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\Q Filtering of underwater acoustic data IS an 6peration which is
typically performed in an analog manner. This operation is limited | :
in flexibility due to the quantity and availsbility of hardware and i i
limited in accuracy because of component tolerances, aging and envi-
ronmental deterioration. It is the purpose of this memorandum to
discuss the processing of broad band acoustic data using digital
computer filtering on digitized data. This procedure is limited by
the need for sampling rates several times the maximum frequency present
in the signal, but bypasses the above limitations by allowing the i |
simulation of a large number of filters. The accuracy is improved i
.and further computer processing can be applied to the results. 2
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A

While the computer programs are presently implemented to simulate
only Butterworth type low pass (LP) and band pass (EP) filter, . they
are general enough to allow expansion to include any filter which is
representable in terms of a finite pole-zero transfer function con-
figuration. The formulation presented here produces, under mild con-
straints, digital filters with the same impulse response as the
equivalent analog filter.

THEORY
Using z-transform notation (ref a and b), a time
x(kT) , k=0,1,2...

can be expressed as a function of a complex variable z by the transform:

1)  X(z)= ? x(¥t)-Z ¥

O

A linear filtering operation, such as that represented by the finite
difference equation:

N : :
2 &\.' ‘3(".‘)’ -JE..OL&.Y(Q.Q ) \7\"0,\.2"’
L=o
can be represented in z-transform notation by thepequatigp:

v, T
(1a) YO - HO- X(®) , wweee HiD: Fe T
& a1
=0

This equation is analogous to the continuous-time filtering operation
represented in Laplace transform notation as:

(2)  z(s)=H(s)-X(s)

Letting the z-transform of a sampled time function x(t) be denoted
X*(z) and lett the sampling operator on a Laplace transform be
denoted by (x(s))* (so that (x(sg)*=x*(z) ), we can examine the
conditions that are sufficient to cause the sampled output of a filter
to be equal to the output of the equivalent digital filter.

We will assume that X*(z) and H*(z) are equal to X(z) and H(z).
That is, the z-transforms used in evaluating the output of the digital
filter were derived by sampling the input to and impulse response of
the analog filter, or by an equivalent method.
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The relationship between Z(s) and Z%(z) is derived in two forms
by Freeman(a). They are:

(3) Z*(2)= id £ t the pol :
2)= Zresidues o 1-%6@.; e poles of'Z,(s)

and where T-1 is the sampling frequency {
@ zwer EZEeamdy va e S |
‘%_ E-o == ) y e it
Applying the sampling operator to eq.(2) » We have:
2*(z)=( H(s) X(s) )*
Substituting from eq.(4), we get: N
5 2w
(4a) @)= = g_“[“ s+ 2mil). Xor T2 )]

If both X and H are bandlimited (i.e. if
such that /a/AJ), then: (4a) reduces to-

T 20, (12 vyt
» TR X' T HW- X |

X(s) and H(s) are zero for all s |

Thus, if both X and H are bandlimited to less than half the sampling
frequency, then the sampled output of the analog filter will be equal
to the output of the digital filter amplified by the sampling period.

|
i
NUMERICAL METHOD }
1

. Many types of filters can be represented in terms of the pole-gzero
configuration of their transfer functions in the complex frequency
plane.

Their transfer functions then be written:
(8-1‘1)
(5) H(s)= ..

% ‘\lr(a-lij)
J=1

SIS —
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Using eq.(3) reduces (5) to:

4
% T‘; t{;'ﬁ\
H*(z): s ; 'y
K 3=\ z\—e.‘ F3 ‘ .‘!JS)(?:;'?Q\
in the z-domain. Letting: M 13
Aj=epjT and KJ= Kl‘& (?vl '\‘;)

w (-

L
R=\\1,

we have a sum of 1lst order terms:

K
H(z)= o N

FV o qeage )
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 -=C42 .21

1-By;.5714By2.372

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-transform notation.

The second order terms are thus realized by the equations:

for as many second order terms as there are (j=1,2,...), while the first
order terms are realized by the equations:

(k) -Bj.yj(k-1)=C4.x(k) » k=0,1,2... , Bj=Aj, C§=X
again for as many j as there are first order terms.
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The outputs ¥j (k) are then summed to give the filter output
¥(k) (for each k).” Note that this is justified by the linearity of
the z-transformation.

The filter constructed above is called a re numerical filter
(RNF), where the term "recursive" refers to the fact that past outputs
contribute algebraically to the present output.
PROGRAM INFORMATION

The computations above have been implemented in a series of
subroutines that are called by the driver subroutine BTRRNF.
BTRRNF computes the coefficients of a specified filter and passes
them to a routine which actually performs filtering operations.
BTRRNF is called by the FORTRAN statement:

CALL BTRRNF (NPOLES, ITYPE,CF,BW, T, IFERR)

VARIABLE PURPOSE TYPE INPUT/OUTPUT

NPOLES The number of poles in  INTEGER Input
LP version, where NPOLES$10

ITYPE A switch which determines
whether a LP or BP filter
will be generated. If INTEGER Input
ITYPE=0, then LP,
If ITYPE=1, then BP.
Note that shifting from
LP to BP doubles 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
secs
5
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An error indicator INTEGER Output
If NPOLES .GT. 10,

an error exists, IFERR

returns as 0. If all

goes well, IFERR returns

as 1

The filter is specified in the call, and if IFERR is return

TABLE 1

filter is loaded in the filtering subroutine.

If the filter typ
appropriate bandwidth
BP filter by substitut
frequency plane. This
of poles as mentioned

e is BP ( ITYPE=1l), a low pass filter with the
is set up and then bandshifted to produce the
ing (CF) /s'*s'/(cf) for s in the complex

is the operation which doubles the number

in table 1. Note also that the center

frequency is the geometric mean of the 3 dB points, not the algebraic

mean.

As mentioned above, a call to BTRRNF computes the coefficients

of the appropriate fil
RNF. This is the filt
FORTRAN statement:

ter and passes them to a subroutine called
ering routine and may be called by using the

ed as 1, the

CALL RNF(X,Y,N)
VARIABLE PURPOSE TYPE INPUT/OUTPUT
X 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
Y(N)
6
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N Number of points to be
filtered and size of INTEGER Input
X and Y arrays

Table II

For user's purposes, this subroutine can be treated as a black
box which returns one output value for each input value. By its
nature, it "remembers" previous inputs, even after it has returned
control to the main program. The user need not filter all the data
in a time series at one time, if, for example, the data are arranged
in several records on a tape. Consecutive calls to RNF using part
of the series at a time (in the right order, of course) will give the
same results as if all the filtering were done in one call. The
following calls give identical results:

CALL RNF(X,Y,1000)
CALL RNF(X,Y,500)
CALL RNF(X(501), ¥(501), 500)

The first is slightly more economical, but the computed results are
the same.

It follows that if the filter remembers previous inputs, there
should be a way to make it forget them, in order to pass unrelated
series through the same filter. This capability is provided in a

call which brings the filter to a fully relaxed state. This call,
in FORTRAN, is:

CALL ZERRNF
which zeros the memory elements of the filter.

BTRRNF and associated subroutines are located on FASTRAND file
S1787/LIBRY and are available for general use.
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SUMMARY

: The subroutine BTRRNF allows the simulation of Butterworth filters
‘ : on a digital computer. The method used is impulse-invariant in the

of the equivalent analog filter. It is expected that the errors

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

Steven R. van der Veen "' Z‘ )

Physicist

sense that the computer output is identical to the sampled output z
introduced by the use of a finite number system in the computer |
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APPENDIX A: SAMPLE PROGRAM

A record on FASTRAND file SRV/82875 was known to contain a
bottom reflected signal embedded in noise. Since it was known ?
that the noise level was high outside the frequency band 100-400 Hz,
it was decided to pass the signal through a bandpass filter with that
passband. A program listing of the sample program and the plotted

CALCOMP output (Figure 1) follow, demonstrating the use of the
BTRRNF subroutine.

e ——T -
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PRUUKRAM TO ULMONSTRATE UIGIIAL FALTERING ROUTINE UBTHRNF

ThHe FLIKLT RelORy ON FASTRANG FILE SRV/8B2875 wWAS

KNOWN Ty (VivjAIN A 1IME SERLIES wHICr WAS PREUOMINANTLY
NOASE OuTSiut THE FREWUeNCY BAND 100=-400 HZ,

THEREFORE 41 WAS UScD HRE 10 UEMONSTRATE THE USE OF
THe BANUPASS FILIER,

VIMENSLIO)y X(c(48) Y (2002) 0 IBUF (40Y6)
INnBLIALLZE PLOTTANG ROUIINE AND REAUD IN RECORD

CALL PLOIS (JUUFI4U96,3)
CALL PLOj(VUerU,0200)
CALL PLOj(UerleDr=d)
CALL FACTOR(,8)
1(1)5.,005

vo 3 134,2000
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V(I1)aY(l=1)*,005

CONTINVE

Y(2U0l)=g,.

Y(20u2)=1,

CALL FTRaN(1,'82875')

CALL FTRAN(S, 'SRV 'yL)

F(L)99,99,

ISECTR=)

CALL FTRAN (89 'SRV ISECTR,20489 Xy IFERR)
IF (LFERR41)Y908910

SET UP 4 5=PULE BP FILICR CENTERED AT 20V HZy 300 HZ
WIUE FOR A SaMPLING RATL OF 5000 HZ,

CALL BTRRNF (59102004300, 600020IFERR)
AF (IFERR iNE, 1) LO 10 9y

PLOT THe UNFLLTERED SIGihAL

CALE AAIS(0egUer "SIGIVAL AMPLETUDE ' ,1603¢9906,=,059405910,)
A(2U0U1)==,0%

A(2002)=,05%

CALL LINE(Y?PA)200V,1,0,0)

CALL SYMpOL(3,02,9906490 "UNFILTEREVY DATA'»U,015)

CALL PLOT(0eplher=9)

FILTER <00V POINIS UF TrE X ARRAY Anb PLUT THE OUTPUT

CALL RNF (X,R,c000)

CALL ARIS(UesUer "SIGNAL AMPLAITUDL® ;160309904 ,=,05040%9104)
CALL LINE(YPR,2000,01,000)

CALL SYMBOL (S, 026904450 "FILTLRED DaTu®eU, 0 19)

CaLl PLOT(LCer=l,0=3)

STV
STV 99
STuV Yo
STOP 97
eV

e e S AR A i AL 0, B e
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APPENDIX B: PROGRAM LISTINGS

All routines written for this program were written in FORTRAN V
for the UNIVAC 1108 with the exception of the subroutine RNF, which

was written in 1108 Assembly Language. Listings of all programs
follow.

T i B IR AR A MBI 550




00101
001u12
0010;
00101
0010
00102
00102
00101
00101
00101
00101
00101
00101
00101
00101
00102
00101
00101
00101
00102
00103
00103
00103

00103
00103
00103
00104
00105
00100
00106
00106
00106
00107
00107
00107
00107
00111
00111
00111
00111
00111
00112
00112
00112
0011%
00112
00114
00114
00114
001214
00115
00115
0011%
00115
00i1e
00117

i%
2%
%
Y
-1
O
=
8%
O%
10»
11x%
1%
1=
14=
15»
lo=
17»
18»
19»
20%
2lx
a2
238

24%
25%
26%
27«
28%
29%
30*
1=
32
33»
34
35=
J6%
37*
30»
39%
4us
4is
42s
43
44
45%
hox
47
Y1
49%
S50=
5%
b2x%
53¢
S4x
95%
S56%

OO0 O OO OO N ONOCOCn

OO QOCE O0O0O0O OO COH OO0

CABLA
uasrry FRACTY
s PAGE IS BB 20 ppg

oo oopy BEKISTE

SUDRUUTINE BTRRNF (NPOLES ITYPE)CFoBW, Ty IFERR)

*x SUBKROUTINE BTRRNF EVALUATES THE COEFFICIENTS oF
s+ A BUTTERWORTH FILTER, THE PARAMETER ITYPE

#x CONTROLS THE TYPE OF FILTER (LP OR BP), IF ITYPE
*x 1S 00 A LOW PASS FILYER IS GENERATED. IF IT

s% 1S Lo A BAND PASS FILTER IS GENERATED, NPOLES IS
s& THE NUMBER OF POLES AN THE P VERSION, THIS

s VERSION IS BANQSHIFTED IF A SP FILTER IS DESIREQ.
*x Bw 1S TnE BANDWIOTH OF THE FILTER, AND CF IS THE
*% CENTER FREQUENCY (IF ONE IS NECESSARY), T IS THE
#2 SAMPLING INTERVAL, ALL ARE IN UNITS OF HZ OR

s SECSe [IFERR JS AN ERROR INDICATOR AND WILL BE

% ) ON A NORMAL RETURN, NPOLES MUST BE ,LE. 10,

#% IN Abi. CASESe IF IFERR IS SET TO 1» A FILTER

*s HAS BEEN LOADED IN THE RNF FILTER SUBROUTINE.
#* SEE NUSC/NL TECH MEMQ 2211+309~70, 'A PROGRAM
*s 70 SIMULATE BUTTERWORTH FILTERS ON A DIGITAL
*x COMPUTER'

D0UBLE PRECISION POLE(2¢5) POLES(2+10),ZERO(201)¢
*ZEROS(2010) s SCALE TC

e 2 A A T A R

s¢ CONVERT NPOLES)T TO STORE IN PROGRAM
TC=T

N=NPULES

Ni=0 NUSC/NL Tech Memo

. i No. 2211-309-70
#& N MUST BE LE, 10, TEST IT i

IF(N +6T, 10) GO TO 100
s LUCATE POLES OF N=POLE LP FILTER WITH BANDWIDTH Bw
CALL BTRWRT(N¢BW)POLE )SCALE)MLoM2)

e jF JTYPE ,EQ@. 1» BANDPASS FILTER IS REQUESTED.
*& GENERATE IT AT STATEMENT 10

IF(IIYPE «NEo 0) 60 10 10

s& (ERyY ALL STORAGE IN RNF TO PREPARE IT TO
#& ACCEPT NEw FILTER COEFFS

CALL LOURNF

*& COMPUTE COEFFS OF FILTER AnD PASS THEM TO RNF
CALL RECURS(ZEROWN1»FOLEIMLoM29SCALE, TC)
o% ALL O,Ke RETURN

IFERK=1
Re TURIN




00117
00317
00117
00120
00120
00120
0012y
00120
00320
001212
00122
00323
00121
00121
00123
00123
00123
00123
00124
00124
00124
00134
00123
00126
00126

00126
00126
00127
00130
00131

$7=
S58%
99
60x
6l
(-¥1 ]
63%
4%
65%
6o
67»
68%
69s
70%
7=
72%
73=
T4»
75%
T6%
7=
78»
79
80%
81s

2%
83«
842
85»
8o%

OO0 OO0 OO0 N (2 X o X ¢

(2]

(g N2}

THIS PAGE 1S BEST QUALITY PRACTICABLE
raoloorxrunaas&nomonmc

—

*¢ CONVERT FROM LOWPASS TO BANDPASS IN S=~DOMAIN

10 CauLL LPTOBP (CFyPOLE 1M1 ,M2+ 2ERO, N1 s POLES s M3+ M4
#ZEROSIN2¢ SCALE IFRR)

s+ TEST FOR ERROR IN LPTOBP NUSC/NL Tech Memo
#& IF IFRR IS 00 AN ERROR EXISTS No. 2211-309-70

IF(IFRR ,EQs ©O) GO TO 300

*s ZERO ALL STORAGE IN RNF TO PREPARE IT TO
*s ACCLPT NEW FILTER CQEFFS

CALL LODRNF

** COMPUTE COEFFS OF FILTER AND PASS THEM TO RNF
CALL RECURS(ZERQS»N2,POLES,M3+M4,SCALE,TC)

s+ ALL O.Ke RETURN

IFERR=1
RETURN

*a ERROR RETURN wITH IFERR SET TO 0

400 IFERR=0

RETURN
END
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SUBRVUTINE Re(UhSLLERD Ny POLL 1M1y M2 0 SCALEPT)

2% THIS SULROVT INE FPERFORMS THE IMPULSE~INVARIANT TRANSFORM FROM THE
#s S=PLANE TO THE <=PLaNEes DOUBLE PRECLISION 15 KEQUIRED FOR
#% ALLURACY, nuTE THA) RECURS Wikl NOT HANULE MULTIPLE POLES,

s THE LERUS OF THe FILTER ARE TO Bt N [iv NUMBEK, ANU STORED IN ZERO(I,J)
a4« WHERE ZeROUL,J) 45 THE REAL FAR! F THE J=TiH{ (ERO» AND ZERO(2¢J) IS THE
s& JMAGINARY FPanrT OF Tk J=Th (ERO,

s» THe POLLS UF The FILTER AKE TO bk STORED IN POLE(1,J) WHERE I HAS THE
s% SAME MELNING AS BEFURE. IF J IS5 LESS THAN OF EQUAL TO M1, THE POLE IS A
#s REAL POLE Ay 115 IMAGINARY PART gl L HBE 2Eku, IF J IS GREATER THEN M1
#s THE POLE wiLlL Bk ONe OF A CuMPLEX PAIR. ON_Y OWt OF A COMPLEX PAIR IS
ex INCLUDED IN THE POLEL ARKAYs THE UTHER BEING PKESENT BY IMPLICATION,

as THeRE ARE 1V BE M1 REAL POLES AU M2 CONJUGATE POLE PAIRS, SCALE IS

®% THE FILTER amPLIFICATION CONSTANT, AND T IS THE SAMPLE INTERVAL, ALL
%¢ NON=INTLGEKR vAKLABLES AKE Ty BE UguBLE PRECISION EXCEPT FOR THE

#x ARRAY CONTAINING THe COMPUTED CUBEFICIENIS FOR THE RNF ROUTINE,

#% SEE WUSC/NL TECH MEMO 2211=309=70, 'A CUMPYTER PROGRAM
#s% TO SIMULATE BUTTERWORTH FILTERS O A DIGATAL COMPUTER!

O0UBLE PKECISION 1,SCALE, TBAR

YOoUbLE PRECISJON ‘(2)'P(‘)'TE"P'A(Z)OPOLE(leU,OZENO‘avzo)oT"P‘Z)
REAL COEFF (¢)

MTOTSMI+m2

U0 100 Iji=1vM7OT

4(1121.000

P(1)=1,000

P(2)30,0,0

£(2)30,000

. TEST FOR WU (ERUS
dF(N EQ@, 0) GO 10 131
#¢ COMPUTE PRULLCT UF (POLE(I1)=ZEKU(I)) FOR A_L I AND STORE IN £

V0 110 Iz1,N

TEMPSZ(1)#(PULE(L0]1])=LbKO(19)) )= z2(2)*(PULE (2,11)=2ERO(2)]))

L(2)=4(2)*(PuLb(1011)=2ERO(Le1) )¢ ZUL)*(PULL (co11)=26RO(2)]))
110 £(1)STEME
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e LOMMPUIE FikbuuLl Ve (POLL (L) =POLE (1)) rOK AL T JNE, II AND STORE
e Ui P

ccer

a4la U leU 1.1emul
IF(d oG, I8) GO 1y 29
lemPar (L)s (Pube (a2 4)=PULE(Dol)) = P(2)*(POLE(eIl)=POLE(2,]1))
PlelsP (g ys(FuLt (el )=POLC(1ypl)) ¢ PLI&(POLCt2r (L) =POLE(2,1))
k PLYISIEm

(8 NUSC/NL Tech Memo
L oax Tedi FOn REaL Putk No. 2211-309-70 |
¢ |

129 IF (1 LE, M1) QU 10 130

cecc

$e CONUWUGA IE Purk PALR, CUMPUIE TeKM FOR CUNJUGATE OF POLE(])

TEMPEP (L) s (PuLe (00l 1)=P0Lt (101)) = P(2)%(FOLc (2011)+POLE(2,1))
P(ISP(2)% (PULE(L011)=POLE (1s1)) ¢ P L)% (POLL(2000)+POLE(2,]))
Pil)sitmp

i 130 CONTIINUE

i d2u CONTINUE

) (9

! ¢ me LUCATE pOLE iN c=PLANE

: ¢

; Al1)S DEAP(FULE(L0 1) =T)aULOS(POLE(2,11)%1)

i Al2)= DEAP(FULE(L104])*T)20SIntPOLE(2041) %))

iﬂ g s
: C %8s COMPUIE (Z/raSCALESTe WMPLLIFICATION CONSTAI é
c !

TEMPSP (1)aPll)+P (&) »pP(2)
THOAKSSCALE/ fewPsT

TMP(L)= (BARS(P(1)#Z 1)+ (2)22(2))
(MP(2)= 1BaR&(P(1)82(2)=4(1)»P(2))

s TES! FOR KEAL POLE

AF(Ll oLis M) GU TO LSV

[ ol ol o

#4 COMPLEXN PULL==SLCONy UKUER FLLTER

[ ol o

COLFF (L)z2.,%1+P (L)

CUBFF (£)z2.%(A(1)% TMP(1)+A()* THR(2))
COtFF(3)z2,%a(1)

COLPF M)A (L))sA(L)2A 2)%u(2)

#3 LOAU COCFFICLENTS

cece

CaLL UKUg(CULPF(lloCULFF‘2)950tFr(5),¢0LFr(Q))
o v 10y

cee

o3 KEAL FO_E="F 4RS| ORUER ¢ILTLR

A5C CUEFF (1)=TmF (4) ‘
CUEFF(c)zA(d)

¢ 2e LOUAL COcFALLENTS

CALL UKD, (CYLrF (L) ,CUEFF (2))
LUU ONTdIvut

He T Uhae

Givl R AT PR W AR R S LA L I .




002101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00101
00103
00103
00104
00105

00106
00107
00110
00311
00111
00111
00111
0011}
00112
001135
00113
00113
00113
00113
00113
00113
00113
00114
00315
00120
00420
00120
00120
00123
00123
00123
00123
00123
00124
00127
90130
00a31
00133

L\*
2%
3%
L%
S»
(-1
7%
o
9%
10s
1%
12%
13%
14%
19%
16»
17
18
19%
20%
1%

22%
25%
24%
25%
26%
27%
28+
29%
30=
J3l*
3%
d3%
4=
35«
Jo*
37
38»
39=
4U=
41»
W2s
4W3»
(LY
Gox
46»
47
4ax
49¢
50»
Si*
52
53¢
S4»
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SUSRULTLie LETOBP(CF,PY oML M20219N1 P2y M3 MG,
#L 9N 1 50 sFERK)

*% 11ils SUSKOUTANE PERFURMS THE BANDSHIFT NECESSARY
*& TO CUNVERT A POLE=ZERO SET CENTERED ON THE REAL
s AXIS TO A PALR OF SETS CENTERED AT +=(Ck), 1IT

#% QOES THis BY THE TRANSFORM S=SPRIME/CF+CF/SPRIME ,
** THE POLES AU ZEROS 10 BE TRANSFORMEU ARE IN P1

#% AND Z1 AND THE RESULTS OF THE TRANSFORM ARE Iy

*%x P2 AND <2, NOTE THAT EACH POLE PROUVUCES 2

% POLES AND 1 <ERO(AT THE ORIGaN)s WITH THE OPPOSLTE
s* OCCURING FOR EACH ZERQ.

#% SEE NWUSC/NL TECH MEMO 2211=309=70, 'A PROGRAM
#% TO SIMULATE BUTTERWORTH FILTcRS ON A DIGITAL
»% COMPUTER' :

QUuBLE PRECISION P1(2+10),P2(2010)021(295)022(2059),
*ArtdeCorDIRIPHLIPIICFT
P1=3,141592623589793368D0

CFT=CF*P1*2,0u0 NUSC/NL Tech Memo
No. 2211-309-70

N2=0

M3=0

My=0

IFERK=1

=& MM=NUMBER OF POLLES
% NN=NUMBER OF ZEROS

MMM +2%Me
NhN=N1

% EACH POLE PRODUCES A ZERO AT THE ORIGIN AND EACH
*% (ERU A POLE., THESE wILL CANCEL, COMPUTE THE

#% UIFFERENCE LN NUMBER, IF MULTIPLE POLES OCCUK
*% AT THE ORIGIN (IF MM=NN ,LT, =1)» AN ERROR wiLlL
*% OCCUR IN RECURSe SO TEST MMe=nN,

L 1=MM=NN
IF(L1111e7e5
1 IF(11+41)20393

2% 100 MaNY 2ERQCS

2 IFERR=0

% PUT POLES Al ORIVIN, EVEN IF THERE ARE MURE ThAiv
2% UNE

30U & [s=1e]lr=]
M3sMi+1l
P2(1oM3)==1,u=05

4 P2(2sm3)50,000
60 Tu 7




00133
00133
00133
00134
00437
00140
00143
00143
00144
001467
00150

- 00180

00150
00150
00150
00153
00154
00155
00156
00157
00160
00161
00162
00163
00164

00165
00166
00166
00166
00166
00167
00167
00167
00167
00171
00172
00172
00172
00172
00172
00172
00173
00174
0017%
00476
00177
0000
00202
00203

25%
S56%
S57»
S8s
59»
60
6l
6e%
63%
(1% )
65»
66%
67»
o8»
69
70
Tix
72%
73«
Tux
75%
T6%
7%
78
79%

80%
81s
82x%
85%
84x»
85s
86%
87=
1.1
89»
90»
91
92%
93
Qg
95
Q6=
97+
98
99¢
100=
101»
102#
103#

aoc

(s aN X g}

(2N o X TN oX o X o

cOoOn

mpn ST

*% MURE POLES THAN ZEROS, PUT ZEROS AT ORIGIN

B NUSG/NL Tech Memo
22(1,Ne)=0,000 No. 2211-309-70
22(2,N2)=0,0U0

CONT LNUE

IF(MM)1101Y0

MTOT=M14+Me

ICNT=M3

~o

% SOLVE TRANSFURMATION EQUATION(CF/P24P2/CF=P1(1)=0)
5% FOR WEW POLLS

DO 10 Is1.MTUT
AZPL(1,1)
B3Pl (20 1) - i
C=2,0U0%A»p |
DZAsA=tsB=y  VUOSCFT*CF T {
PHISOATANZ (CoL) 72,000 |
SUSURT (USQRT(CaC+D%D)) {
C=R=*DCOS(PHI) /2,000 5,
D=R*DSIN(PHI) /2,000 i
ICNT=ICNT ) !

P2(1,ICNT)=A/2,000+C
P2(2y LCN()=8/2,000+0

% TEST FOr PLl(L) NUN=REAL
IF(I +6Te M1) GO 1O 9
s¢ PL(I) IS REAL, SECOND ROOT CUNJUGATE OF FIRST

MezMu+l
60 To 1V

s% PL(]) CUMPLEXs FIND SECOND RUOT, (ROOTS DUE 10
#% CONJUGATE OF Pl(1) ARE EGUAL TO THE CONJUGATE OF
%% RUOTS Due Ty PL1(1))

9 MuzSMy+)
JOUNTSICNT+3
P2(104CNT)SA/2,000=C
Pe(2,1CN1)=B/2,00u=0
MesSMy+1

10 CONT INUE

43 CunTihUE
IF(NN)RLicLe




ulﬂlfl"'cl
gD 10000 —
NUSC/NL Tech Memo
No. 2211-309-70
.
00203 105% C 2% SOLvE TRANSFUORMATION EQUATION(CF/224¢2/CF=21(1)%0)
00203 i0o» ¢ % FUR bW ZEROS
00403 107» C
00206 108» DU 20 131eNN
- 00211 1Q9+ N2=N2+1
00212 110= AS21(1.1)
00213 1lls B8321(<ce 1)
00214 1i2» C=2,0uusAsp
00215 113% O=A*A=B%0=4  UUOSCF T*CFT
00216 114% PAl=UATANZ(Coru) /2,000
00217 115# . R=USGURT (OSQRT (CeC+D2y) )
00220 116» C=R*UCOS(PHI) /72,000
00223 117s OsReuSIN(PHIIZ2,040
00222 118» 22(19N2)=A/240D0+C
: 00223 119s 22(2/)n2)36/2+0D0+U
} 00224 120s N2=N2+1
i 00225 121 22(2o0N2)=A/2.0D0Q=C
: 00226 122+ 22(2¢N2)36/24.000=0
} 00227 123% €0 CONTInUE
§ 00231 124+ €1 CONTINUE
00232 125* RETURN
00233 126» END
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00200
00103
00103
00100
001203
00103
001203
00104
00105
00106
00107
60110
001211
00133
00114
00115
00116
00117
00120
00121
0032w
00125
00126
00127

0013y

00332
00133

1%
2%
%

S5»
(.1 ]
Ts
8=
9%
10%
1=
12»
13%
14z
15»
16»
17
18=»
19=
0%
2%
22%
23
1%
25«
26%
27=

26»
29%
0%
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SUBROUTINE BTRWRT(Netsw,POLESSCALE ML oM2)
Dous E PRECISION POLES(2/N)sBWC/PIySCALE,XIND

*# UTRaRT LUCAIES THE POLES OF AN N=POLE BUTTERWORTH
*¢ FILTER WITH BANDWIDTH BW,

#s SEE NUSC/NL TECH MEMO 2211=309=70, 'A PROGRAM
*x [0 SIMULATE BUTTERWORTH FILTERS ON A DIGITAL
*% COMPVUTER'

P1=3,141592653589793368D0
SCALE=L,0V0
BwC=2.0004P1 %W
ICT=0
Mi=0
IF (N/282 +E@¢ N) GO TO 10
SCALE=BWC '
1CT=)
M1z
POLEs(1¢1)==BdC
POLES(201)=0.0D0

10 M2=N/s2
00 20 Is1eM2
ICT=1CT+)
XAINDz (N=1¢2#1)sP1/N/2,0D0
POLES (10 1CT)SBWCSDCOS (XIND)
POLES (20 ICT)SBWC*USIN(XIND)

20 SCALE=SCALE=bwCeBW(C
RETURN
END
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FROB 00PY NUSC/NL Tech Memo
No. 2211-309-70

00400 i O
00iuy € C s Mgy PROVIUES IMMELLATE LINKS UETWEEN RECURS
001v0u 3% L #s unD hiNFe ANU CAN BE oYPASSED WITH APPROPRIATE
00avy " ¢ %8s CALLY IF OESLIRED: b)Yy PROVIDING ENTRY POINIS
00suy 9% L as 'UKul(arB)' AND 'CRUZ(AsB,Cou)* AND THEN STUK1®
00200 b C  #*% Ay pe Co AND D IN ARRAYS
001uy 14 ] C
00ivo (-1 ] (8 ss LEE WUSC/NL TECH MEMU 2211=30U9=7U, 'A PROGRAM
0040y e C  ss 10 SIMULATE BUTTERWORTH FILTERS ON A DIGITAL
00iuo 106 C =& COMPUTEKR®
0010¢ 11= € !
00203 1% SUBRULVTIivE IMMED %
00109 1o% EnfRy VUkWl(ArD) ;
004105 14% CALL UKUER1(A9B) ?
00100 19% RE TUK(v
00107 lo* ENTRY ORDZ(ArBsCoD)
00411 17= CALL UKVER2(A'BoColi)
0011¢ L Re. TukH
001213 19» Env

T —

y s




QUAT; 11!ranﬂﬂﬁugﬁ

Wl ASM Kivwr o KiF ﬁ“mmsm
o RNF |S THE PROURAM THAT ACTUALLY IMPLEMENTS THE FILTER GENERLTED By
o SULRQUTINE HECUKSe 4T CONTAINS ENTRY POINTS FOR LOADING COEFFICIENTS
o FOR RELAXING Tre FILTER, FOR ZEROING ALL COEFFICIENT STURAGE, AND FOR
i e ACIUALLY FILTERING AN ARRAY QF POINTS.
s o SEE NUSC/NL TECH MEMU 2211-309-7U, A PROGRAM TO SIMULATE v
; . BUTTERWORTH FILTERS ON A D4GITAL COMPUTER! NEGAL Tats o
L ]
s REGNAM '
| $.0) « STORE DATA ON LOC CNTR @
g XPAST RES 1 o PREVIQUS VALUE OF INPUT
| - NS RES 10 + PREV yAL OF OUTPUYT» 2ND ORD Ffos
i Yve RES 10 e NEXT 7O LAST VAL oF OUTPUT» 2ND
‘ . ORDER FILTS '
Yril RES 10 o PREV VAL OF OUTPUT» 1ST ORD FILT&
N1ORDE RES 1 o NUMBER OF FIRST ORUER FILTERS
NQORDE ! RES 1 o NUMBER OF 2NU ORDER FILTERS
Celd : RES 10 e C=SUB=1 2ND ORDER FILTS
cce RES 10 o C=SUB=2 2ND ORDER FILTS
Bol RES 10 « B=SUB=1 2ND ORD FJILTS 4
[-]- ¥ RES 10 ¢ B=SUB=2 2ND URD FILTS
, cc1l RES 10 o C=SUB=1 1ST ORD FILTS
i gel1l R&S 10 e B=SUi=1 1ST ORD FJILTS
; SAVREG RES “ o TEMP STORAGE TO SpAVE REGISTERS
| $(1) + CODE UNDER LOC CNYR 1}
i RIVF & + ENTRY FOR CALL RNg(XoYoN) {
SX X1pSAVREG o SAVE RE6G x1
SX X2)SAVREG+1 o SAVE REG x2 ;
SR X39ySAVREG+2 o SAVE REG X3 f i
SX K49 SAVREG+9 e SAVE REG x4
[ X3,00X11 o ADDR(X(1)) INTO X3
LRI xy X301 e | INTO X3 INCREMENT
(R X4oloXl] o ADDR(Y{1)) INTO Xy
. LALoXu X4,1 o 1 INTO X4 INCREMENT
] X X2,%20X11 « N INTO X2 FOR LOOPING
ANX o XU X201 o IMITIALIZE X2
oUTLOO » OUTER LOOP FOR N gILTER OpS
Sé AQ e 0 INTO AOQ(Y=ACCUMULATOR;
LR X1 9N20RUE e N2ORDE INTO X1 .
Jo0o X1,L00P2 e TEST X1 NOT 0 AND INIT FOR LOOP |
J FIRSTO o 2OKRUE O RUN IST ORD FILTS |
: « LOOP FOR 2ND ORD ¢ILTS ;?
LA A29CCloXx} o CCl=SuB=X] INTC A2 | :
FM A2¢0s X3S e A2 TIMES X=SUb=X3 INTO A2
£ ) A2,A4 o A2 INTO 44
LA A2oCL20 X} o CC2=SUB=Y) Ii!TO AZ
FM A2+ XPAST o A2 TIMES XPAST INTO A2
FAN A4, A2 o AW MINUS a2 INTO &
LA A2,YY24X] o YY2eSyuBexy INTO Az
F™m A2oliB29 X | o A2 TIMES BB2=SUd=x1 INTO A2
FAN Au,A2 o A% MINUS A2 INTO 74
LA AgeYY1loX} o YY1=Sub=Xi INTO Ag 1
SA A2rYV20X1 o A2 LNTO Yyg-zUB=xX; *
K™ A2/)Bblex}) o A2 TINMES BBLl=b5UU=x1 INTQ a2
A L LYY V4 o A% PLUS A2 INTO &
§
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FIRSTO

LouP}

STUREY

LOURNF *

ZERRNF »

LOOPZ

ORVERRZ®

SA
Jou

Lx
Job

LA
FMm
SA
LA
FMm
FA
SA
FA
JeU
LA

SA
SA

X
L
Lx
LX

LXeXu

LXe XU
SZ

SX
LX
LA
SA
LA
SA
LA
SA
LA

AXo XU

SX
LX

SX
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A% YY1, k1
AU hb
X1 ,LO0P2

X1,MNIOKLE
A1,LV0P°1
STUREY

A2,CClirXxil
AZ2,00XS
A2, AN
A2,b8110X2
A2,¥Y11,X1
A4, A
Ab,YY110X2
AQ, A
X1,LO0PL
AY,0,%X3

Al o XPAST
AO,0, X4

X2,0UTL00
X1.,SAVRE6
X2¢SAVREG*+]
X3 ,SAVREG*2
X4, SAVREG*3
boX2d

X12092
$4+2

X12030

XPASTr»X12
X12¢LUVUPZ
1ex11

X1 9SAVREG
X1 ,NZORUE
A0, %00 X113
AO,LCl,4]
AQ,=1r X1
a0,CC2, X}
AQ,=20 X1}
AU,HBLl,A1
AO,230X11
AV,bBB2, X}
Xi,1

X1 s N2ORVUE
X1sSAVREG
$ex11

X1,5AVREG

® ® © & © 6 o & ¢ © » & & © o & © o % © o 0 © 0 © 9o © o & o o

NUSC/NL Tech Meme
No. 2211-309-70

A% INTO YYl=SUB=X1

A0 PLUS A4 INTO AO(Y ACCU“ULATOR)

NEXT 2ND ORu FILT, IF ANY

START OF CODE FOR 1ST ORD FILTYS

N1ORDE INTO X2

TEST X1 NOT 0 AND INIT FOR L.OOP

N1OROE 0, STORE Y

LOOP FOR 1ST ORUD FILTS

CC11=SUB=X1 INTO A2

A2 TIMES X=SuB=X3 INTO A2

A2 INTO A4

6811-SUbB=X1 INTO A2

A2 TIMES YV131=SUB=Xx1 INTO A2

A4 PLUS A2 INTO A4

A% INTO YY1l=SUB=X1

AO PLUS A4 INTO AO(Y ACCUNULATOR)

NEXT 1ST ORD FILT, IF ANY

X=5Ub=X3 INTO A& THEN INCREMENT
X3 FOk NEXT X VALUE

A4 INTO XPAST

A0 INTO Y=SUd=X4 THEN INCREMENT
X& FOR NEXT Y

NEXT POINT FOR FILTERING

RESTORE X1

RESTORE x2

RESTORE x3

RESTORE x&

RETURN

ENTRY FOR CALL LODRNF

ZERQS ALL STORAGE

92 INTO x12

ENTRY FOR CALL ZERRNF
ZEROS ALL NON=COEFF. STORAGE
30 INTO Xx12

LOOP ON ZEROING STEP

0 INTO XPAST+X12

ZERQ NEXT LOCe IF ANY
RETURN

ENTRY FOR CALL ORDER2(A:B¢C,»D)
PASSES 2ND ORD FILT COEFFS
SAVE REuv X1

~N20RDE INTO X1

A INTO A0

A0 INTO ccl=SUB=~X}

8 INTO A0

AO0 INTO CCe=5UB=X}

C INTO w0

A0 INTO BH1=-SUB=X1

U INTO a0

A0 INTO BHZ2=5UB=X1
INCREMENT X1

STORE NEw N2ORDL

RESTORE x1

RETURN

ENTRY FUR CALL VRUERY(A,5)
PASSES 1ST VRO FILY COCFFS
SAVE REG X1

1

TR
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t: :::rzrfﬁ s NIORUE INTO X1
» SA AG.CCl1lox2 : 2o’"§° g
LA AU elonia g e i
i:.)(u :2-':6110X1 o A0 INTO BR11-SUbt~X1
o xl.NloﬂuE o INCREMENT X1 ~
= A8 e o+ STOURE WEWw N1ORDE | &
- - ;(u 3 o RESTURE X1 i :
Ew [ ° RE‘W“




