Filter Realized Using RNS.
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' Chapter ¥

SUMMARY AND CONCLUSION

5-0.1 Summary
The'throughput rate of thg filter often vecones the:focal-
point in the implementation of a fast digital processor or a
dedicated pie#e of hardware for realizing digital filters.
This thgsis addresses the réalizatlon oL an éfﬁicienE
structure, tior implementing one and two droensional recur-
sive digital filters, capable of oQferating at iery high
speeds to haudle imaye processing Frcblems at viueo rates.
In addition to the throughput rate, the structure cho-
Se€n LOr reqalizaticn must | +
i Maintain the spectral charactérlstics or the.digi-
tal filter.
ii, Qresecve the sthbility Of the filter.
iii) Have a reasonable coét/speed ractor.

_Based on an exhaustive literature survey it was found
that the Peled-Liu bLit slicing approdca in the ue}ghtage
number sys£em satisfies puch of  these coustralnts‘ while
still ma;utgining a throughput rate of U.o-1 dHc. depending
upon the.number of bits chosen for realization. Thus the
technique is wvest suited for a class cL Qeneral tilters, re-

_Quiring 8-10 bits dynanmic cange.

N
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However certain signal processing applications require
fiitézs having a dynamic range of 12-20 bits and a through-
put rate oi 1-3 MHz. In such cases it woulua pe advantageodus
to implement £hé filters using the residue number systém
(RNS).To prove the concept the coe;ficienné of the same re-
cursive digital filter (Used to realize tae Peled-Liu struc-
ture;:.uere coded in residues and the residue coaed cqmbiﬁa—
torial recursive digital filter érzpcsed oy Jen41n§;;;5"959d
in the realization ot digital'éilters. ' .

On a similar basis a two dimensional cecursive digital
:iltgrAsEructureiwas designed wusing dud's, sualirt reyisters
and FIFC's as the building blocks of the system. The filter
stfucture was iwmplemented in  the EN3 emaoling a parallel
pipelined moduld;iarchitecture. (the uhardcterlstie feature
of the nuwmber systém;

Tue Liltqr structure was tested out LOL tue case of a
two dimensional quarter pl;ne low-pass trdﬁsiec iuanction and
.the performance ¢t the ifilter was faanu Satlstactory i.e.
the spectral characteristics oL the [ilter weiLe preservoed.

Finally the impulse reéponSe 4nd Tine dnkt stef response
of the filter shcowed that the §td£ilitv oL the filter was

dlgo preserved.
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5.0.2 Copclusion : - ‘ -

The conventional .Peled—Liu approach tuelgnfaqe oubber sys-
tem) ’ié shovn to offer the beét trade-af: between cost ;nd
séeed for implem€¥nting a class of Tecursive digital filters
whose coefficients can be gquantized witnin B8-10 Lits and
whose actual baqdwidth 'reggi:ements_are l;mited upto 500
.KHZ. |

The ERNS implémentatiod is particulatli ﬁdvantageous for
realizing a coefficient sensitive recursive digital filter
which can operate at a speed of Q—S.Haz. Tuls desirable fea-—
ture is mainly due to the modular nature or tue KNS provid-
iny the ability to add subtract or mul£iply lh one step re-
Jardless of the length orf tne unurnber involved and without
recourse tﬁ intersediate carcy digits or intecrnal delays.

The proposed desigp of a two disensional résidue coded
recursive digyital filter structure is also snown to Eresercve
the spectral characteristics and the stqbil;ty oﬁ-the given

A
Lilter transfier function.

v

{r



Appendix A

LISTING COF COMPUTER PROGRAMS
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102
3
***********************************&****************X*

THE ‘FROGRAM CALCULATES THE PARTIAL FRACTIONS TO .
FORMULATES THE LODKUP TABLE REQUIRED FOR THE PELED LIU
FIXED FORM REALIZATIUN.

THE DATA INPUTS REGUIRED FOR THE - FURPOSE ARE'

THE COEFFECIENTS OF THE FILTER :;AO,AlyAQyBinZ
THE SCALE FACTOR - S

******************************************************

DIMENSION DF(Q“) !

INTEGER QGUT(3278)1ADS(32)

LOGICALX1 B(8) '

COMMON/RA/K

IIATA B/ FQL Eo y OFALSFO ¥ QFALS}"_O ? oFALSEo 4 cFALSEv !
$. FALSE.:.FALSE.!.TRUF /

READyAOsAl1-A2 R1y B2

READyS

D0 40 K=1,32

ADNS(K) =K

GO TO (1!hy3r4ru16y77819:10!11!12715!14:15v16117v
$18719720721!23v?3124v25126327728,29’307?173’)rh
NF(1)=0.

GO 70 34 . _
NF(2)=R2/S -
GO TO 34
DF(3)=R1/S

GO TO 34
ODF(4)=(R1+R2)/S

GO TO 34
DFE(SY=A2/5

GO TO 34
DF(é)"(A“+B°)/"

GO TO 34
DF(7)Y=(A2+B1) /5

GD TO 34
DF(B)“(A“+H1+B")/¢
GO TO 34
DF(?2)y=A1/8

GO TO 34
OFC10)=(Al+R2Y /S
GO TO 34
DF{11)Y=¢(A1+R1) /S
GO TO 34
DF¢12)Y=C(A1+E1+B2) /8
GO TO 34-
LFC13)=(A1+A2) /S
GO TO 34
NFC1A4)Y=(A14+A2+R2Y /S
GO TO 34
DFC1S)=(A1+ARIRBLI Y /S
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17

18

19

31
32
34
40

41

43
44

GO TO 34
DF(16):=(A1+A24B1+R2) /S
60 TO 34

DF (17)=R0/S

GO TO 34

DF (18)=(A0+E2) /S

60 TO 34
DF(19)=C(A0+E1) /S

GO TO 34
DF(20)=(A0+EL+R2) /S

GO TO 34
IF(21)=(A0+AR)/S

GO TO 34 .

DF (22) =(A0+AR+E2) /§

60 TO 34 .

DF (23)=(A0+AR+R1 I /S

GO TO 34
OF(24)=(A0+AZ+RIFR2) /S

G0 TO 34

DF(23)=(A0+AL) /S

GO 70 34
DF("é)“(hO%ﬁl+B“)/8

GO TO 34
DF(27)=(A0+AL+B1) /S

GO TO 34
DF(28)=(A0+A1+R1IER2) /65

. GO 1O 34

NF(29)=(A0+AL+AZ)I /5

G TO 34
DECI0)=(A0+aL+AR+ERII /S
GO TO 34

DF (31 =CA0tAL+AZ+RL) /S
GO TO 34

OF(32)=(A0+AL+AZ+RILIR2) /6

cAaLL DELTCI(DT;hUUT:B)
CONTINUE

PRINT 41
FORMAT(7175,22%Xy “CONTENTS OfF

FRINT 42

FORMAT (77X "LLOC. " »8Xy "CONTENTS

) 43 I=1y16
M=1+16

FRINT 44yATNS(D) » (AQUTCIy ) v d=1+8) vy Al
FORMAT(BXy I2yG5XyBCI2) 26X e T22 55X 8(I2Y v /)

STOF
EMD

ROM?y /9 23Xy 157~

r Xy LOC, " yBX v *CONTENTS 5/ /)

S{MYy (ADUT (M 3) v J=2+8)
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kX  SUHROUTINE DRECTCF(DF rAQUTYE) Xxx
Nokk :
RORACK AR KK K AOKKIOR K AR RRK KR KKK KK ook koK K

HORAKR AR HORK KR AR OR K KRR K KK Kk kK kR kK
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THE SUBROUTINE CONVERTS THE' FARTIAL FRACTION
IN DECIMAL SYSTEM TO BINARY SYSTEM USING
TWO’S COMPLEMENT NOTATION FOR REFRESANTING

NEGATIVE NUMBERS.:

SUBROUTINE RECTCF{(DFsAQUTsR)
RIMENSION DIF (32)
INTEGER AQUT(32,8)
COMMON/R4 /K
LOGICAL X1 A(B»,yR(8)

N0 16 I=1,8
A(D)=,FALLSE.

H=ARS(DOF (K))

F=H

BINV=0.5

Do 1 1=2,8 :
IF(H +GE. HINV) GO TO 2
GO TO 3

ACI)= .TRUE.

H=H-RINV ‘
RINV=RINV/2,

CONTINUE

IF(H .GE., 0.003%0425) GO TUO 20

GO0 TO 21

IF(F ,GE. 0.9921873) GO TOQ 21
CALL ARDN{A,R)

IFCOFC(RY LT, Q.Y GO TD 4
GO TO 64

00 5 I=1s8

ACI)= JNOT. ACDD

CALL ADNDNC(AsR)

nog 15 (=1+8

ACUT (Ky I)=0

IFCACTY))Y AQUTIRK,I)=1
RETURN

NI
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kX KKk

- %X¥ SUBROUTINE ADDONCAYE) kkk

XKk - kK
FARRRRKRRAIKKIRRRK KKK KKK

THE .SUBROUTINE ROUNDS OFF THE DATA TO 8 BITS
BRY ADDING 2 % % (~9) BRIT TO THE RESULT ANI THEN
TRUNCATING THE DATA TO 8 RITS.

SUBROUTINE ADIINCArR) _

LOGICALX1 A(8)y E{(8)y G(8)y F(8)rS5(8),C(9)
sP1yQtrR1yEXORy TEXOR

EXOR(F1,01)=P1 ,AND. .NOT. Q1 .OR. Q1 .AND. .NOT..P1

TEXOR(F1,01,R1)=R1 .AND. .NOT. EXORCF1,G1) .0K.

EXORCE1,Q1) JAND. .NOT. R1
0(9)= 0FALSE0 ! 1
g 7 I=1.,8 ,
N=9-1

TGENY=ANDY L AND,. R(ND

F(NI=EXOR(A(N) sB(N))

S(N) = TEXOR{A(NY rBE(NY»C(NT1L))
C(NY=G(N) ,0R, C(N+1)Y JAND, P(N)
CONTINUE ‘

ng 11 I=1,8

ACII=B(I)

RETURN

END
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39
38

87

gy

loe

, *************************************************t***

// . )
THIS IS A FROGRAM OF HARDWARE SIMULATION OF A GIVEN
1-I SECOND ORDER DIGITAL FILTER T/F FN. USING
EIT SLICING TECHNIQUE SUGGESTED BY FELET+ AND LIU.

FOLLOWING TERMINOLOGY 15 USED IN THE FROGRAM!-

N = NO., OF BITS USED TO REFRESANT THE INFUT SIGNAL
RO = THE SAMFLE NO. OF THE ARRAY BEING FROCESSED
JS = NO..OF SAMPLES FER ARRAY
BJ = ADDRESS OF THE LOOK UF TABLE(ROM) '
LT = LOOK UF TARLES STORING THE PARTIAL PRODUCTS

OF THE INFUT ARRAY.

FORAOKRKOK AR KK AR KKK KK HORACKKIOR KOk KR KK KKK Kk Kk ok ok ks ok ok K
MAIN PROGRAM

REAL LT(3”)-11(100)

NIMENSION. XF(iOO)!Ti(iOO)!YF(lOO)!CF(lOO)
DIMENSION. XMAGC100) yEFC100)

INTEGER EJyRDsSX (L1008 »ySY(100.8)

INTEGER XO0(8)sX1(8)»X2(H)+Y1(B)yY2(E)
INTEGER XOUT(S)!HI(ﬁ)

DOURLE FRECISION SRy R3y Y(100)
COMMON/RLI/CLF

LOGICALX1 B{(8)

DQTA B/, FﬁLqr.,.FhlbL.y.EﬂLaE.y.FALSE.;.FAL%E.r
FAL&JF. ¥ OFALQF + 7 on\Uf »

DU 39 I=1.32

READ 383,1L.T(I)

FORMAT(EL4.7)

FRINT 897 .
FORMAT(S2Xy ‘CONTENTS OF LOOK UF TARLES’ y//)
FRINT 82 (LT(I)yI=1,32)
FORMAT(A(ZXE14,7):/)

FYE=22./7.,

N=§

N2=2%N

Ni=N-1 T

EM=1.,

T=0.00001

R3=0,003962500

DG 67 MRTS=1+100

AMAX=0,

FAMPTS)=500%kMFTS

Fl=F{MFTS)

R0=3 ) -

J8=100

Wi=2, XPYEXFL

10 2 K=1+100

T1C(RY=FLOAT(K)



o000

oooam

3

83

17

S5

o

6

107

T1(K)=K%T

XF(K) EM*STN(NI*TI(R))
F1=XF (K)

THE DECTCF SURROUTINE REFRESENTS A NEGATIVE FRACTION
IN TWO’S COMFLEMENT FORM.

CcALL DECTCP(PI,XOUTrB)
D0 1 I=1+8
SX(KyIH=XOUT(I)
CF(R)=C1F
CONTINUE

o 85 I=1+8
SY(151)=0
SY(2yI)=0
YF(1)=0,
YE(2)=0.
Y(1)=0,
Y(2)=0..

IT=1

I0 55 I=1+N
XO(I)=8X(ROyI)
IF(RD .EQ. 3) GO TD 4
GO TD & .

o &40 I=1sN
X1¢I)=8X(2,1)
X2(I)=8X(1,1)
n0 S0 I=1sN
Y1¢I)=0

Y2(I)=0
R1¢1)=X0(N)
R1¢2)Y=X1(N)
R1(3)=X2(N)
R1¢4)=Y1(N)
RI(S)=Y2(N)

THE LSE OF EACH REGISTER TOGETHER FORM A RINARY
VECTOR DEFINING A PARTICULAR FOSITION OF ROM.

BJ=R1C1IKL6 + RIC2I%E + R1ICZ)%4 + R1(4)%2 + R1¢(S5)x1
N0 7 I=1sN1 '
XO(N+1-I)=X0(N-1)

XLON+L-T)=X1(N-I)

X2(N+HL-T)=X2(N~1)

YION+TL-T)=Y1(N~-T)

Y2ONHL-T)=Y2(N~I) N

X0(¢13=0 :
X1<C1y=R1(1) o
X2(1)¥=R1(2) '

Y1(1)=0

Y2¢1)3=R1(4)

R2=LT(RI+HL)

IFCIT JEQ.1) GO TO 10

GO TG 11
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10
11

26
27

19
20

14

cn
~J

SR=0.00 |

IFCIT +EQ. 8) GO TO 206
SR=SR+R2 .

G0 TO 27

SR=8R-R2

IF(IT .LE. 7) GD TO 19
G0 TO 20

SR=8R/2,

IT=1IT+1 .
IF(IT .GT. N) GO TO 14
GO TO 6

lo8

AS THE COEFFECIENTS OF ROM ARE SCALEL LOWN RY _
a4 FACTOR 0OF TWo. THE OUTFUT OF THE FILTER OEBTAINED

IS A SCALEDR VERSION,

TECIT HEQ. N+1) SR=2. % Sk + R3

Y (R0)=8R

YF(RO) = SNGL(SR)
R=YF(RO)
CIF (@ LGT. GMAX) QMAX=Q

CALL UECTCR(QsY1sE)

00 59 J=1.,8
SY(ROyJI=YLCS)

RO=RO+1 :

TF(RO .I.LE. JS) 60 TO 17
XMAG (HFTS) =AMAX

CALL FLOTI(I1yCFrJS)
CALL FLOTI(IL1yYFyJS)
FRINT 765 (CF(I)yI=1+08)
FRINT 77

FRINT 76 (YRFCI)yI=1yd8)
CONTINUE

CALL PLOTI(FsXMAG»SO0)

N0 45 I=1s100

FRINT 4&6sF¢(I)»XMAG(L)
FORMAT(25XyF7 015 10XsF7.,45 /)
FRINT 75y (F(I)»I=1s100)
FORMATCLO(F&.152%X) 9 /)
FRINT 76y (XMAGCI) » I=15100)
FORMAT(LO(F 7.4y 1X) /)
FORMAT(///)

STOF

NI

I8
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16

3

OK KK K K KKK K KK KKK KOR K KoK ok koK Kk sk ek Rk KOk
KX K : S LS 3 3
XXX SUBROQUTINE DECTCP(X»XOUT,E) *XX
Xk S KkX
FOK KR AORK R KRR AR RAOR KRR KRR IARE K

THIS SURROUTINE CONVERTS A DECIMAL FRACTION
INTO RINARY»y USING TWO‘S COMFLEMENT’S FORM D
TO REFRESENT NEGATIVE NUMEERS.

SURROUTINE DECTCPQX;XUUT;H).
COMMON/EL/CL1F

. INTEGER X0OUT(8)

LOGICALX1 -A(8) »B(8)
CiF=0.

I0 16 I=1+8
ACI)=,FALSE.

H=ARS (X)

F=H

BRINV=0.5

0oL 1=2+8

IF(H .GE. BINVY G0 TO 2
GO TO 3

A(T)= .TRUE.

CiF=C1F + BINY : '
H=H-RBINY :

RINV=RINY/2,

CONTINUL

IFOX WLT. Q) ClF=-CLF

IFCH W GE . 0., 00390623) (GO TFO 20
GO TO 21

IF(FP JGE, 0.,9921875) GO TO 21
CALL ADONC(AsR)

C1F=CiF + 0,0039625

IF(X LT. 0.) GO TO &

GO TO &
00 5 I=1,8 .
ACIY= JNOT. ACT) .

Cal.l. ADNONC(AYR)

Do 1% I=1,8 -
XOUT(13=0 . s
IFCACIY) XOUT(T) =1

- RETURN

ENI
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***************************&

Xokok ' kK
kK SUBPDUTINE ADDNC(AYE) dokk
Fokk KKk

Aok K ok K oK ok K kK kK ROR Nk ROk ok R Kok sk ok
SURROUTINE AIDNC(AYR)

HERE ADDITION IS FERFORMED USING LOOK AHEAD CARRY
TECHNIQUE,

LOGICALX1 A(B)s E(B)y G(8)» F(8)v8(8);C(9)vP1yleR1:
$ EXOR» TEXOR e

EXOR(F1,Q1)=F1 ,ANI, .NOT. Q1 ,OR. Q@1 .AND. «NOT. Pl
TEXOR(F1,Q1yR1)=R1 ,AND, .NOT. EXOR(Fi,Q1) .OR.

$ . i \7 EXOR(F1»,Q1) .AND. .NOT. R1
C¢?)= .FALSE., '

0o 7 I=1.,8

N=2-1

GINY=A(N) JANDI. R(N) T
FIN)=EXOR(AINY s R(NDD : {’ ]

S(N) = TEXOR{A(N)» R(N)vC(N&J){
CNY=G(N) +OR. C(N+1) JANDTF N
CONTINUE

ng 11 I1=1.8

ACTI=5CD)

RETURN '
END
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**********************************X**************f****

THE FROGRAM SIMULATES ONE DIMENSIONAL COHRINATORIAL

SECOND ORDER RECURSIVE DIGITAL FILTER USING
RESIDUE NUMBER ARITHMETIC.

THE INPUT DATA REQUIRED FOR THE PURPOSE ARE AS

FOLLOWS -

TYFPE OF FILTER (= TYPFLT

COEFFECIENTS OF THE FILTER :- AQrAl,A2,-R1,-R2

NO. OF HMODULI USED = NM

NO. OF BITS USED TO REPRE®ANT MODULI = N2
HODULI USED FOR.IMPLEMENTATION - M(ID
SCALE FACTOR FOR THE COEFFECIENTS - XS

GIVEN THE T[ATA» THE FROGRAH CALCULATES THE LDDh ur

TARLES REQUIREL FOR ROM IHPLEWENTA?ION.

IT ALSO COMFUTES THE FREQUENCY RESPDNSn OF THE FILTER

TRANSFER FUNCTION USING SCALED COEFFECIENTS.

*************************X*#*************************#

rd

MAIN FPROGRAM

INTEGER CMrC,»FDOR»SPORy CMB,RSCFsFHAG,FI XL YLy

$ SEMrS» XSy XI»YSN
INTEGER AOCM(4)rAIM(4) yA2M(4)B1H(4)R2M{4)
$ RX(4)YsH(4) s MINC(A) yMEBE(4) yRMINC(4)

INTEGER FY1Y2(32:31)yFYIY4(29+27)»

3 FiH¢4r32:32)sF2M(4:22,32) s F3IM(ATI2,32) s

$. XRcsoo>,xnc4,500),x1H(4),xzﬁ(4),

$ YSH(4:500) Y (4),YIM(4)»Y2H(4)

$ FH1{4),FH2(A)Y,FPH3(4),DC(4)

REAL NF '

DIMENSION X{(S00):Y0(ZS00)rT1(500) CDEF(‘)yFHG(gO):FF(uO)
COMMON/BR2/N2

COMMON/B3/CHyCHE XS

READN 100y TYFFLT

FORMATC(A?)

CREALDy(COEF(I) s I=1:5)

READ s NMs N2

READ, (MCI) s I=1,NM)

SEINT 200

FORMAT (4XrARs’ FILTER»//)

FRINT 201

FORMAT(AX,’COEFFECIENTS OF THE FILTER = “3/,4%X,290"=")+/)
FRINT 202y (COEF(I),1=8,37 N
FORMAT(AXss A0 = ’!F10-71/!4Xr Al = “F12.7¢v/v3%y 732 = 7
SF10.7s/94Xs "B1 = “3FL10.7y/+34X1“B2 = »F10.7+/)

FRINT 203:HHN2

FORMAT (/1 r4Xy*NO. OF MODULI = “»I2y/+»3%Xs’NG. OF ZITS’,
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!/ USED TO REP., HODULI = ‘»1I2://)

CH=1 )
FYE=22./7.
IFPTS=348
FI=50
TI=0.00005
NF=1/(2.%TI)

" SEM=70

HODULO CAFITAL M=M1XM2¥M3%M4 1S CALCULATED HERE.

DQ S I=1,NHM
CH=CHxM(I)

XS=SCALE FACTOR

XS=CH/ (M(3)XM(43):
CHR=CM/XS

THE FROGRAM FINDS WHETHER THE VALUE OF CAPITAL MODULO M °
IS AN OID OR EVEN FUNCTION AND ACCORDINGLY ASSIGNS
NIFFERENT VALUES OF FOSITIVE DYNAMIC RANGE.:

C=MOR(CHM,2)
IF(C.EQ.Q.) GO TO 13

CFDR=(CH-13/2

$
%
$

SFRR=(CMR-1)/2

G0 TO 41

FPOR=CH/2*1

SFIOR=CHL/2-1

FRINT 204,CH:XS,CHB»FIR»SFIR

FORMAT(SXy "CAPITOL MODULLO M (TOTAL NO. RANGE) = ',1I8;

$/+5Xr 'SCALE FACTOR OF THE FILTER COEFFECIENTS = ‘»1é»

/23X SCALEDR NG+ RANGE = ‘» 15,
ZrSXyFOSITIVE DRYNAMIC RANGE = 7017
/29Xy “SCALED FOSITIVE LYNAMIC RANGE = ‘»16y///)

THE VALUE OF MBAR OF ALL THE MODULLI IS CALCULATED HERE,

LHO 12 I=1-NM
ME(I)=CH/M(I)

THé MULTIFLICATIVE INVERSE OF THE GIVEN MODULI
IS CALCULATED HERE. )

00 &1 I=1.M¥
MIN(I)=MOD(ME(I)  M(I))
TEMP=HMIN(D)

ng &2 J=1,100

MULTIN=J ,
MIN(I)=TEMFYHULTIN _
IF¢(MINCIY LT, MCI)) GO TO 42
DIFF=MOT(MINCT ) »MCI))

IF(DIFF .NE. 1) GO TO 42
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MINCI)=MULTIHN

GO TO &1

CONTINUE .

FRINT 205 '

FORMAT( 4Xy ‘MULTIFLICATIVE INVERSE OF THE GIVEN’
,1»7 MODULI DOES NOT EXIST’)

GO TO 300

CONTINUE

FRINT 208 . B .

FORMAT(S5X, "MODULLI AND ITS MULTIFLICATIVE INVERSE’,
$/15Xs38(’=),//)

PRINT 207y (I M(I)yI»MINCI)»I=1sNM)

FORMAT(SXs "M(“»I197) = /5 I2:5Xy "MINC 2I1s7) .= ?512+7)

FRINT 208 ' - '

FORMAT(SXy "M=HUT+/+5Xs5(’=")y//)

PRINT 209, (I MBCI)»I=1sNM)

FORMAT(SX s ‘MBC 9 I10%) = *31d4+/)

Lo 9 I=1,5

SCF=COEF (I)%XS

IF(SCF .t7. 0.5 GO TO 7

RSCF=SCF+0.5 >

GO TO 8

RSCF=SCF-0.5 .

CALL DTRNS(M)NMsRSCF,RX)

00 9 K=1,NM

THE COEFFICIENTS ARE MULTIFLIED WITH THE SCALE FACTOR,
ROUNDEL TO INTEGERS ANI CODED IN RESIDUES- HERE.

RXC(R)=RX(K)-1 _

GC TOC1I9:20:18:211016),1

AOH (K)=RX(K)

GO TO 9

ATMIK)=RX(K)

GO TO @ ‘

A2M (K)=RX(K)

GO TO 9

BEIM(K)=RX(K)

GO TO 9

E2M{K)=RX (K>

CONTINUE

FPRINT 210

FORMAT(/// 35X, "ZEROES OF THE FILTER'»/15X920(’=/)y//)
FRINT 211, (I A0MCI) s IvAIM(I)» T vA2MCTI)»TI=1,NM)
FORMAT(SX, “A0MC 3 I10 ') = “5I2,5%Xs “AIM( sI1s’) = 7,12,
BIN TATHO s Tl = '

FRINT 212 _ :
FORMAT(// /25X, "FOLES OF THE FILTER’»/9SX919(’=7),//)
FRINT 213y (I»RIMCI) s I B2MCI) »I=1yNM)
FORHAT(SX» "RIMC v I1y") = *, 125Xy "R2MC’ 5 11,7)
CALL FUNTEL(MsNM,FIMsAIM,A2M)

CALL FUNTERL(MyNM,F2MsB1M,BIM)

00 31 I=1,NM -

nCiId=t

S HPE |

2124/
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CALL FUNTBL(M,NM»F3M»AOM,DC) .
CALL GSCALR(NM'MsMIN»MB/FYL1Y2,FYZIY4)
O 73 NFP=1,IFFTS

FHAG=0. '

IF(NFFP JLE. 20) GO TO 49
IF(NFF 6T, 20) GO TO 51
NFP1=NFPXFI

GO0 TO 57 .
NFPP1=(¢NFFP~19)%1000
F=NFPF1/NF

FFPINFF)=F

DO 4 K=1,300

T1(K)=K

W1=FYEXF
XSKI=FLOAT(SEM)XSINC(PYEXFXK)
IF(X(K).LT.0.) GO TO 10
XRINY=X(K)+0.5

GO 7O 11

XR(K)=X(K)-0.5

XI=XR¢(K)

CALL DOTRNS(MsHNM,XIsRX)

- D0 22 I=1,NM

XMCI»K)=RX(I)

CONTINUE.

IT=3

D0 56 I=1,2

YOCDY=0,

IC 55 I=1,NM

YI1M(I)=1

Y2M(I)=1

X1M(I)=1

X2H(I)=1

L0 34 T=1,NM
FHIC(I)=FIM(Iy XIMCI) »X2H (1))
FH2CI)=F2M(I YIMCI) »Y2H(I))
FHI(I)=FH1(I)$+FH2 (1)
FH3(I)=HOD(FPH3 (1), M(I))+1
YCI)=FIHCI XM (I IT)»PH3 (1)) 41
YSN=FYL1Y2(Y(1)»Y(2))+FYIY4(Y(Z),Y(4))
YSN=MOLI ( YSN, CME)
IF(YSN.LE.SFDR) GO TO 49
YSH=~(CME-YSN)

YOCITI=YSN
IFCIT .GT. S0) GO TO 47
GO 70 99

IF(FMAG .LT. YSN: mMa
CALL DTRNS(MsNMsYSNsRX)
D0 27 I=1sNM
YSMOI,IT)=RX(I)

0O 80 I=1,Ni

e s s
!

G=FLOATI{TEN,

114
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Y2M(ID)=Y1MCI)
YIMCI)=SYSMCISIT)
X2M(I)=XIMC(I)
X1IM(I)=XM(I-»IT)

IT=IT+1

IF ¢IT.LE.S500) GO TO 17
FHG(NFF)=FMAG
PRINTsNFF1,FMAG S
PRINT 214,(Y0C(I},1=400,500)
CONTINUE

CALL PLLOT3(FP,FMGsIFPTS)
PRINT 215,(FP(I1):I=1,1IFFTS)
FRINT 218

FRINT 2175 (FMG(I)sI=1+IFFTS)
FORMAT(10(FF46.0+2X))
FORMAT(///)
FORMAT(10(F&6.4:2%))
FORMAT(10(FS3.1:2X))

STOF

END

115
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.*************************************

kXK

*%%*% SUBROUTINE DTRNS(MyNMs» X RX)

KXKX

KKKEKK KKK LKL KR AR L RO KRRk
SUBROUT INE DTRNS(HrNﬁ:XrRX)
THIS SUBROUTINE REFRESENTS & NUMBER IN MOD FORNM.

IMPLICIT INTEGER. (C-Hs0-2)

INTEGER M(4),RX(4)
P=X |

00 7 J=1,NM

S1=M(J)

IF(X «LT. 0) GO TO 22

GO TO 25
X=X+51

GO TO 23
X=MOD(X,S1)+1
GO TO(12,13,14,15)»J

RX(1)=X

GO TO 7
RX(2)=X
G0 TO 7
RX(3)=X

GO TO 7

RX(4)=X
GO 70 7
X=F
RETURN
END
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KKK Kk K
XXk SURROUTINE FUNTBL(MsNM»FM,C1M,C2M)  Xxxxk
£ $ 34 B $ 3 ¢ 1

KKKKEKEKKERKKEKKK KRR LXK ACKLKI KKK R KR KRR KK

SUBROUTINE FUNTBL(M NM,FMsC1M,C2M)
IMPLICIT INTEGER (A-H,0-Z) . }
INTEGER M(4),FM(4,32,22),C1H8(4),C2M(4)
COMMON/BZ2/N2

N0 S K=1,NM

THE K LOOF GENERATES THE LOOKUP TABLE FOR ALL 4 MODULLI
THE J LOOF GENERATES ALL FOSSIBLE COMEBINATIONS OF X2.
THE 1 LOOF GENERATES ALL FPOSSIBLE COMBINATIONS OF X1,

DO 1 I=1,N2

D0 2 J=1,N2

X1=I-1

X2=4-1

F1=CiM(K)xX1 + C2M(K)%kX2
IFC(FL.LT+HM(K)) GO TO &
F1=F1-M(K)

GO TO 3

FMIR»I»J)=F1v

CONTINUE

CONTINUE

CONTINUE

RETURN

END : .
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**********************************#***********X** ‘

XkKK | A KKK
XXX SUBROUTINE GSCALR(NMyMsMINI)FYLYZ,FYZY4) *¥%x
kKKK B>

*************************************#***********

SUERRCUTINE GSCALR(NM»M»MIN)MB,sFYL1Y2,FY3Y4)
IMPLICIT INTEGER(A-H»0-2) o
REAL FPT1:FFT2,FFT3FPT4

INTEGER M<4)»MINCA) yRMINC4) »Y(4)

INTEGER FY1Y2(32,31),FY3Y4(29,27)

INTEGER HME(NM) : ‘
COMHON/E3/CM:CME» XS

THE FUNCTION TAELE FY1Y2 IS CALCULATED HERE.

Hi=H(1)
M2=M(2)

M3=M(3)

Ha=M(4) , \
DO 30 YMi=1,M1 '
Y{1)=YM1-1

N0 30 YM2=1,M2

Y(2)=YM2-1 =~

0 40 I=1,2

RMINCIY=Y(I)RMINCI) :
RMINCI)=MOD(RMINCI) M(I))
FRTI=MEBC1YXRMINC(1)/XS + 0.5
FRPT2=ME(2)%RMINC(2) /XS 40.5
FTi=FPT1i+FFT2
FYLYR2(YM1,YM2)=MQD(FT1,CMB)

THE FUNCTION FY3Y4 IS CALCULATED HERE.

N0 &0 YM3=1,M3
Y{3)=YMI-1
00 460 YM4=1,M4
Y{4)=YM4-1

T0 70 I=3s4

RHINCID=Y(I)XMINCI)
RHINCIDI=MOD(RMINCIY »M(I))
FRFT3=MEB(3I)XRMIN(3)/XS
FRTA=MRE(AIYEEMTIN(4) /XS
FT2=FPT24FFT4
FY3T4(YM3 ) YM4)=MOD(FT2,CME)
RETURN

END
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********#*****$*******************************$*******
THE FROGRAM SHOWS THE TIME DOMAIN RESFONSE OF A GIVEN,

FILTER TRANSFER FUNCTION CORRESFONDING TO A SINE OR
SQUARE. WAVE INPUT SIGNAL., .

.

ABBREVIATIONS USED IN THE Fh%ﬁhAN ARE AS FOLLOWS :-
TYFFLT

TYFE OF FILTER TRANSFER FUNCTION

0 FOR LOW FASS FILTER
1 FOR HIGH FASS FILTER B

MOD I MP HODE OF IMFLEMENTATION
= 0 FOR REFRESENTING THEVCDEFFICIENTS
IN MIXED FORM

= 1 FOR REFRESENTING THE COEFFICIENTS
IN INTEGER FORM

TYPINF

TYFE OF INPUT TEST SIGNAL USED

¢ FOR SINE WAVE
1 FOR SQUARE WAVE

Inon.

LCF
UCF
SCF

LOWER CUTOFF FREQUENCY

UFFER CUTOFF FREQUENCY

SCALE FACTOR USED FOR REFRESENTING
THE COEFFEICIENTS IN INTEGERS

TEST FREQUENCIES VIZ TF1:TF2,TF3

nnn

TF

**%***#*********************ﬂ****X*****$$*********ﬁ***

DIMENSION X(100)sY(100),TT(100) .
REAL NFsLCF

INTEGER TYFFLT»TYFINF,SCF

INTEGER IX(100),17(100) .
READ s TYFFLT,MODIMFE

READy TYFINF .
READy1.CF»UCF - ' ‘
READYTF1yTF2,TF3

FYE=22.,/7,

SEM=70..

SCF=32%31

HS=100

TI=0.00005

TN=a,0/TI/TI

MF=1/(2.%TI)

IF(TYFFLT JEQ. Q) GO TO 57

WO=2. XFYE ¥ UCF
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COEFFICIENTS OF THE HIGH PASS FILTER

WOSQA=WO % WO

BO=WOSQ +2.8“8*U0/TI +CN
B1=(2, XWOSQA - 2.XCN)/RO
B2=(W0SQ -
Al=-2. X CN/BO

AZ=A0

FPRINT °03!UCFrQO!AlrﬁzyB%rB“

GO TO 58
WO=2, XFYE * LCF

CDtFFICIENTS OF THE LOW FASS FILTER

Wosh= UO X NO

BEO=W0SQ +2.828%WO0/TI +CN

51 (2. ¥WosQ - 2,.,%CNY/BO
=({WOSQ -

éO UOSG/BO

Al1=2,XWO0SR/ RO

AZ= AO

FRINT 202yLCF, AO!QI!QQ!BI!P

IF(MOLIMF JEQ. O) BO TO 53

THE COEFFICIENTS ARE CONVERTED
AFTER MULTIFLYING THEM WITH A SUITAELE
SCALE FACTOR SCF AND ROUNDING THEM TO

INTEGERS

IAO=A0$SCF+O.5
IA1=A1%5CF~0, ‘
1AZ=A2XSOF 0.5
IEL=R1XSCF-0.5
TE2=E2XSCF+0.5

FRINT 204,5CF ySEM
n0\§ K=1,3

GO TU (&6r718) 1K

F=TF1

GO TO 9

F=TF2

GO TO 9

F=TF3

IF(TYPINF JEQ. 0) 8O0 TO 71
FRINT 206

T=1/F

TR2=T/2,

D0 1 I=1sNS

Pl

TTCIY=F

ST=TIXF

5T=MOD(ST+T)

IF(ST .GE. TE2) GO TO 81
X{I)=50.0

]

Q.SBS*NO/TI + CN)/RO

2.828%W0/TI + CNI)/RO

TO INTEGERS

<« 120
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- FORMAT (4X, "INFUT TEST SIGHAL

121

GO TO 1.
X{I)=0.0
CONTINUE
50 TO 82
FRINT 205

- R0 2 I=1,sNS

TTC(I)=FLDAT{I) :

IF(MODIMP LEQ. 1) GO TO 51
XOID)=SINC(F/NFIYXPYEXT)

GO TO 2 A
IX(I)=SEMXSIN((F/NF)XPYEXT)
X(I)=FLOAT(IX(I))

CONTINUE

Y(1)=0.0

Y(2)=0.90

IY(1)=0

IY(2)=0 fa

IF(HODIMF JEQ. 1) GO TO 43

[0 4 I=3:NS ' ,
Y(I)=A0XX (I +A1RKX(I~1)+A2Z%KX(I-2)
$-BIXY(I-1)-EB2XKY(I-2)

GO TO &1

D0 62 I=3¢NS
IYCID)=(TACKIX(I)+IALIXIX(I-1)+IA2%IX(I-2)
$=IRIXIY(I-1)-IE2XIY(I-2))/SCF
Y(ID=FLOATC(IY(I})

CALL PLOTI(TTrXrNS)

FRINT 200sF

FORMAT (52X, INPUT TO THE FILTER -F=’yF4.0s 'HZ."*)

CalL PLOT3C(TTs»YrNS) R

FRINT 201sF

FORMAT (47X, "OUTFUT OF THE FILTER AT F='3F&.,00*HZ .+ /7))
CONTIHUE |

FORMATC 17 ,4X» “TYFE OF FILTER +— LOW FASS FILTER' s/ >

#4530y CUT OFF FREQ. = ‘rF7 11Xy 'HZ . /24Xy "COEF. OF /s
$7 FILTER = “‘4/54%y"A0 = ‘YF11.,.8+ /44Xy ’A1 = ‘sF11.8+/
$AXy TAZ = Y 2F11.85/14%Xs "B = ‘yF11.87/94X%y

-$'B2 = HyF11.8./7)

FORMATC 174Xy "TYFE -OF FILTER :- HIGH FASS’s// 14X,

$'CUT OFF FREQ. = “yF7 11Xy 'HZ, " s/ 94X ‘COEF. DOF’y
$FILTER = 1/ 4Xy4A0 = ‘yF11.8s /54Xy A1 = *yF11.8+/>»
$4Xr"A2 = "4F11.8r/:4%,'B1 = "9F11.8s/ 04Xy

$°B2 = YHyF11.8+//) .
FORMAT(AXy “MODE OF IMFLEMENTATION = INTEGER REP< "2/
$4X: SCALE FACTOR OF THE COEF. = AFS L1y /AKXy
$/GIZE OF THE INPUT SIGHAL = "»F3.1s/

= SINE WAVE »////7)
FORMAT (4Xs "INFUT TEST SIGNAL = SQUARE WAV s /S 7)
STOF

END
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THE FROGRAM

RECURSIVE DI
STMULATION T
SYSTEM.
THE VARIOUS
BELOW: -

X(Ir DD
YOC(Isd)
ACIs D
B(IeJ)
AM(Iy JsK)
BM(IyJsK)
XMN1L (K)

L2 T IO [ TR T I [ |

SIMILARLY AL
VIZ. XMIN(K)

THE DATA REQ
AS RELOW:

IFT e

NRO&KNCOL ¢ -
COEFFICTIENTS
NO. OF MODUL
MODUILLT USER
SCALE FACTOR

Aok Kk

IMFLICIT INT
REaAL. X (33,33
REAL FYEyEMy¢
$ SNCOF»S
INTEGER AM(3
INTEGER M(5)
INTEGER XR(3

% XMNC(S

$ KM2N
INTEGER XIMi
INTEGER YMN(
% YHIN
INTEGER YIM1
INTEGER AD2<
INTEGER FP(2
COMMON/RL/M

122

****************#**************#*************

GITAL FILTER. THE SIZE OF THE FILTER USED FOR
5 3%3.THE FILTER OFERATES IN THE RESIDUE NO .

NDNENCLATURE U SED IN THE FPROGRAM ARE LISTED

INFUT ARRAY TQ RE FILTERED. .

DUTFUT ARRAY.

NUM. COEF. OF THE FILTER (IN FLOATING PT.).
DENOM. COEF. OF THE FILTER (IN FLOATING FT.).
NUM. COEF. OF THE FILTER IN MO FORM.

LENOM. COEF. .OF THE FILTER IN MOD FURM.
X(MyN-1)

. THE OTHER NOTQTIQﬂS CQN RE INTERFRETED
y ———— e y XMANZ2(R) .,

UIREDN TO RUN THE FROGRAM ARE CATEGORIZED

TYPE OF FILTER USED IN SIMULATION
VIZ., LOW PASSyHIGH FASS it erere

SIZE OF THE 1/0 ARRAY,

OF THE FILTER TRANSFER FUNCTION
I USED - NM

FOR IMFLEMENTATION $- M(I)

FOR THE COEFFICIENTS - X(S)°

Xorokokciokskokk ok skkorokokkekskokkkolok ok sokoioRK ok ok Rk Kk kokk

EGER ¢(A~H»0-Z)

Yy YO(33v33)vA(I»3)1B(3+3)
rM,UﬁhXMN![Xl!JXerFrIvaJNQrN

RNCOF » SLCOF » SRICOF

3y S) e M35

sMINCE) yMB(D) yRMIN(S)

3233 XAMN(IZ3y3355)

Yy XMNLOSY y XMN2(S) s XMINC(S) y XMINL(S) y XMINR2(S) »
() XM2NT (S )Y oy XM2N2(S) o XM (5D
N{Z1e5) y XIIM2N(31+5)

DY YMNLOS) $ YMN2(S) y YMINC(S)Y y YMAINLI(S) s YMINZ2(S)
(5) P YM2NL(S) s YM2N2(5) y YSHN(5)
NCELey D) YIIMENC31,5)

SY»ADACE) ySIMN(S)

Qr 201 FFL(20,20)

IS A HARDWARE SIMULATION OF A TWO DRIMENSIONAL

—

L
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oo0

‘oo

100

101

201
3
202

203

207

BLOCK E1 IS COMMON WITH THE SUBROUTINE NIFUNC.

COMMON/B2/ITRXs ITRY
COMMON/B3/XSyCHM»FPUR» SFIIR y CME

Pt

BRLOCK R2,E3 IS COMMON WITH THE SURROUTINE GSCALR.

. DATA IFyOF/5»6/

READ(IFs»100) IFT

FORMAT(A4)

READCIFy101) NROyNCOL

FORHMAT(2(I3»3X))

READ(CIF,102) M1sN1sNM»S
FORMAT(4(I3y3X))

READCIF103) (MCI)yI=1yNM)y (MINCI)yI=1,NM)
FORMATC(LOCI3»3X)) ) '
00 1 I=1sM1 « :

READCIFy104) (A(I»Jd)»Jd=1sN1)

0ng 2 I=1,M1

REALCIFs104) (B(IyJ)yd=1+NL)
FORMAT(3(E14.7,3%X))

WRITECOF 2003 IFT

123

FORMAT( 173Xy ‘TYFE OF FILTER = “yA4y/y4X»140'%X’)s///)

WRITE(OF,240) ,

FORMAT (4X» 'SFECIFICATIONS $='y/s4Xy14('=")y//)
WRITE(OF»261)M1 N1

FORMAT (4Xy TYFE OF SYMMETRY ¢t~ CIRCULAR’ »/
$rAXy "GIZE OF THENEILTER 31— “5I1»7% »I11+/

FraAXy THIWLAUW2) = 1.0 SQRT(WLkk2 4+ W2%X2)L0.4%FYE

$y//)

WRITE(QF,201) :

FORMATC /93Xy 'NUMERATOR COEFFECIENTS A(MMIN)Y " v/y "
FA4X» 2P (=" )/ /)

0o 3 I=1sM1

WRITEC(OFy202) (ACTyJ)yd=1yN1) -
FORMAT(4Xy4(E14.723X) 1 /)

WRITEC(OF203) -
FORMAT(/ /24Xy "DENOMINATOR COEFFECIENTS RIMIN) ¢/
GAXy 3L (= )y /)

Lo 4 I=1yMi

WRITE(OFy202) (B(IsyJ)sJ=1yNL1)

WRITE(OF»205) NMsS

FORMAT(//94Xy "NO. OF MODULT = ‘»I2y4Xy

$MULTIFLICATION FACTORCOF INERUT SIGNAL) = ‘»I3y//)

WRITE(GF»206)

FORMAT (4Xy “MODOULY AND ITS ﬁULTIPLIChTIUE INVERSE v/

Sy 84X 37 =)/ /)

WRITE(OF»207) (IyMCI)»IsMINCI)»I=1yNM)

FORMAT(4Xy "M 511y 7 )=/ y IT3vSXy "MINC »I1y )=/ y13,/)
Ch=1

NHE F=7

NVFF=10

NCOL.2=NCOL.~2
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GF=0,035935
FYE=3,141592
EM=1.0
SEM=FLOAT (S)XEM

.

c :
c MODULO CARITAL M =M1XM2XM3%XM4¥MS IS CALCULATED HERE.
c o .
D0 5 I=1»NM
5 CM=CM*M(I1)
XS=CM/M(1)/M(2)
CMB=CM/ XS
c
C THE VALUE OF MBAR OF ALL THE MODULI IS CALCULATED HERE.
C
: DO & I=1,NM
6 MECI)=CM/M(I) ‘ ~
C . i .
C THE FROGRAM FINDS WHETHER THE VALUE OF CAFITOL MODULOD
(e M IS AN ORD FUNCTION OR EVEN FUNCTION ANER ACCORDINGLY
C ASSIGNS DIFFERENT VALUES OF THE FOSITIYE DYNAMIC
C RANGE . '
C

C=MOD(CMy 2)
IF(C,ER.0) GO TO 10
POIR=(CM~1)/2
SENR=(CMR-1)/2
GO TO 13
10 FOR=CM/2-1 )
SFIIR=CME/2-1 ‘ )
11 WRITE(OF,208) CMsXS»CHEsFIRySFIR =
208  FORMAT(//y4Xy ‘CAFITOL MODULO M(TOTAL NO. KRANGE) = “y17s/
$v4X» ‘SCALLE FACTOR OF THE FILTER COEFFECIENTS = “yI4s/
t 14Xy SCALED NO. RAONGE = /,T4,/,4Xy’FOSITIVE DYNAMIC®
$y/ RANGE = “,I8y/y4X> SCALED FOSITIVE DI'YNAMIC RANGE =
$T4+//) '
WRITE(ORy 2095
209 FORMATCAXy ‘M~HUT s /34X S5 =" )y / /)
WRITE(OF,210) (IyMRECI)»I=1yNM)
210 FORMAT(AXy "MEC/ s TLy /)=y 15y /)

C
C THE COEFFICIENTS ARE MULTIFLIED WITH THE SCALE FACTOR»
(M ROUNDED TO INTEGERS AND CONED IN RESIDUES HERE,

C .

00 12 iC=1,M1

O 12 JC=1sN1

SNCOF=AC(ICy JCIXFLOAT(XS)%*GF
IF(SNCOF LT. 0,) GO TO 54
SRNCOF=SNCOF+0,5

GO TO 5
54 SRNCOF=SNCOF-0,5
55 NCOF=SRNCOF

CALL DTRMS(NMyMyNCOF y XM)
o 29 K=1.NM -
29 AM(ICy JOy KD =XM (KD



SOCOF=~(E{ICyJC) IXXS
IF(SDCOF LLT. 0.) GO TO 5&
SRNCOF=SDCOF + 0.5
. .7, GD.TO 57 ' ‘
54 SRDCOF=SDCOF .~ 0.5 3
57 NCOF=SRNCOF '
calL DTRNS(NM»M!DCDF,XH)
DO 31 K=1yNM
31 BMCIC» JCyK)=XM(K)
12 CONTINUE
WRITE(OFy211)
211 FORMAT(//»4Xy '"NUMERATOR COEFFECIENTS -~ . A(MsN) ’y
$7 (IN MO roﬁﬂ)',/,4x,46('—'>,//)
WRITECOFy212) ‘ i
212 FDPHAT(BXy’H(l)';4X;'M(")’y4Xy’M(3)'y4Xr’H(4) r 44Xy
$/MCS) v /) : N
00 13 T=1sM1 . .
I1=1-1
N0 13 J=1,N1
O Ji=J-i
13 WRITE(OF»213) T1sJ1yC(AMCI»JrK) yK=1yNM)
213 FORMAT(4AXs A s2(I1)y /=" y5(I3+5%) v /)
WRITE(OF,214)
214 FORMAT//»4X s * IENOMINATOR COEFFECIENTS H(MsN)’»
$7 (IN MOR FORM) " s/ 9a4Xs46( =’y //)
WRITECOF»212)
[0 14 I=1,M1
Ii=1-1
00 14 J=iyNi
Ji=J-1 :
14 WRITECOF»215) I1sJiy CHMCI»JvK) sK=1yNM)
215 FORMATC(AXs "R/ y2CT1)y = yS(I3s5X) vy /)
00 95 IW=1,NHFF
IWL=FLOAT CIWY X0, 0%
[0 94 JW=1sNUFF
JW2=FLOATCIWI X0, 05
WaSARTCITWLIRTWL+JWRK WD)

THE TWO BIMENSIONAL CIRCULARLY SYMMETRIC SINUSOTIDAL
SIGNAL REQUTIRER FOR TESTING OF THE RNS FILTER IS
GENERATED HERE .,

ooaaon

D0 1% IX=1:NRO \\
IX1=FLOAT(IX)
0o 15 JX=1»NCOoL
JX1=FLOAT(JX)
VARXMN=GORT (IX1¥IX1+JX1%kJX1)
XCIX JXD=8IN(W % FYE XVARXMN) %X SEM
TFAXCIXyJXD) LLTLOY GO TO 33
XROIXy JX)=X(IXy IX)4+0.5
GO TO 24

33 XROIX» JX)=X(IXy JXY-0.5

24 XI=XROIXy JX)
CAll. DTRNS(NMsMyXIyxM)
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15 ™ CONTINUE

217

43

218 -

221

ry b
<

OO0

58
146

oo

39

40
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- DO 34 K=1rNM

XAMNCIXy JXsKI=XMIK)

WRITECOF,217)

FORMAT(’1/y3XyINFUT SIGNAL TO THE FILTER',/,ax,

$26C°=")y//) " , : P
No 43 I=1,NRO

WRITE(OP»218) (X(IyJ)sJ=1yNCOL)

WRITE(OF»221)

FORMAT(11(3XsF7.3) /)

FORMAT(//)

WRITE(OF,219) ' :
FORMAT(/1753X,/ROUNDED INFUT SIGNAL TGO THE FILTER’»s/»
Xr34('=")s//). '

45 I=1,NR0
URIIE(OF»220) (XR(IyJ)yJ=1sNCOL)
WRITECOR,221)
FORMAT(11(3XrI4)s/)

THE FIF0’S FROVINING ROW DELAYS ARE INITIALIZED AT THE
EEGINNING OF THE COMRUTATION HERE. ™
00 16 K=1,NM , ~
N0 S8 J=1,NCOL2 :

Ji=g42

F=NCOL~J1+3

XIM2ZNCIsK) =0

XIMINC(JyK)=0

YIM2N(JsK)=0

YOMINCJI>K)=0

CONTINUE

AMAX=0

AMIN=0

00 37 ITRX=3,NROC

EACH COEHAN DELAY ELEMENT IS INITIALIZED AFTER THE
COMFUTATION OF EACH ROW OF THE GIVEN MATRIX HERE.

00 39 K=1,NM
XMN1 (K) =0
XMN2 (K) =0

U XMANL(K) =0

KMIN2(KY=0
XM2N1(K)=0
AM2NI(KI=0
YMN1(K)=0
YMN2 (K )y=0
YMINL(R) =0
YMIN2(K)=0
YM2ENL(K) =0
YMIN2(K)=0

0 20 ITRY=3sNCOL
N0 40 K=1sNM
KMNCORD) = XAMNCITRX s [TTRY v KD
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CALL NDFUNC(M1sN1lsNMyNCOLZ2 :AH;XMNl’XMNErXﬁMINrXMINlrXHlNé

kS » XOM2N» XM2N1 » XM2IN2ADR)
CALL NDFUNC (M1 yN1sNMyNCOL2» BMs YMNIL » YﬁN”vYDMlN:YHiNerHIN“
$ r YOM2Ny YM2NLy YM2NZ25ADA) )

00 21 K=1y»NM
SIMN(K)Y=AD2 () +AD4 (K)
SIMNCK)Y=MOD(SIMNCK)Y MK )
Ng 23 K=1yNM
YHN(h)n“IHN(h)+AM(iylyh)*XMN(h)
YMN(R ) =MODCYMNC(R) s M(KD))
CALL GSCALR(NROyNCOL>NMsyMsMIN»YMNsYSNy YSHNy YO »RMINyMR)
IFCYSN .GT. QMAX) QMAX=YSN
IFCYSN LT. GMIN) QMIN=YSN N
CALL SHIFT(NN;NCOLQvYSMN;YMNlrYMN"yYNiNibYMINEr
$ YM2N1» YM2N2» YOM2N YIMIN) ‘ .
CALL SHIFT(NMyNCOL2yXMN»yXMNL » XMN2y XMINT »y XMIN2Z
_ $ XM2N1y XM2N2 s XIM2N s XOIM1N)
20 CONTINUE . .
37 CONTINUE
. WRITEC(OF»249)
249 FORMAT (174X, "RESULTING OUTFUT ARRAY OF THE FILTER t—‘y/
$r5X 370 =)5 /)
00 S3 I=3,NRO
WRITECOF»250) (YOCIvd)yJ=3yNCOLY
53 WRITE(OFs221)
FF¢CIWy JW)=0MAX
FRLI(IW, JW)=TARSCAMIN)
94 CONTINUE 5
%5 CONTINUE
WRITE (OF»264)
266 FORMAT (17 »3Xy "MAGNITULE RESEONSE’s/s4Xy1B( =’)y//)
' N0 97 I=1,NHFF
97 WRITECOFy220) (FF(I,J)yJ=1sNUFF)
WRITE(OFy221)
N0 98 I=1,NHFF
o8 WRITE(OF»220) (FFP1C(IsJ)yJ=1,NVFF)
250 FORMAT(11 (3XsF4,0) /)
STOR
ENI

3
=

r3
dy
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HOIOROR KKK RORRK KR KRR KRR KRR AR KK KKK KRR KRR K KRR KRR XK K

KA K KEK
X%X  SURROUTINE NOFUNC(M1sN1yNMsNCOL2yCOFMyDINN» XKk
XKk DHNerHNE;DMlNIyDMINE;RDHEN»DMQNlvDMENEt;:i}) KEK
* Xk | . ORRX
KAHOKKKAK R IR KKK KKK KKK KK I KA AR KAKIRKA KK KKK KKK RAA KK KKK

. SUBROUTINE NOFUNC(M1sN1yNMsNCOL2yCOFMyIMNL»DMN2 s RDMINy

IMINT yIMINZ y ROM2N » DM2N1 y DM2N2 yADS2)

- IMFLICIT INTEGER(A~Hy0-2)
INTEGER COFM(M1sN1,NM)
INTEGER DMNIC(NM) yDMN2(NM) »IMINI(NM) »

- DMIN2(NM) s IM2NT (NM) » BM2N2 (NM)
INTEGER RIMIN(NCOLZ2yNM) yRIM2N(NCOL2y NM)
INTEGER M(S)syADS1(H) ANS2(5)
INTEGER F1(S),yF2(E)syF3(3)+FA(S)yFS5(5)F&(S)
COMMON/RL/HM

THIS SURROUTINE CALCULATES THE NUMERATOR AND DENDHINATDR
FUNCTION TARLES.,

D0 18 K=1,NM :
F”(h)wCOFM(ivﬁrh)$DHN1(h)%CUFM(1v3,h)*DﬁN“(h)
F2OK)=MODCF2¢(K) »M(K))

F3{K)= COFH(Zrlph)*hﬂﬁlN(NCUL?yh)+CGFM(QyQyN)*DﬁiNl(K)
FI3(RI=MODIFI(R) y M (KD

FACRI=F3(RY+COFM(2y 3y KIRDMIN2(K)

F4(K)=MOD(F4(K) s M(K)) _
FSCR)=COFM(3y 1y KOKRIMEN(NCOL 2y K) +COFM (3525 K)XIM2NL (K)
FSOR)=MODCFS(R) s MCK) )
Fo(R)=FSCR)FCOFM(3y 3y KYXIMRN2 (K)
FO6(R)=MOD(F&(R) yM(K))

ALSL (R =Fa(K)+F & (K)

ADS1 (R =MODCATISLCK) y MK )

ANS2 () =ATIS1 (K +F2(K)

ANIS2 (K)=MOD (ATIS2 (KD y MCKD )

RETURN

ENI
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HORRARORARARRIK KRR AR AR O A KK KKK KK KRR KKK KKKk K kK

b 2 8 XXX
¥%xx SUBROUTINE SHIFT(NM»DMNsDMNL,OMN2,»DMINL» XXX
kKX : DMINZ yDIM2NL1 » DM2NZ) xXok
*kXK ' ' x%K

30k K KOKOKNOK 30K K 30K OK KK KKK IOK KK KK KK K 30K K K K 3 OK KKK K K 0K K K

SUBROUTINE SHIFT(NM»NCOL2»yDOMNyDIMNLy DMN2,DMINL »DIMIND,

$ _ : DM2N1 » DM2N2sRDOM2ZNyRIIMIN)
IMPLICIT INTEGER(A~H»0-2)
INTEGER DMNC(NM) »DMNL (NM) » DMN2(NM3 »DMIN1 (NM) »
$ DMINZ2 (NM) »DM2NL1(NM) » DM2N2 (NM)
INTEGER RDM2N(NCOL2yNM) yRDMIN(NCOL2yNM)

THIS SUBRDUTINE SHIFTS THE DATA COLUMN WISE
AND ROW WISE. :

N0 22 K=1r,NM

OM2N2 (K)=DOM2N1 (KD

DM2NL (K)=ROM2N(NCOL 2, KD '
CALL RODEL (NMyNCOLZ2yRDM2N)

DO 23 K=1ysNM

RIM2ZN(1»RKI=RDMIN(NCOLZ2sK)

DO 24 K=1sNM ' :
DMINZ(RK)=DMIN1{(K)

C DMANLI (K =ROMIN(NCOL2»K)

CALL RODEL {(NM»NCOLZ»RDM1N)
RO 25 K=1,yNM
RIMINCLK)=DMN(K)

DO 26 K=1sNM

- DMNZ2(KI=DHN1(K)

IMNL (K)=DMN(K)

RETURN

END



Oo00O0coOn

ooaoan

KRR ORI OK KRR K 3K K KR 3K K K 3K OK 3K 3K KKK KKK KKK K K K K KKK kK

RRK : XXk
XXX SUBROUTINE RODEL (NMsMCOLsRDELAY »IMN) XXk
*%k X : k%

KKK KKK IR KKK KKK KKK KK KA K K KKK ARRK KKK KKK KK Kk

SURROUTINE RUDEL(NH;NCDLE!RDELAY)

THIS SUBROUTINE IN CONJUNCTION WITH THE SHIFT

SUBROUTINE FROVIDES THE ROW DELAYS.
[
L

IMFLICIT INTEGERCA-H»0D-Z)

INTEGER RIELAY (NCOL2»sNM)

RO 26 -J=2yNCOL2Z2

J2=NCOL2-(-2)

Ji=J2-1

N0 26 K=1ysNNM

ROELAY (J2yK)=RIELAY (J1yK)

RETURN

ENITi
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