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~~~~~ j  INTRODUCTION

Filtering of underwater acoustic data s an operation which is
typically performed in an analog manner. This operation is limited
in flexibility due to the quantity and availNbility of hardware and 3
limited in accw acy because of component tolerances , aging and envi—
ronmental deterioration. It is the purpose of this memorandum to

C..) discuss the processing of broad band acoustic data using digital
computer filtering on digitized data. This procedure is limited by

LU the need for sampling rates several times the maximum frequency presentf ~~~ in the signal, but bypasses the above limitations by allowing the
~ Li... simulation of a large number of filters. The accuracy is improved

and further computer processing can be applied to the results .
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C T M e m o

While the computer prog rams are pre sently implemented to simulat e
only Butte rworth type low pass (LP) and band pass (B?) filter , they
are general enough to allow expan sion to include any filter which is
rep resentable in terme of a finite pole—zero transfer function con-
figuration . Tim formulati on presented here produces , under mild con-
straint s, digita l filters with the same impulse response as the
equivalent analog filter .

THEORY

Using z—tranaform notatio n (ref a and b), a time

x (kT) , k~~,l,2 .. .
can be expressed as a function of a complex varia ble z by the tran sform:

(1) X(z) = ~~~
A linear filtering operation , such as that represented by the finite

difference equati on :
N 

~~~~~~~ 
~

can be rep resented in z—tran sform notation by the equatio r4:

(la) ~~(z~ -X t ~~ %.)~~*~~ %~%(~i\a ~~~~ ~

This equation is analogous to the continuous—time filtering operat ion
represented in Laplac e trans form notatio n as:

(2) Z (a ) H (a ) .X( s)

Lett ing the a—tran sform of a sampled time function x(t) be denoted
P (z) and letting the sampling operator on a Lap lace transfo rm bedenoted by (x(s))’ (so that (X(s)) * X*(z) ) ,  we can examine thef condition s that are sufficient to cause the sampled output of a filterL to be equal to the output of the equival ent digi tal filter .

We will assuse that X*(s) and H* (z) are equal to X(z) and H( z) .
That is, the a—tran sforms used in evaluating the outp ut of the digital
filter were derived by sampling the input to and impulse respo nse of
the analog filter, or by an equivalent method.
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The relatio nship between Z( a) and Z *(z) is derived in two formsby Freeman(a) . They are:

(3) Z*(z)= Zresjdues of 2~~) a t  the poles of7 (s).

and wher e T 1 is the sampling frequency
(4) Z*(z)~~L ~~.Z(ss~~~ .~ ) ~~~~~~~~

Applying the sampling operator to eq. (2) , we have:
Z*(*)=( H( a ) ’ X(~) )*

Substituting from eq.(4) , we get:

(4a) Z*(z)= ~~~~~~~ 
(~4 2it~D) . )( (~,i

If both X and H are bandlimited (i.e. if K(s) and H(s) are zero for all. asuch that /a/S~), then: (ha) reduces ~~

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ (4~~~~~x~~t’~~9)~
.

Thus, if both I and H are bandlimited to less than half’ the samplingfrequency, then the sampled output of the analog filter will be equalto the output of the digital filter ampli fied by the sampling period.
NT14~~ICAL M~~H0D

Many tjpes of filter s can be represented in terms of the pole—zeroconfiguration of their transfer functions in the complex frequency
• plane.

Their transfer functions o~~ then be written:r i’~ (a—rj)
(5) H(a ) _____________

K L..
TF(a~p~)

:3 
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Using eq. (3) reduces (5) to:

• rr~~ -c~’)
t~

in the a-domain. Letting:

• Aj e ~
)3T 

and Kj=

we have a sum of 1st order terms : ~r

Ej :I (l—Aj z~~ )

The Kj and Aj will either be real or in complex conjugate pairs .
Each conjugate pair can be combined to yield second order terms
of the type:

Cj1 C32 •Z 1

1~B31. z
14B32• a 2

Thus, H(z) can be represented as the sum of first and second order
terms of the type seen in (la), representing a difference equation
in z—trans form notation.

The second order terms are thus realized by the equations:

y3(k) —Bjl.yj(k_1)+Bj2.yj(k_2)~Cj1.X(k).irCj2.X(k...l) ,k=0,l,2...
for as many second order terms as there are ( 3 2 , . . . ) , while the first
order term s are real ized by the equations :

yj(k) —Bj.yj(k—l) C3.x(k) , k=0,l,2... , B3~AJ , cj~
:~ again for as many 3 as there are first order terms .

4
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The outp uts yj (k) are then sunined to give the filter outp ut
7(k) (for each k) .  Note that this is justified by the linearity of
the a—transformation .

The filter const ructed above is called a recursive numerical filter
(RN?) , where the term “recursive” refers to the fact that past outputs
contribute algebr aically to the present outp ut .

PROGRAM INFO RMATION

The computations above have been implemente d in a series of
subroutines that are called by the driver subroutine BTRRNF.
BTBBNF computes the coefficients of a specified filter and passes

• them to a routine which actually perfor ms filtering operati ons .

BTRR NF is called by the FORTRAN stat ement:
• CALL BTRRNF(NPOL~~,ITYPE,CF ,BW ,T,IFERR )

VARI ABLE PURPOSE TYPE INPU’r/Ou’IPUT

NPOL~~ The number of poles in INTEGF~ Input
LP version, where NPOLES4 %O

ITYPE A switch which determines
whether a LP or BP filter
will be generated. If INTEG~B Input
~~~~~~ then 12,
If ITYP~~1, then BP.
Note that shifting from
12 to HP double s the
actual number of poles
(see below)

CF The center frequency in Hz REAL Input
BW The bandwidth in Hz REAL Input
T The sampling Period in REAL Input

sees

5
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• IF~~R An error indicator INTEG~~ Output
If NPOL~~ .GT. 10,

• an error exists , IF!ZiR
returns as 0. If all

• goes well, IF~ 1R returns
s al

TABLE 1

• The filter is specified in the call, and if IF~BR is returned as 1, the
filter is loadsd in the filtering subroutine.

If the filter type is HP ( ITYPE~l), a low pass filter with theappropriate bandwidth is set up and then bandahifted to produce the
HP filter by substituting (CT) /s’~s’/(~f) for a in the complexfrequency plane. This is the operation which doubles the number
of poles as mentioned in table 1. Note also that the center
frequency Is the geometric ~~~~ of the 3 dB points , not the algeb rai cmean.

As mentioned above, a call to BTRRNF computes the coefficients
of the appropriate filter and passes them to a subroutine called
RN?. This is the filtering routine and may be called by using the
FORTRAN statement:

CAI.I. RNF(X,T,N)
• VARIABLE PURPOSE TYPE INPUT/OUTPUT

K The input array REAL Input
contAining the data array
to be filtered dimension

x(N)

Y The output array REAL Output
to contain the array
filtered data dimension

r(N)

6
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N Number of points t o b e
filtered and size of INT~~~It InputX and Y arrays

• Table II

• For user ’s purposes, this subr outine can be tre ated as a blackbox whi ch return s one outp ut value for each input value . By itsnature , it “remembers” previo us inputs , even after it has ret urned• control to the main prog ram . The user need not filter all the data• in a time series at one time , if , for AI’a~ ple, the data are arranged• in several records on a tape . Consecutive calls to RN? using partof the series at a time (in the right order , of course) will give thesame results as if all the filteri ng were done in one call. Thefollowing calls give ident ical results :

CALL RNF(X,Y,l000)

and
CALL RNF(x ,r,500)
CALL RNF (x (5ol), r(5ol) , 500)

The fir st is slight ly more economical , but the comput ed results arethe same .

It follows that if the filter remembers previo us inputs , thereshould be a way to make it forge t them, in order to pass unrelatedseries through the same filter . This capabil ity is provided in acall which bri ngs the filter to a fully relaxed stat e. This call,Ln FORTRAN, is:

CALL ZPIWNF

which zeros the memory elements of the filter .
BTRRNF and associated subroutines are located on FASTRAND file81787/tIBRY and are available for general use.

— 
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SI)4M ARY

The subroutine BTRBNF allows the simula tion of Butterworth filters
on a digital computer. The method used is impulse—invariant in the
sense that the computer output is identical to the sampled output

• of the equivalent analog filter . It is expected that the errors
introduced by the use of a finite number system in the computer

p are much smaller than are the errors introduced in analog devices
by variabilities in component specification .

Steven R. van der Veen
Physicist
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APP~~IDIX A: SAMPLE PROGRAM

A record on FASTRAND file SRV/82875 was known to conta in abottom reflected signal embedded in noise. Since it was knownthat the noise level was high outside the frequen cy band 100-/.00 Hz ,it was decided to pass the signal thro ugh a bandpass filter with thatpassband. A program listing of the sample prog ram and the plottedCALCOMP output (Figure 1) follow, demonstrating the use of theBTRRNF subroutine .
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1* ‘.

T ~~* .~~~~ PkU~aHM4 TQ ~~Mo,~bTKA r~. ~1~ ZIA L I~~LT~.KI NG KQU1IN~ bTKRNF
t ‘~~* 1.

i.e ~ Tts ~ l 1k , T K~~ U~ j  ~N FA~~rKAN~.J l I ~~~ ~KV/ b2li7b WA S
P~NQ~ W T~ ~Uli gA jN A IIM ~. St.K1~ S WP’1Cr~ 

WA S PK~ IJ0M 1NANTLY
0* L t~QA~~. QuT~ Li.,i. lt*. FHL44U~ NCT t~ANu i00 1 00 IL,
IS L TPIL.Kt.f ObE A l  WAS USC.~) P11R ~ 10 1)t.MONSTKA IL. 1H~ US~ 1W
ô* ~ flit. t3ANwPM~~ l~1LIL.H.
9* I.

jU* uIM f~5AO~a X 1~ U ) .~~(~ UO~ ),LL1UF (’êU96)
44* t.

~~~* 
1. L l i I I L M L J Z t .  i ’LOIflt .G IWU U NL ANL) K~ AU IN KL~CQgd~4i*

CALL . PL0j5 (AUi.aF,i.U9ô,~~1
CA LL PLO i (u.,u .,aUo) NUSC/NL Tech Memo

40* CALL . PLO$ (u. ,4,b ,-~ ) No. 2211—309—70
CALL FA C~OR1 ,o)• u i)~~.(e O,

49* uu 3 1~~ ,2OUU

~

Y(2U U~ ):A,
CA LL. FTRMN (1 ,’8~875’)
cA1.L. FTRAN I ,’SKV ’,L)
LF (L)99,99,
£5~.CTH:3

~o. CALL FTRAN (d ,’SK~ ’.IS~.C1,~,2Oi.8 ,X ,IF€I~K)
~9s 

~ , A F I ~ J(K+1)~ib. 1,
.30* (
44* I.. 5L1 UP M b *’l,LL. tip FILI~.R C~.P~1LKt.O AT ~OU P11, 30U HZ

• ~~~ * C wLU~. FOK A ~MM PL4N~ HA lt. UI 5U00 il,
• J4* C
• 3’* CALL ~TKKNF1b ,1.~ UQ .,.3OU ,,.Q UO2.LF I RK )

£ F(AI~~KR .l1t, ~j 
~Cj aO 9~

~~* g
• 3 7* I. PU)T 11¼, UNfLLTLK~.L) SIb’~AL

~ôa C
CALL AAI~ (U.,U ,,’S1GIiAL . AMP’L4TUU~.’,1b,3,,9Q,..’.O5..Q5,10.)

CALL i..lNt.(’V.A,2UQU ,1,O ,U)
CALL. SYM bOL ( . . .è~.b,..i b, ’uNFIL Tt.HL. u UA TA ’ ,U ,,~~,)4* CALL PLO1 (U .,’..,..3)

l.a. ~.
4~Q* 1 F1LT~.K ~ooU p ULNI~ UF Iflf~ X AKHI~Y Au~~ PLUT fpi~ OU1PUT17 *  (

CALL HIiF 1 X ,A ,~ U0U)
CALL A~I5(U. ,U,,’bI~NAL sMPL1TUOL ’,1b,.3.p 9U ,,— ,Q5,,O~,,1O ,)• CAL L LLNt.(y.A ,2UUU, 1 ,U .Uj
CALL SVN~OL1.~..~~,~ ,,4b ,’riLTt.Kt.U U jT~ ’.U ,.1.3~
CAt.L PLOflL~ ..”i.....3)

b3* (.

99 STuP~ 99
9~ ~TteP 9o
9/ ~TUP 97

t.NU
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APP~~DIX B: PROGRAN LISTINGS

LU routines written for this prog ram were written in FORTRAN Vfor the UN IVAC 1108 with the exception of the subroutine RNF , whichwas wr itten in 1108 Assembly Language. Listings of all programsfollow.
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• ~~~ PA~~ ~~~~~ 
-
~~~~~~ TO D0~Q

• 00101 1* SUdI~iUTI i~. BIKRNFIWPOLES.ITYPE,CF ,$W,T .IFERR
Qolul ~ * C
Q01U4 3* C ** SUbi~OUTLrIj E &UHRNF EVALUATES 1HE COEFFICIENTS of• 00104 I4~ C St A BUTTEK*ORTII FILTER, THE PARAMETER ITYPE
00101 5. C ** CONTROLS ThE TYPE Of FiLTER (LIP OR bP), IF ITYPE
00101 6* C ** 15 o. A LOW PASS FiLTER IS ~~NERATED. IF IT
o0lu~. 7* C *. A S ~~, A bANI) PASS FiLTER IS (IENERATED, NPOLES 15
00401 6* C ** IHE NUMUER OF POLES IN THE LP VERSION. THIS
00101 9* C ** VER5J ON iS BAN~)5HiFTL0 IF A oP FILTER IS DESIRED.
00404 40* C ** ~~ ~S T.sE BANDWIDTH OF THE FILTER, AND CF IS THE

• 00101 13* C ** CENTER FREQUENCY (If ONE IS NECESSA RY). T IS THE
00101 12* C ** SAMPLING INTERVAL . ALL ARE iN UNITS Of HZ OH
00101 13* C ** SEC~ . IFERK IS AN ERROR INDICATOR ANO WILL BE
00101 3l.* C 5* 3 Dpi A NORMAL RETURN. NPOLES MUST BE .LL. 10,
00101 15* C ** IN ALL CASES, IF IFENR IS SET TO 1. A FILTER
00101 16* C
00101 17* C 5* HAS BEEN LOADED IN THE RNF FiLTER SUBROUTINE.
00101 lBS C ** SEE NUSC/NL TECH MEMO 2211.309 .70, ‘A PROGRAM00101 19* C ** TO SIMULATE dUTTERWORTH FILTERS ON A DIGITAL
00104 20* C S. COMpUTER’

• 00104 21* C
00103 22* DOUBLE PRECISION PQLE(2,5),POLES(2,1o).ZEKO(2.1),• Q0103 23* *ZEKOS(2,10),SCALE,TC

• 00103 2l.* C
00103 25* C ** CONVERT NPOLES,T TO STORE IN PROGRAM
00103 26* C
0010’. 27* TC:T
00105 26* N:NPULES
00106 29* N j O  NUSC/NL Tech Memo00106 30 C No 2211-309—70
0010b 34* C ** N MUST ~3L ,I.E, 10, TEST IT
00106 32* c
00107 33* If IN •GT. 30) GO TO 100
00107 344* C
00107 35* C ** L.UCMJE POLES OF N~POL.E LP FILTER W ITh BANDWIDTH bW
00107 36* C
00111 37* CALL BTRWR T( N,BW, POLE,SCALE,M1,M2)
00111 .38* C
00111 39* C ** IF 1TYPE •E~. 1. BANOPASS FILTER IS REQUESTED.

• 00111 440* C ** 6ENERATE IT AT STATEMENT 1000111 i43~ C
00112 ~42s IFUIYPE .NE. 0) 60 10 10

• 00112 443* C
00112 4444* C ** ~ER~ ALL. STORAGE IN ñNF TO PREPARE IT TO
00112 ‘45* C ** ACCEPT NEW F 1LTEI~ CUEFFS
00142 46* C• 0011’. 447* CALL. LOOI4NF
0011’. ‘.6* C
001144 149$ C ** COMI.uUTL COEFFS OF FILTER A1~O PASS THEM TO RNF00w, 50* C
00115 51* CALL CUKS (ZEKO ,N2 ,~J~LE ,M1,M2.SCALE,TC)
OOllb b2* C
Q011b 53* C *s ALL O.K. RETURN
00415 544* C
001 46 ~b* IFERKaI
00117 bbs

I
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00117 57* C
00117 58* C *~ CONvERT FROM LOWPAS$ TO bANDPASS IN S~DOMAIN00137 59* C
0012u 60* 10 CALL LPTOOP (CF,POLE ,M1 .M2,ZERO,N1,POLES,M3,M*.00140 61* .ZE~O5.N2,SCALE ,IFRR)0012o 62* C
00&4~ 63* C Se Tt.SI FOR ERROR IN LPTQBP N~~G/NL Tech Memo
00L&g 644* C S.’ IF IFNR iS 0. AN ERROR EXISTS No. 2211-309-70
00120 65* C
002.24 bbS IF UFRR ,EQ, 0) GO TO 100

• 
• 00121 67* C

00121 bB* C S. ZERO ALL STORAGE IN NNF TO PREPARE IT TO
00121 69* C *a ACC~.PT NEW FIL TER CCJEFFS• 00121 70* C
00123 71* CALL LOORNF• 00123 72* C
00124 73* ç ** COMpUTE COEFFS OF FILTER AND PASS THEM TO RtIF
00123 744* C• ooza’. 75* CALL RECURS (ZEROS .N2,POLES.M3,MIê .SCALE,TC)

• 001244 76* C
0012’. 77* C *5 ALL O.K. RETURN
001214 78* C
00125 79* IFERH 3
00126 80* RETURN
00126 81* C

• 00126 82* C .. ~.RROR RETURN WITH IFERR SET TO 0
• 00126 83* C

00127 8~e* £00 IFERN O
• 00130 85* RETU RN

• $0133 86* END

L _  _ _ _  
_ _
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SubKUUi1 ,~L K 4tKO.~4,PUL..Mi,M~,SCALE ,1)
C
4. ** THIS SUbROUTINE PERFORMs Itt. £MPUL5L~ INVAHI,~H1 TKANSFORg4 FROM ThE
4 5—PLANe TO hit £ PLMNE. 000ULL I’~NLC~ 5ION 1~ KE(IUIKLD FORC ** s~,UJRAC~~, t~øsTL I HA I Rt~uhS W ILL NOT tIANULL f4ULTIPLt POLES.
C
C •* itt. LERuS Ui- THE FILTER ARE TO bE N j~i NUN6LIC, AND STORED IN ~EKOC I .~J)C •* W1IEKE Z~KQ (41qJ ) IS Jilt KEAL PAR ( 

~fr THE J” Tii ZERO. AND ZERO (2.JJ jS THE
C s* IMA ~1NAhY PMKT OP Tnt. J—Th iLHO.
C Tilt POLt.S OF Tilt. FILTER ARE TO bE STORED IN POLE (I,J) WHERE I HAS THE
C ** SAME NE~NIN(I AS dEFuRL. iF iJ 15 L ESS THAN ~)F EQUAL TO 41, THE POLE IS A
C •* REAL POLE AN&, u S  IMAb1*~ARY PART W ILL bE ZEKv , if J 15 GREATER THEN Ml
C ** DiE POLt W ILL bE ONt Of A CUMPLtX P*1R. ONLY ONE OF A COMPLEX PAIR IS
C ** INCLUDED IN pit. POLt. ARRAY , TIlE OTPIEE( bEIN6 PRESENT BY IMpLiCATiON .
C as THERE ARE Iv BE M3 REAL POLES AI4U M2 CUN’JUbATL POLL PAIRS, SCALE IS

• C ** THE FILTER M.~,PL Ii-1CATZOi~ COi~STANT, ANt) T 15 THE SAMPLE INTERVAL. ALL
~. *5 NON .ZNTtGEK VAR IABLES AsE To BE DOUBLE PRECISION EXCEPT FOR THE
C ss ARRAY CuNTA~~1N~, THE CU~PUTLO CUEFFICIENIS FOR THE RNF ROUTiNE.
C
4. *4 SEE NUS4./NL ItCH MEMO 2~11 .309—?0, ‘A CUMPuIER PROGRAM
C *s TO SiMULATE bUTTERWORTH FiLTERS ON A DIGITAL COMPUTER ’
C

000BLE PpiECISION J ,S~ALt ,TBAKUOUBL.E PPIEC*SLUN ~(2),P(~ ),TEMP,M (2),pOLE (2,~ U),ZEKO(2,20),TMp (2)REAL CQEfF~’e)
MTOT;$1 +M2
00 100 IL:1.MIOT
£(1l~ l.O~Ol’(11;1.OuQ

C• C ** TEST FOiC NV ~EK~SC
£F(N .LQ~ UI uO 10 114

C
C s. COl’*’UTL PRUuVCT Of ~POLt(1I)—LEKU~1)) i-OK ~~~ I AND STORE IN £

00 110 I~1,N
TEMPm1(l)s (PuLEC1 .lI)—a .iiO(1,lI)~ ~I4)*(PULL (~ ,1II ZtRO (2 ,j))
£( 23 .Z(2 1*( PULLII .l I I -Z EM Q( 1, i I  )s Z (4)*IpuLE(€,11)—jp .RO(~ ,I))

110 £(l)~~1EMp

I -



~oii ,% 1S~~~ TO D(~Q .dIlI ~~~~ ’~~~~

I. *. 4.uRP~U(E 1h0~vLl Us ti~Ot...ULI P’Oi.E~ 1)J IQN A~.L J .NE . II AND STORE
•..
4.

L i i  ~.4 L&u i.1,~~suILF~~i ~~~~ 111 4,1) lv

P’(~~~~*’(~~4 * ( PVL t ( $ e L L t — ( ’ U~ C. 4 1 , L ) )  + (3 ) . ’  (.~Ls ( 2 , t L) ~ur4) Q L E I 2 , I ) )

NtJSC/NL Tech Memo1.. *q Tt. 5t l Ops r4E ML PyLE No. 2211-309—70
429 1f( i  .LL. MI) ~,U 10 j30

4.

~ S. co,~~u~,a 1~ ~~~~~ ~~~~~ CvMPUII. TERM ION CUIeJUVATE OF POLL. (I)
4.

• ItMP .P(1l*( Pv (A.1Ituur.pU...(.I1,1I) —
+

P( 1)~~1Lt4i’
• 13(~ $.OI.IiliUt.

£2u CONTINUE
C
‘. s. LOCATE ,.~OLE 4~~C

• .U1)~ &L*P(~ VLE(4.LI)*T)*La.O~ (POLE (1,11I*I)
NI gI~ OLAP (P’wLE (4~ L1)*TI1DSi ,~(POL.t.42 ,A I)*I)

C
• 4. *s COMPUTE £‘P.SCAI-E*l. ~MPLil LC~ IIOIe CONSTA 41

C
• 1LMP~ P(4)*PI1I+P i~~)*p(a~

)• TbAK:SCA~t.,l t..~PsTTMP(4)~ j BAK *(P ( 1I. S~ 1)+ 1( 2 ) .Z (2j )
IMP(

~~): I8MH* P(L)*1(2)~~~U) . P2 )
4.
4. sa TES t PO ,~ Kt.AL I’OLL

£F(1l •L4., M4) (.~O TO 450C

• 4. ** COMPLEX P0LL-—St.4.uN~ UIC..,LR PiLbER
C

F ( 4) ~2 ,* i e.,P ( L I
C0LFF(~ ):2.*4A(l )* 1MP(i)+A (~~). iI4~(2 ) )

COt (k)~ A (

• 4. ** L4.AIJ CQcFFI4.ILV Tb
C

CALL OKU~ (4.ULPf (11 ,Cvt.I F t€. ) ,~,Ot.f i- (3) ,~~OL.P (14 1 ,)

C
4. si ict AL F01..L— t iRSJ OKL,LK l 1LT~.K
C

1St ~ut.PF(1)~ TMr (4• CvEFP 1~ I ..A11)
4.
C .. LCA~ C0cFi-I4.lENT S4.

4.ALL URD4(4.UL III ,CUtFP~~~) )
• .1iM~ ,..OtiliM.L

1.4 _ _ _ _  -— _ _ _ _ _ _ _ _ _ _ _ _ _ _  —p.•—•_ • - •— • - -- ‘1
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~~I2 PAGE IS B~~T QUAIiIT! PRICTZCAPJ,I
* 

. moa coPy fUR*ISH~D TO DDC .~~~~~
—

00101 SUjR~UU~~ LP t O13P (CF,p~ ,M 1,M~ ,zj,tg1,p~,~ 3,Mq ,
00101 2*
00101 ~s 4.
00101 14* C ** ~~~~ SUdP(OU1 LNE PERFORMS THE BANOSPIIFT NECESSARY00101 5* C ** 10 CONVt. .(T A POLE—ZERO SET LENTERED ON THE REAL
00101 6* ~. a. Ails TO A PA IR OF SkIS CENTERED AT +~ (C4). IT
00401 7* C s* oOEs This B~ THE 1RAi~SFORM 5:SPRIME/CF+CF/SPRIME.00101 d* C •* Ti-It POLc.S ANti ZEROS (0 bE TRANSFORMEti ARt. IN P1
00401 9* C ** MND Zi Ai~iU ThE RESULTS OF THE TRANSFORM ARE Ih
00101 1U* C s* P~ AI~IU £~ . ROTE . THAT EACH POLE PROUUCES 2
00101 1.1* C •* POLtS ANt) I ~ENO (A T THE ORiGiN ), W ITH THE OPPOSITE
00101 IZ* 4. •* (aCCUKIN (, FOR EACPI ZERo.
00101 43* C
002.01 114$ C •s ~~E teUSC/NL TECH MEMO 2211—3119—70, ‘A PRO (iUAM
00101 15* C *5 TO SIMULATE bUTTc.RW ONTH FILTERS ON A DIGITAL
00101 16* C •* COMPUTER ’
00401 $7* C
00103 .18* DOUBLE PRECISION P1 (2 ,1O),p2(~ ,10),Z1(2,5),Z2(2,5),00103 19* *A ,b ,C .Upp (.PHI,PI ,CFT
001014 20* P1:3, 1le1b926D b897933b800
002.05 21* CF T 4.F.PL.2.fJuO NUSC/NL Tech Memo

No. 2211—309—70

00106 22* N2:0
00107 24* M~:000110 ~ 4e* N4i:0
00111 25* IFERN :1
00111 26* C
00111 27* C .* MM :NOMBEIC OF POLES
00111 28* C ** NN:NUMBE.K OF ZER OS• 00111 29* C• 00112 305 Ml4:Mj +Z*M~00113 31* Nte:N~00113 32* 4.
00113 ~3* C ** EACrI POLL. PRODUCES A ZERO AT THE ORIGIN AND EACH
00413 344* C ** ~ERu A POLE. THESE w~ILL CANCEL , COMPUTE THE• 00113 35* C .* UAFFtRENCE IN NUMBER . IF MULTIPLE POLES OCCUk
00143 3o* C ** AT THE ORIGIN (IF M$—NN .LT , —1), AN ERROR sILL
00413 37* C •* OCCUR Iii RECURS, SO TEST MM—leN.
00113 38* C• 
0011’. 39* I1:MM—NN
00115 440* LF (IIJI.i ,b
00120 ~14* 1
00 420 12* 4.
00120 413* 4. *s IQO MANY ZE.ILO~00120 1~44* C
00123 14S* 2 IFEKH:0
00123 146* C

• 00123 ~7* 4. ** PUT POLtS A~ OHIuIN , EVEN IF THERE ARE Mol~L II1AN
002.23 444* 4. as (JI~jQ0123 449* C
00124 50* 3 Do ‘4 £:—4~II.— 100127 51* M3:M3+1
00130 52*
00a31 53* It P2(2,v,3):U ,OUU
00133 544* GO To 7

r
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00133 ~s* C
00133 bbs C ** MORt POLES THAN £EROS, PUT ZEROS AT ORIGIN00133 57* C
004344 58* 5 Do 6 1:1,11
00137 59* N2:N2+4 NI~ C/NL Tech Meao
001440 60* Z2(1,Na:G .OJU No. 2211—309—70
001441 61* 6 Z2 (2 ,N 2) O. OL,0
004143 62* 7 CONTINUE
00114’. 63*
001147 614* MTUT:$I+M2
00150 bS* ICNT:M3
00150 66* C
00150 67* C as SOLVE TRANSFORMATiON E0UATIO.4 CF/P2+p2/cf~p1(i):O)• 00450 68* C as FUR NE.s POLLS
00150 69* C
00451 70* 00 10 L:1,MTUT
00154 71* A :t’l(L,I)
00155 72* 8~P1(2,I)00156 73* C:2.UUO*AaB
00157 744* U A*A—I~*BU’44.UU0*CFT*CFT00160 75* PHI~jATAN~(C.U)/2.0Do00161 76* R:US~àRT (USQR t (C.C+O5O))• 00162 77* C:NsU4.OStPHI)/2,000
00163 78*
00164 79* I4..NT:LCNT*1

00165 80* P2(1,ICNT):A/2,000.C
00166 84*
00166 8 *  C
00166 83* C *. TES T FUit Pitt) NUN—REAL
00166 840* C
00167 85* IFtI •GT, 141) GO TO 9
00167 86* C
00167 87* C ** P1 (I) IS REAL, SECOND ROOT CONJUGATE OF FIRSTQ01b7 66* 4.
00171 89*
00172 90* GO To lu
00172 91* C
00172 92* C s* P4 (i) CoMPLEX . FIND 5~CQ1ec~ ROOT. (ROOTS VUE 1000172 93* C ** CO LIGATE Of P1 (1) M (E EOUAL TO THE CONJUGATE O~00172 944* C 5* ROOfS 001. Tv P1 (1))
00172 95* 4.
00173 96* 9 Mao~Nie+,i
004744 97* ICNT :ICNT.J,
00176 96.
00176 99. P~ t2,1CN1I b/2 ,0Du—O
00177 100* 1440:1444+1• 00~00 101* 10 CONTINUE

• 00202 102* II Cv~eT lNUE.00203 103* IF (NNIZ1 ,~ 1,

I
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00203 1044* ~00203 405* C a. SOL~t T~~NSFUR$Af ION EQUAl LOi’ (CF/Z2+~2,CF—Z1 (I) o)
00203 £005 4. ss FUR l~ .w ~t.KUs00~03 107* C,
00206 108* Dii 2o L:1,NN
00211 1Q95 142:142+4
00212 110* A :Z1(1,I)
00213 114* B:21(~ ,I)
002140 112* C:2,UOU*A*O
00215 113* O A*A 4*t$ 44,000SCFTSCFT
00216 1144* PrlL (jATAN2(C.U)/2,000

• 00217 115* R:OSURT (tiSJRT (C.C.DaU))• 00220 116* 
• 

C:R*U(.OS(PHIJ/2,000
00221 J41* O:R*ubLN (PHII/2,0J0
00222 118* Z2(1,N2):$/2.000,C
00223 119*
002214 120* N2:Nl,1
00225 121*
00226 122* Z2(2,N2):u/2.UOo—O
00227 123* 20 CONTINUE
00231 1244* 21 CONTINUE
00232 125* RETURN
00233 126* END

_______ ______________
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~ !zs Paz is b~~T QUALm 7~~~ 1?A~~~ N~~C )0~ T h Memo11001 oci~ IIzISII~) ro ~~~ No. 2211-309-70

Q01~ 4 1* SUbROUTINE UTKWHT (N ,L,,I.POLES.SCALE .M1,M2)
00103 2* OoU84.E PRECISION POLES(2,N).81C,PI,SCALC.XINO
00103 3* C
0010., 4. C ** UTR,NT LOCATES THE POLES OF AN N POLE SUTTERWORTPI
00143 5* C ** FILTER WITH UANO*IDTH UW.00103 6* C
00L0~ 7* 4. a. 5Et NUSC/NL TECH ME14Q 2211—309.’70. ‘A PROGRAM00103 8* C •* 10 SIMULATE ~UTTERWoNTH FILTERS ON A DIGITAL
00103 9* C ** COMpUTER ’00103 10* 4.
00104 13*
00105 12* SCAL~~1,0UO00106 13* t3øC=~.OD0*PI*bw• 00107 144* ICT~~• 00110 15. NJ :Q
00111 16* IF(N/2.a .EQ. N) GO TO 10
00113 17* SCALE 8WC
001114 3.8*
00115 39* M3. 1
00116 30. PO~E~I1,1)~~8~C
00117 21*
00130 22* 10 M2 pi~2
00121 23* 00 20 11 .142
4012’. 314* ICT jCT+1
00125 25* X3NO (N 1+2*I)*PI/N/2.000
00126 26* POLE~ 11. ICT) 8WC*DCOS (XIND )
40127 27* PO .E~(2.1CT):8WC*USIN(XIMJ)

0013o 28* 20 SCALE SCALE*8SC*8WC
0013a 29* RETURN
00133 10* EM.)

I
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TO ~~~ .‘.~~~~~ NUSC/~(L Tech Memo

No. 2211—309—70

O0L0~ .L* C
OOLuu 2* 4. a. ~~~~~~ PiiuVlUt.S I IEo i~ TE LIMiS uET~EEN REC URS
00Au~ 3* 4. ** ~sd kP~~. ANi.’ CAN BE oyPASSW W ITPI APPROPR IATE

40* ~ •. ~~~~~ ‘F OESIRW . b~ psOvw1t~6 ~~TRT poii~rs
5* 4. as •~J4tU L~M ,d)’ ~INQ ‘0RU2(A ,tJ,C ,i.s)’ ANt) THEN STURIIiG

• 00100 6* C ** *. u, C. AND 0 IN AKI~~YS
0O1U~ 1* C
OUL uu 6* 4. .* ~tE i4U5i../NL rEcH I ENv 2211—309”70, ‘A PROGRAM
OOLUu ~ * 4. ** 10 SIMULATE GUTTtRWUKTH F ILTI.RS ON A D IGITA s
00100 10* C .s CQM4AaTE.O
0010k 11* C

• O0&03 US SU8k~.,LI1I1iE IMI4EU
LN rR I uew1 A.0

00405 140* CAi.,L Ok~.aER1 (A .8J00106 .0 5*
00107 4D* ENTRy UKi)2(A ,G,C,D)
00.U1 11* CALL U.(OtI(2(A,Ij,C.U)

18*
00113 39* END

I



~ IS ~~~ TO i~ 0 —
~L A~i~* P(IQ~~btj~I

: ~~~~~~~ ~~~~~ ~~~ PKO*,PtAM IHA T AC TUALLY IMPLLME4T~ THE F ILTER 
(iLNEI%TED BY

• SUb$0UliNt. HL4.J,~~. IT CON rAIt4S EUT~ Y POINTS FOR LOADINCI COEFFICIENTS,
• ~OI~ Kt.LMXIN~ THE FILTER . FUR ZEROING ALL COEFFiCIENT STORAbL , AND FOR

• • AC I U~LLY F1LTEI~lN6 AN ARRAY OF POINTS ,
• • SEE NUSC/HE TECH MEMU 2211 ’309 7U , ‘A PR O~RAN TO SIMULATE NUSC/NL Te~h Mew8UT TE RWORTH FILTERS UN A DIGITAL COMPUTER’ No. 2211-309-70

KLGNMM
S~ 0) • STORE DATA ON LOC CNTR ~APAST RES 1 • PREVIOUS VALUE OF INPUT

• v~ 1 10 • PRE y VAL ~F OUTPU1 • 2ND ORO FILTS
• Y12 KES 10 • NEXT TO LAST VAL oF OUTpUT. 2ND

• ORDER FILTS
flU HIS 10 • PKEV ~AL ~F OUTPUT. 1ST ORD FILT~NIORDE HIS 1 • NUMBER OF FIRST ORDER FILTERS
N2OKDL 1(1.5 1 • NUMBER OF 2NU ORDER FILTERS
Ci.1 

• 
1(1.5 10 • C~’SU8-’1 2140 ORDER FILTS4.4.2 10 • C—SUB—2 ~~~ ORDER FILTS

861 KES 10 • 8 SU8—1 2ND 01W FILTS
802 141.5 l U  • 8”SUB..2 2ND URD FILTS
C4.11 RIb 10 • C SUB~1 15T 01W FELTS8611 141.5 10 • B—SUB-il 1ST 0140 FELTS
SAVHEG RIb 44 • TEMP STORA6E TO SA VE REGISTERS
$(1) , CODE UNDER LOC CN 1 K 1
NNF* • ENTRY FOR CALL I4NF (X .Y ,N)

5* *1,SAVRLG • SAVE REQ Xl
5* X2,SAV14LG,1 • SAVE REQ X2
5* *3,SAVI4LG+2 , SAVE KEG X3
5* X4 .SAV REG,3 • SAVE REQ g44
LA A3,0,X11 • ADDR(X(1)) INTO *3
L.*I,AU *3,1 • I.. INTO *3 INCREMENT
LX X40, 1 ,X13 • AUUR(Y (1)) INTO *14
L*1.*U *44,1 • 1 INTO *40 INCREMENT
LX A2.*2,Xlj • N iNTO *2 FOR LOOpING
A NX.Xu *2.1 • INITIALIZE X 1

OUTLOO • OUTER LOOp FOR N F ILTER OpS
Ao • 0 INTO A0 ( Y-iACCUMULATOR)
A1,N2ORIjC • N2OKOL INTO Xi

Jb~ X 1,4.00PZ • TEST XI NOT U *110 INIT FOR LOOP
F 144510 • 320f(Ut. 0. NUN 151 04W FlI TS

4.00P2 • LOOP P flR 2ND 01W ç ILTS
LA 42,CCI,X1 • CCI-SUd—Xl I1~TO *2
FM A2,O ,*3 • M TIMUS X 5Ub X3 ItJTO *2
5* A2 ,A40 • *2 IN 1O
LA A2.CC2.Xi • CC2—SUU—Yx I JTO A~A2.XPAST • *2 T1~4LS XPAST INTO 42FAN A40,A2 • A” MINUS *2 ~N T~ *‘.4.A A 2 .YY2.X 1 • YY2 SU13.Xi I~11O *2

• *2 TIl ES u02 SU8—x1 iNTo *2
fAN *44,A 2 • A ’. M1r .~US *2 INTO ~44
4.A A~ .YY1. * 1 • yV I—S Ub—X j INTO A~
5* A2 ,YY2 ,X1 • 1i410 Yy 2— ~U8— *~

• A~ ,0b1,A1 • *2 T I~s.E~ hBL 5UI$~~ 1 IN1O *~‘A l i,A2 • A’. PLUS *2 IMQ A4’

I
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~~I$ P&~~ is quazm PT~*~TZ~*B~*S mos O0I~T ‘I,1~ 3~}I~
) TO D0~ ~~~~ NIS C/NL Tech Mew

5* 4 .YYI.A 1 • *14 INTO YY I—SUB—X1
PA *0.440 • *0 PLUS *46 INTO A0 ty ACCUMUL A TOR )

XL.LO0P.~ • NEXT 2140 0141 FILT. IF ANY
FZ KSTO • START OF COOL FOR 157 ORD FlI TS

LA XL .NIOl 1JE • N1URLIE INTO Xl
~J6t~ ZI.Lt)UP’L • TEST Xl. NOT 0 AND 1NIT FOR LOOP• 
~1 STOKEY • N1ORDE 0, STOKE V

LO$JPI • LOOP FOR 151 01W F1LTS
LA A2 .CCII,X 1 • CCII SUU—X1 INTO *2
FM 42.0,X3 • *2 TIMES X 5iJ8 X3 INTO A2
SA A2.*’. • *2 INTO A~eLA A2.bdL1.X1 • BB1t-i5$Jb—x1 INTO *2
FM A2.’TYII,X 1 • *2 TIMES VY II SUB-iXI INTO *2• FA 4’6.A2 • *4 PLUS *2 INTO *44
5* A4.VYII,X1 • *4 INTO yy1l—SuB—xl

40.A1I • *0 PLUS A14 iNTO A0 (Y ACCUMULATOR)
*1,LOOPL • NEXT 351 01W FILT. IF ANY

STUREY LA A44.O .*X3 • X-ibub-iX3 INTO *40 THEN INCREMENT
• *3 FOR NEXT X VALUE

SA A16 XPAST • All IRTO XPAST
5* *0.Ue*X’e • *0 INTO Y—SLâ.X4 THEN INCREMENT

• *14 FOR NEXT Y
X2,OUTLOO • NEXT POINT FOR FILTERING

LX X 1,SAVRE6 • RESTORE xl
LX x2 .SAVRc.G+1 • RESTORE *2
LX 3.S*VREG+2 • RESTORE *3• LX X’6.SAVNtG+3 • RESTORE X~4

14.X1,i • RETURN
LOURNF* • ENIKY FOR CALL. LODRNF

• ZEROS ALL STORAGE
LX .Xi X12,92 • 92 INTO Xi2
iI

ZENRNF* • ENTNY FOR CALL, £ERRNF
• • ZEROS ALL NO~1—COEFF , STORAGE

LX .XU *12.30 • 30 INTO X12
LOOPZ • LOOP ON ZEROING STEP

SZ XP*ST.Xl2 • 0 INTO XPaST+XU
J6C X 32 , LUuPZ • ~.EKO NEAT 0.04., IF ANY
J 1.X11 • METURN

• LNTRY FOR CALL ORDEK2IA.$.C.o)
• ~*5sL5 2u0 01W FILT COEFFSSX X1,SAVKLG • SAVE KE~ Xl

LX X1.NaOR~..E • i.2ORDE INTO Xl
LA a0.*O ,XL1 • A INTO *0
SA A0.CCI.h1 • A0 INTO cil—SUB-iXi
LA *0.*1.X1i • ~ INTO *0
5* *U.CC2,XI • #0 INTO CC2—SUB—*1
LA A0..2.xU • C iNTO *0
SA AU .bbl .AL • AO INTO 8HZ—SUB—Al
LA *U .*3.X11 • U INTO *0

• SA *O.b82.Xl • *0 INTo B132—SUB—X1
AX .XU *1.1 • INCREMENT *1• 5* X1.PE2OKUE • STOKE NEW N2OKDL
LX g1.S*VREG • RESTORE xi
J 51*11 • RETURN

uR~EH1e • LNT R~V F(iF~ C*L~ 0 FH1(A ,~ )
• PASSES 1ST 01(0 FILl CDt FF5

5* X1 .S*VMEG • SAVE KE~ Xl

_ _  __- - -r ~~~ •~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -
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LX Xl.N10R~E • N1ORL.E iNTO X l
• A INTO *0SA A0 ,(CZ1 ,xl 
• *0 INTo cclj—suo-ixjLA AO ,*Z.Xi.i 
• 8 INTO *0SA A0.udll,*1 
• *0 INTo 8811—SU0—xi*1.1 
• INCREMENT XiSX Xl.NlOp(i,E 
• STORE NL~ N1ORDEL* XL.SAVRtG 
• )4CSToe~E Xi3.XLt 
• HETUI4NEND
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