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AN ITERATIVE TECHNIQUE FOR DESIGNING FINITE IMPULSE RESPONSE CHEBYSHEV MTI
FILTERS WITH NONLINEAR PHASE DELAY

by

R.W. Herring

ABSTRACT

A technique for designing finite-impulse-response (FIR) equiripple

. i . . high-pass digital filters with nonlinear phase, suitable for use in radar

’ ~ moving-target-indication (MTI) systems, is described. The

optimization of such filters in both the time and frequency domains

is discussed, and comparisons are made betwéen the spectral
performance of nonlinear-phase filters and that of linear-phase filters ' |
designed to meet the same stopband bandwidth and attenuation ' ’ o |
specifications. In 92 out of the 94 cases examined, the transition !
\ bandwidth between the stopband is narrower for the nonlinear-phase |
' filter. In the MTI application, this characteristic makes it possible to - o : ‘

detect targets of lower radial velocity. Listings of Fortran programs~

" for designing these nonlinear-phase filters are included.

1. INTRODUCTION

The object of this note is to describe a technique for designing
finite~impulse~response (FIR) digital filters with nonlinear phase-delays
for use in radar moving-target-~indication (MTI) systems. he optimization
of such filters in both the time and frequency domains is discussed, and
comparisons are made between the spectral performance of rnonlinear-phase
filters and that of linear-phase filters designed to meet the same stopband
. bandwidth and attenuation specifications. In 92 out of 94 cases examined,
P : the : transition bandwidth between the filter stopband and passband is narrower
‘ : for the nonlinear-phase filter. In the MTI application, this characteristic
, S makes it possible to detect targets of lower radial velocity.

x

It is well known from digital signal theory (e.g., [1]) that delaying
a sampled data sequence by a fixed amount imposes a shift or delay in the



relative phases of its spectral components which is linear with frequency.
One of the great advantages of FIR filters is that they can be designed to
have such a linear phase-delay, so that their only effects are to modify the
magnitudes of the spectral components and to delay the sequence by a fixed
amount.

In contrast, infinite-impulse-response (IIR) filters and nonlinear-phase
" FIR filters have nonlinear phase versus frequency characteristics. The use of
nonlinear~phase filters may increase the complexity of any coherent post MTI
signal processing, but since the phase characteristics of these filters are
deterministic, any unde51rable effects due to the phase nonllnearltles can be
compensated.

Houts and Burlage [2] have described the advantages. to be derived by

. using Chebyshev equiripple FIR filters in MTI systems, and they have published
computer programs [3] for the design and evaluation of Chebyshev filters
having linear phase-delay. Their design procedure is based on a computer
program for designing equiripple FIR linear phase digital filters [4] using
the Remez exchange algorithm.

2. BENEFITS OF NONLINEAR PHASE

The removal of the linear—~phase constraint can result in improved MTI
performance in both the spectral and the time domains. The parameters of
interest in MTI filter design and defined in Table 1 and depicted in Figure

1. The standard definitions of equiripple FIR filter parameters (e.g., [5])
are defined in Table 2 and depicted in Figure 2. Note that the standard
definitions refer to a filter designed to have unity gain in the passband,
whereas for MI'I applications, it may be desirable to have non-unity passband

gain in order to have 0 dB white noise power galn and/or 0 dB minimum pass—
‘band gain.

.The,improved spectral performance obtainable from nonlinear-phase
equiripple FIR filters relative to linear~phase equiripple FIR filters can
be realized in three different ways. First, smaller ripples in either the
stopband or passband' ripples- (or both) can be achieved for given values of
fgrops fppgg and N. Smaller passband ripples mean increased Agp-and thus
greater clutter suppression. Decreased Rpp means that a higher detection
threshold can be used without a loss of target visibility due to signal
attenuatlon in the filter passband.

Second, the transitlon band, or the band of frequencies between fSTOP
and fppgg, can be made narrower. Such a narrowing of the transition band, is
useful when enhanced low-velocity target visibility is desired in the presence
of stationary clutter of finite bandwidth.

Third, the performance of a given llnear—phase filter can be approxi-
mated, except for phase, by a nonlinear-phase filter with smaller N. Thus
enhanced incoherent. integratlon gain can be achieved from a given fixed
number of radar pulses, since a greater number of 1ndependent filtered output
pulses are then available for integration [3].
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TABLE 1
Definitions of Equiripple MTI Filter Parameters

number. of weights in filter impulse response

{0 < n < N-1) filter impulse response

Doppler frequency (Hz)

) absolute magnitude of the MTI filter response

complex magnitude of the MTI filter"respopse
frequency of upper edge of filter stopband (Hz)
frequency of lower edge of filter passband {Hz)
radar pulse-repetition frequency (Hz)
pegk—to—peak gain ripple in filter passband (dB)

minimum filter attenuation — measured from bottoms of passband ripples to peaks of stopband
ripples {dB)

wHite-noise~power gain (dB)

minimum gain in filter passband (dB)

[H(H)] (dB)
&

FILTER GAIN IN dB VERSUS DOPPLER
FREQUENCY IN Hz.

— - f (Hz)
fsTop fPass 05 fpR

Figure 1. Definition of Equiripple MTI Filter Parameters




TABLE 2

€ amplitude of passband ripple {linear)
€5 amplitude of stopband ripple (linear)

(other definitions as in Table 1)

T N
hﬂ_ﬂ_._.;._._' _____ j>$hd<<:f_._._.§§>_

FILTER GAIN VERSUS DOPPLER
FREQUENCY IN Hz.

i
|
|
[
I

_ [ f (H2)
0 fstop frass 05 fpg

Figure 2. Standard Definition of Equiripple High-Pass Filter Parameters

_ In Tables 3 and 4 there can be found examples showing each of the three
forms of benefit déscribed above. The filters summarized in Table 3 were
designed to have Agg = 50 dB and values of fgpop ranging from 50 Hz to 400 Hz.
Those summarized in Table 4 were designed to have Agp = 30 dB and values of
fgrop ranging from 100 Hz to 400 Hz. In both tables fpr = 2500 Hz. For

some sets of design parameters no results are shown, since such filters

could not be designed subject to the constraints Gyyp = 0 dB and Gpgy = 0 dB
(vide Tables 3a and 3e). .

The relaxation of the linear-phase constraint also allows some latitude
in the choice of the filter impulse-response function (IRF), because there
are several possible IRFs corresponding to a particular spectral amplitude
function. Each of these IRFs correspbﬁds to a different phase~delay c¢harac-—
teristic, but since phase delay is of no concern, it now becomes possible to
select a particular IRF on the basis of its time domain characteristics.
Three possible criteria for this selection are: (I) a mini-max criterion,
which attempts to equalize the magnitudes -of the IRF weights by selecting
that IRF having the smallest value of’ the ratio of the largest to smallest
weights; (II) a criterion which minimizes susceptibility to numerical over-
flow by selecting that IRF having the minimum absolute sum of its weights;
‘or (ILI) another criterion which attempts to equalize the magnitude of the
IRT weight by selecting that IRF having the minimum variance of the magni-
tudes of its weights. Criteria I and III should theréfore select IRFs which
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are less susceptible to disruption by impulsive noise, whereas Criterion II

is based on minimizing susceptibility to numerical overflow. The evaluation
of the -suitability of these criteria or the proposal of others remains as a

topic requiring further investigation. ' '

TABLE 3a

Comparative Examples of Equifipp/e Finite-Impulse-Response MTI Filter Characteristics

LINEAR PHASE NONLINEAR PHASE

. . : Reduction of Reduction. -
Number of Passband Lower Passband Ripple Passband Lower Passhand Ripple Passband Lawer in Passhand
Weights N Edge (Hz) foass (dB) Rpg Edge (Hz) foass (dB) Rpg Edge (Hz) - Ripple (dB)
5 477 271 . - : - - —
6 537 © 330 390 212 147 1.18
7 392 2.48 376 2.07 16 . 0.41.
8 421 2,52 . 347 " 1.93 74 T 059
9 386 2.16 "~ 319 1.79 67 - 0.37
10 350 " 208 292 1.64 58 0.41
11 352 2.00 270 151 82 0.49
12 301 1.73 251 1.40 50 -0.33
13 317 1.82 234 _ 1.30 . 83 0.52
14 265 1.51 219 122 - 46 0.29
15 286 1.65 206 1.14 " 80 0.51
16 237 1.34 195 1.08 42 " 0.26
%TOPZQEHZ fpg =2500 Hz" . Agp =50dB Gyynp = 0dB Gpgy = 0dB
TABLE 3b
‘Comparative Examp/es of Equiripple :.C'inite-lmpu/s-e-l?esponse MT! Fifter Characteristics
LINEAR PHASE ' NONLINEAR PHASE : . .
e Reduction of Reduction
Number. of Passband Lower Passband Ripple Passband Lower Passband Ripple- Passband Lower in Passband
Weights N Edge (Hz) f, h oo (dB) Rpg Edge (Hz) foass (dB) Rog Edge (Hz) -Ripple (dB)
5 718 4.30 576 3.48 142 0.82
6 539 3.33 482 2.87 57 0.46
7 556 3.44 416 2.45 140 . 099
8 423 2.54 367 2.14 56 0.40
9 455 2.80 ‘ 332 1.90 © o123 . 0.90
10 352 - 2.07 300 . 1.72 ' 52 . 035
o 36 2.35 o282 1.60 04 . 075
12 . 303 1.76 280 1.60 23 0.16.
13 337 2.03 274 1.57 63 - '0.46
14 . 288 . 1.66 263 152 25° . 0.14
15 300 1.79 252 1.46 48 - 0.33
16 284 1.65 240 1.39 " 44 0.26
tsTop =50 Hz fpp = 2800 Hz. Agg =50dB Gyyppy =0 0B Gppgpy =0dB

PB




TABLE 3¢

- Comparative Examb/es of Equiripple F inite-Impulse-Response MT/ Filter Characteristics

LINEAR PHASE

Passband Ripple

Number of Passhand Lower
Waights N Edge (Hz) fpa oo (dB) Rpg
B 793 5.38
.6 542 3.37
7 583 3,78
8 537 3.33
9 469 2.96
10 477 3.01
11 397 2.47
12 419 2.64
13 346 213
14 372 2.33
15 " 340 " 2,09
16 335 2.09
forop = 100 Hz fp = 2500 Hz

NONLINEAR PHASE

Passband Lower-
Edge {Hz) fPASS

591
532
511
462
417
© 380
349
332
330
321
308
293

ASB =:50dB

TABLE 3d

Passhand Rip
(dB) Ry,p

3.67
3.37
3.13 -
284
2.56
2.31
2.1
2.01
2.00
1.95
1.88
1.79

Gynp

Reductioﬁ of Reduction

ple Passhand Lower in Passhand
Edge (Hz) Ripple (dB)

202 1.71

10 0.00

72 0.65

75 0.49

62 040

97 0.70

48 0.36

87 0.53

16 0.13

51 0.28

32 0.21

42 0.30

=0dB Gpgy = 0dB

Comparative Examples of Equiripple Finite~Impulse-Response MTI Filter Characteristics

LINEAR PHASE

Number of Passband Lower  Passhand Ripple
Waights N Edge (Hz) fPASS (dB) RPB
5 810 5.65
6 818 5.76
7 654 3.55
8 627 426
9 617 4,14
10 519 3.45
11 536 3.60
12 493 3.25
13 471 3.14
14 472 3.14
15, 423 2.80
16 436 2.90
fgrop = 200 Hz fpg = 2500 Hz

NONLINEAR PHASE

Passband Lower
Edge (Hz) foass

807
648
634
580 -
522
479
479
458
431
407
405
397

ASB =50dB

Passhand Ripple

(dB)‘ RPB

5.61
4.28
"4.16
381
3.40
3.30
3.0
2.97
2.80
2.64
2.62
2.58

Gwnp

=0dB

Reduction of Reduction
Passhand Lower in Passhand
Edge {Hz) Ripple (dB)
3 0.04"
170 1.40
20 -0.61
47 0.45
95 0.74 -
40 0.15
57 050
35 0.28
40 034
65 0.50
18 0.18
39 . 0.32
.

pem ~ 0B

«

S
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LINEAR PHASE

TABLE 3e

Comparative Examples of Equiripple Finite-Impulse-Response MTI Filter Characteristics

NONLINEAR PHASE

Reduction

. ~ Reduction of :
Number of Passband Lower Passband Ripple Passband Lower Passband Ripple Passband Lower in Passband
Weights N Edge (Hz) f o0 (dB) R Edge (Hz) fpagc "~ (dB) Rpg Edge (Hz) Ripple (dB)
5 - - - - - -
6 - - _ - - -
7 - - 871 6.66 - -
8 873 6.65 789 4.89 84 1.76
9 815 5.58 754 5.50° 61 " 0.08
10 716 5.28 684 5.68 32 -0.30
11 723 5.35 686 4.92 37 043
12 703 5.16 646 4.61 57 " 0.55
13 636 5.39 " 636 4,52 0 0.87
14 647 4.74 618 4.39 29 0.35
15 640 4.68 596 4,07 44 " 0.61
16 607 3.97 593 - 4.20 14 -0.23
fgrop =400 He fo = 2500 Hz Agp =50 dB Gyyyp =0 dB Gpgy =08 .
» TABLE 4a
Comparative Examples of Equiripple /:inite-lmpulse-Resp onse MT/ Filter Characteristics
LINEAR PHASE NONLINEAR PHASE »
A . . A Reduction of Reduction
Number of Passhand L.ower Passband Ripple Passband Lower Passhand Ripple Passband Lower in Passband
Weights N Edge (Hz) foass {dB) Rpg Edge (Hz) foasS " {dB) Rpg Edge (Hz) Ripple (dB)
5 492 . 2.65 489 2.78 3 -0.13’
6 534 3.27 455 2.61 79 0.66
7 485 2.79 407 2.35 78 0.44
8 422 2,53 365 2.12 57 0.41
9 428 2,53 330 1.91 98 0.62
10° 353 2,09 302 1,75 51 0.34
11 374 2.23 279 1.62 95 - 0.61
12 306 1.80 270. 1.56 36 C0.24°
13 332 1.98 268 1.55 64 0.43
14 278 1.49 262 1563 - 16 -0.04 .
15 298 1.78 253 1.48 a5 030
16 275 1.61 243 1.43 32 0.18
fsTop = 100 Hz fpg = 2500 Hz Agg =30dB Gyynp =0dB Gpgy =0 dB




TABLE 4b

Comparative Examples of Equiripple Finite-Impulse~-Response MTI Filter Characteristics

LINEAR PHASE

Number of Passband Lower Passband Ripple
Weights N Edge (Hz) foass “{dB) Rpg
5 766 4.97
6 549 3.46
7 479 3.73
8 521 - 3.28
"9 474 3.03
10 79 3.0
11 409 2.61
12 428 2,74
13 395 . 2,62
14 386 2,48
15 384 2,46
16 ‘363 2.28
fSTOP =200 Hz fPFi = 2500 Hz
LINEAR PHASE
Ninmber of v éassban'd Lower Passband Ripple
Weights N Edge (Hz) fppoq (dB) Rog
5 822 5.85
6 829 5.95
7 773 5,06
8 600 4,66
9 669 4.75
10 645 455
11 588 417
12 597 4.24
13 584 4,15
14 548 3.91
15 555 3.96
16 548 3.90
tgrop = 400 He fp = 2600 Hz

NONLINEAR PHASE

Passband Lower

Edge (Hz) f

A

S

PASS

594
503
‘506
469
428
394
387
380
366
349
334
331

B=30dB

TABLE 4c

Comparative Examples of Equiripple Finite~-Impulse-Respanse MTI Filter Characteristics

Passband Ripple

{(dB) RPB

371
3.64
3.12
2.91
2.67
2.47
2.42
'2.39
. 2.31
2,21
2.12
2.11

WN

-NONLINEAR PHASE

Passband Lower

Edge (Hz) f

A

S

PASS

822
759
697
630
630
593
579
567
543
542
530
518

B=30dB

Passband Ripple

P=OdB

(dB) Reg

5.84
4.66
4.85
497
4.35
4.10
4.00
3.92
3.77
3.7
3.68
3.55

WN

P;OdB

Raductio_n of .
Passband Lower

Edge (Hz)

172
46
74
53
46
85
22
48
29
37
50
22

Reduction of
Passhand Lower

Edge (Hz)

70
76

39
52

30
41

25
30

Reduction
in Passband
" Ripple (dB)

1.26
-0.18
0.61
0.37
0.36
0.58
0.19
0.356
0.21
0.27
0.34
017

G M=OdB

PB

Reduction
in Passband
Ripple (dB)

0.01
1.29
0.21
-0.31
0.40
0.45
0.17
0.32
0.38
0.16
0.28
0.35

G M:0dB

PB
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3. OUTLINE OF THE DESIGN PROCEDURE

The technique for designing nonlinear-phase FIR filters is based on a
procedure first suggested in [6]. This procedure involves the design of a
prototype linear-phase FIR. filter having an IRF hp(n) of length (2N-1) and an
amplitude response in the frequency domain H,(f) equal to the square of the
magnitude of the desired frequency response, It is shown below that this
prototype filter cannot be designed directly from the desired parameters of
the nonlinear—phase filter, but that an iterative technique must be used.

A property of linear-phase FIR filters W1th real—valued IRFs is that 1f
zy is a zero of the IRF, then so are z, 1, zo and (z,~ ly* where * denotes

complex conjugate ([1]; page 159). Note that if z, is real, then z, = zg and
also, if [zol = 1, then z, -1 = zk, so that roots can be real and 51ngle, or
occur in conjugate pairs (if [zo = 1) or in reciprocal pairs (if z, is real),

or in conjugate-reciprocal quartets (if,[zo|_# 1 and z, complex). In general,

of the 2(N-1) zeroes of the (2N-1)-length prototype filter, there are k pairs

of reciprocal real zeroes, & quartets of conjugate reciprocal zeroes and
= (N-k-28-1) pairs of double zeroes on the unit circle. To extract an IRF
h(n) of length N, it is necessary to discard one zero of each of the m pairs

‘of double zeroes, one zero of each of the k pairs of reciprocal zeroes, and -

one palr of conjugate zeroes from each of the £ quartets of conjugate-
reciprocal zeroes. This leaves a set of (N-1) zeroes which is expanded to
produce a real-valued IRF of length N.

A set of M IRFs of length N can thus be derived from the (2N—l) length

'prototype filter, where

. 2(k+2,—1)

Note that one zero or pair of conjugate zeroes can be arbitrarily chosen to
lie inside or outside the unit circle, since the only effect of this choice
is to reverse the IRFs in the time domaini i.e., h(n) is replaced by h(N-1-n).
for 0 <n < N-1,

An upper bound on M as a function of N is given by

N - S{[ (=2)/21-1)
Pon T |

where [x] denotes the largest integer less than X, so it can be seen that the
set of IRFs to be examined can contain of order 210 for N=24, Hence the
optimization techniques described above can become quite time-consuming for
filters of such length. This limitation, however, should not preclude the
use of these procedures for designing .filters of the lengths usually consid-
ered for MTI applications (e.g., N < 20; so that M < 256).

4, DESIGNING THE PROTOTYPE FILTER

' In order to make use of the standard filter design algorithms, it is
first necessary to define the filter ripple parameters (R ASB) of interest
to radar MTI designers in terms of the standard linear ripple parameters
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(el,ez), It can easily be shown from Figufes 1 and 2 that

(Rpy/20) ,
e = 10 -1 : (1)
1 (Rpp/20) ‘ :
10 +1
and
1 - ¢ .
1 "
g, = S ) (2)
2 1oBgp/20) 5
- In the standard design procedure for linear-phase FIR filters [3], if
N, £ £ and f are specified, then only the ratio

STOP®> “PASS

W =.el/eé | | ‘ (3).

can be gpecified as a free parametefn This restriction can be circumvented
by allowing fppgg to be varied in an iterative manner until that value for
fpagg is found which gives the desired values for e and hence g [3].

A similar iterative procedure is necessary in the design of nonlinear-
phase FIR filters. -For the design of the linear-phasé prototype filter H,(f)
(see Figures 3(a)-3(c)), it is necessary to specify 2N-1, farops fPRs 61 and
89, where &7 and S, have to be spec1f1ed in terms of e and €n. The outline
of the scheme for relating the 6's and e's is pictured in Figures 3(a)~3(c)
and is similar to that of [6] except for one detail pointed out below. TFor -
clarity the scheme is described progressing from the original prototype filter
Hy(£) (Figure 3(a)) to the intermediate filter Hy(f) (Figure 3(b)) to the
fnnal prototype filter H,(f) = ]H(f)l (Figure B%C)) In practice, the actual
progression is from specifying H,(f) to specifying Hy(f) in terms of H,(f),
since Hy(f) is the filter which gs actually d331gned u51ng the algorltRm

£ [4].

HI(f) is related to Ho(f) by the transfdrmation

HI(f) = Ho(f) + 8, 4)

In the time domain this is'equivalent to

h (n), 1 < |n| < N-1
hy(m) =4 ° (5)
h (n) + 62,' n =0,
Hp(f) is in turn related to HI(f) by the transformation
Hp(f)-= K HI(f) | : (6)

which becomes in the time domain

v

"
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—» f{Hz)
_82___

0.5 fpRr

]

Figure 3(a). Originé/ ‘Linear-Phase Prototype Filter Frequency Response

LY

|“8|*‘82_ — e — - —‘/Y —_—— e

%)

| » f (Hz)
. 051pr

Figure 3(b). Intermediate Linear-Phase Prototype Filter Frequency Response ‘
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Hp(f) = H(f)]?
-4

u+e,>l2_ _______ ~——ﬁ———_ﬁ—_

(1-€)%

2
0 - i > f(Hz)
o fsTop frass ' 0.5fpR
Figure 3(b). Linear—Phasé Prototype Filter Frequency Response
ho(@) = Kh(@), -W<n<N-l (7)

where K is a scaling factor, It is in the determination of the factor K that
this development differs from that of [6], for it can be noted that a scaling
by the factor (l+62) does not produce a filter |H(f) with equal (linear)
magnitude ripple excursions above and below unity gain.,

Since it is the parameters Rpp and ASB and thus €1 and e9 which are
specified by the filter designer, it is necessary to invert the above
functional relationship to.derive expressions for &, and 8y in.terms of €
and €9. This being done, it is a straightforward matter to use the linear-
phase FIR filter algorithm to determine the (2N-l)-length IRF hg(n).

It can be seen from eqn. (6) and Figures 3(b) and 3(c) that

2 ) . '
(1 + el) = K(1L + 8§, + 62) . (8)
2 .
(1 - el) = K(1L - 51 + 62) 9
and .
e% = 2K 52 ' (10) -

Some algebraic manipulation shows that

W

.

o,

in
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Gy

13

451 o o
8, = | (1
1 2 o =2
2 + Zel ey
e? :
. 2 . .
S, = - (12)
2 2 - g2 )
‘ 2 + 251 52 . A
_-and
K=1+¢e2 = 2 O (13) |
1 2 28 -

It is'now a simple matter to derive h (n) from hy(n) in terms of these factors
.as outlined above, and then to derlve a nonllnear—phase N—length IRF h(n)

5. GAIN NORMALIZATION

It is often useful to design MIT filters which have 0 dB white-noise
gain., This means that the white-noise power in the filtered signal is the
same as that in the unfiltered input signal, so that in the absence of clutter,
the false-alarm probability Ppa is not altered. Such normalization is easily
accomplished [3] by invoking Parseval's theorem

ol 0 g L |
g2 =1 |h@)|? = 2] |H(£)|? df : (14)

n=0 . : : o

to compute the white noise power gain g2 by means of a simple summation.
Scaling h(n) by g~ ~1 produces a filter with unity white noise power gain
(GWNP 0 dB) and leaves ASB and Rpp unaltered Note that this procedure is
valid for any FIR filter,

It can also be useful to design a filter which has both Gyyp = 0 dB and
a minimum gain of unity in its passband (Gppy = 0 dB), This means that the
probability of detection Pp in the passband will not be reduced by filter
attenuation in these passband ripples. This goal can be achieved by an
iterative procedure., In this case it is the passband ripple that is altered
until the desired characteristics are obtained. The procedure-is to specify
N, ASB and fgp, select an arbitrary reasonable value for Rpp and design a
filter using the iterative procedure described above. Based on whether this
filter has Gppy greater or less than unity gain, the value for Rpp is-
increased or decreased respectively and another iteration is carried out,
This procedure is repeated until convergence to Gpgy = O dB is achieved to
within an acceptable tolerance,

6. COMPUTER PROGRAMS -

The program MPMIIPSF generates nonlinéar-phase FIR MTI filters for

specified values of Nf fSTOP’ fPR, ASB and RPB' Parameters to speelfy the
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grid density for the design of the prototype filter [4] and to select the
impulse~response design criterion must also be provided. This program is
listed in Appendix A, and the detailed operating instructions are given there.
Typical times required to design a filter using a Xerox Sigma 9 computer range-
from 2.2 sec for N=5 to 28.4 sec for N= 16 :

The program MPMTIPSFO generates nonlinear-phase FIR MTI filters with
GpgM = O dB. The same parameters as for the program MPMTIPSF must. be spec¢ified
by the user, but here the parameter Rpp is used only as an initial value which
is then modified by the program to converge to Gpg = (0 'dB, Hence the choice
of a starting value for Rpp near its final value can significantly reduce the
time required to de51gn a filter., This program is listed in Appendix B.
Typical running times on the Sigma 9 can be 1 to 10 or more times as long as
for the program MPMIIPSF, depending on how good an estimate for the initial
value of Rpp is used,

Appendlx C contains.the listings of the subroutines required by the
programs MPMTIPSF. and MPMTIPSFO. The subroutine REMEZ and its ancillary
subroutines have not been included,; since they are readily accessible else-
where [4], but note the modiflcatlons required in the dimensions of the
COMMON block variables.

7. SUMMARY

It has been shown in Tables 3 and 4 that, for the typlcally narrow stop-
bands used in radar MTI fllters, nonllnear—phase filters can be designed which
offer superior visibility for low-velocity targets, relative to that offered
by linear—-phase filters de81gned to the same stopband specifications. It has
also been pointed out that the time-domain response of such nonlinear—phase
MII filters can be optimized without altering the filter power response in
the frequency domain., The details of the design procedure have been described,

and - listings of Fortran programs for implementing the procedure have been
provided :
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APPENDIX A

" PROGRAM MPMTIPSF

o

-

I




e
iy

12
13
14
15
16
17
18
19
20
21
22
23
24
23
26
27
28
29
30
31

7y

Wk Al

33
34
35
34
37
38
39
40

OOO0.0S‘JO

[y
OO NS LD W R

Ckx
Cxok
Chkxk
Cex
Ckxk
CHxx
CHxk
CXx
Cxx
Ckxk
Ckxk
Cxx
Cxx
Ckx

- Ck%

Cx

P ¢

CRX
Ck%k
Ckxk
Cx%
CHx
Cxk
Ckxk
Ckxk
Cxx

- CEX
. C****X************************#***********Y******X****X************#****A

PRDGRQH MFMTIFSF
WRITTEN EY R.W. HERRING> COMMUNICATIONS RESEARCH CENTRE: OTTAWA

MODIFIED FROM LINEAR FHASE MTI FILTER DESIGN FPROGRAM
WRITTEN BY D.W. BURLAGE AND R.C, HOUTS, MICOM.

THIS FROGRAM IS USED TO LESIGN MIXED FHASE FIR DIGITAL FILTERS

| O SOR R K KRR IO SRR R SRRSO KK 30K kKR R HOK KK KO KRR SO ROk K ook

XK

FOR USE IN MTI RADARS AND IS A MORIFIED VERSION OF THE MCCLELLANMX

‘FROGRAM WHICH EAS PURLISHED IN THE DECEMBERy 1973 ISSUE OF THE

TEEE TRANSACTIONS DN AUDIO AND ELECTROACOUSTICS.
MODIFICATIONS IMCLULE:
1. LIMITED TO HIGHFASS FILTER DESIGN. :
2+ NORMALIZES COEFFICIENTS W.R.T. SUM H(IX%X%2 (FGN = O LR),.
3+ COEFFICIENTS EQUALIZED FOR OFTIMUM NOISE~REJECTION ‘
FERFORMANCE .
INFUT nLaTaA CONSISBSTS 0 F 0N E CARD
I N FREE FORMAT (VARIARLES SEFARTED RY COMMAS) !
1. MFILT - NUMBER OF FILTER WEIGHTS (.LE. 73).
2. LBRID — GRID RENSITY -- LGRIDAMFILT .LE. 1200 .
' ' IF LGRIO = Os PROGRAM DEFAULTS TO MAXIMUM VALLUE.
IF LGRID = 1 FROGRAM USES MINIMUM VALUE FOR LGRID
WHICH LEALS TO CONMVERGENCE. _
FROGRAM CHECKS VALUE FOR LGRID AND ENSURES THAT
‘ AT LEAST TWD GRID FOINTS LLIE IN STOP BANI.
3. STOFF -~ UFPER EDGE OF STOFRANL (HZ).

4, FRF =~ PULSE REFETITION FREQUENCY (HZ).

5. ASE - STOPBAND ATTENUATION (DE).

4, RFR - PASSEAND RIFFLE (DE), '

7. MODE ~ SELECTS RULE FOR CHOOSING FARTICULAR FILTER

CIMFULSE RESFONSE:

IF MDDE = 1s MINI-MAX RATIO RULE IS USED.
IF MODE = 2y MINIMUM ARSOLUTE SUM RULE IS USED.
IF MODE = 3y MINIMUM VARIANCE RULE IS USER,

COMMON /JHFFC/ FIsFCUsFUFYWTXsyRATIOESDELLESDELRy
NFILTsNEGsNODLiy LGRID A
COMMON. FI2s ALy DEVs Xy YyGRIDSDESyWT y ALFHA» TEXT s NFUNSs NGRID

DIMENSION H(150)RO0TR(1350) yROOTI(1S0)

XK
XK
*¥k
b8
*X
XK
*H
Wk
*K
ok
KK
Xk
KX

X%

KK
Kk
KK
Xk

K%

*E
Fok
X%
b 4
¥k
*k

<

L1




42

44
45
46
47
- 48
49
350

51

LR

b 6ikd

1] iqn

96
57
SR
59

- 40
41
&2
&3
&4
45
b6
&7
&8
49
70

ey
4

73
74
e
74
77

78
70

s

80

41

43

72

™
-

OG0

10

20

DIMENSION IEaT(??)pAD(??)yéLFHQ(??)9 (7%)sY(79)
DIMENSION EXTF(79)

DIMENSION Z{150) .
DIMENSION DESfi“OO)p&RIh(l“OO);NTki“OO)

DNOURLE FRECISION FI2«PI

DOURLE PRECISION ADYDEVeXsY
DDUBLE FRECISION HyRDOTR9RQOTIyDTFMF949Lﬂumivj

DARSUM» SCALE
"LOGICAL SPTFLG
IATA RATIO/L./sNEG/0/ s NOID/1/
FI = DATANZ(O.I0s~1.,[0)
FI2 = 2,T0%FI
J = NTIMER(O)
SFTFLE ~ +FalSE,

FROGRAM INPFUT SECTIORN.

INFUT HMFILTs LGRID: STOFFy FRF: ASE: RFE » MODE
IF (MFILT JLE. 1) 8TOF

IF (MFILT LFE. 75) GO TO 20

WRITE (108+15) '

FORMAT(/7 MFILT SET TO MAX ALLOWED VALUE —— MFILT =

MFILT = 75

FIND NORMALIZED STOF FREQUENCY: LINEAR RIFFLES AND WEIGHT.

FCU STOFF/FRIF
CRP 1O KK RFRAR0 D

El = (CRF-1.)/7(CRP+1.)

E2 = 10.X%k(~ASKE/20.0%(1.~F1)
WEIGHT = E1/E2

DENOM = 2.4+(2.%¥E1XEl-E2XED)
Il = 4,%E1/0ENDM

D2 = ERKER/DENOM

WTX = (4.XE1)/(E2XE2)

NFILT = 2¥MFILT-1

NFCNS = MFILT

LGRIDM = 1200/NFCNS

FROGRAM DESIGN MAX 75 TAPRS / LGRID = 1200/MFILT

81




81
8z
83
84
85
86
87
88

89

PO

P11

e
93

94 -

935

26

?7

g8 -

99

100 -

101

102 -~

103

104 -~
105

106

107 -

108

109 -
110 -

14

112

113

ii4

115
116

117
‘118
119 -
126 o~

GOO

[ R

a0

"7‘

AL

=

30

4

%

IF (LGRID LE. 0) LBRID = LGRIDH

ITEST = LGRIDXNFONS :
ENSURE AT LEAST 2 GRID POINTS IN STOPRAND.
IF (2./FLOATCITESTY .LE. FCU) G0 TO 30
LGRIT 2+ /(FCURFLOAT(NFUNS ) Y +1 6

ITEST LGRIDKNFONS

IF (ITEST .LE. 1200> GO TO 31

LGRID = LGRIDM .

IF (SFTFLGY GO TO 30

i

ESTIMATE FASSEANDI FREQUENCY

IF (FCU .GE., 0.04) GO TO 35

CHEBYSHEV LOWER BOUND ESTIMATE FOR FCOU +L.Ts 004

XT = (1.+01)/02

X

YT = (l.-D1y/N2

COSHIX = ALOG(XTHSRRTC(XTHL )X (XT~1.3217

COBHIY = ALOGCYTHSART (Y THL 0% (YT~1.232).

DELF= (CO‘HTX SHRT((CU?HJX+CU SHIY )X (COSHIX- LG”HIY})szFT*(NFl[T
GO TO 45

HERRMANN ESTIMATE (ESTJ) FOR FCU oGE. 0.04
DIl = ALOGLOCI)

2L ALOGLOITZ) :
FROo= 11.01217 + 0.51244 % ALOGLO(WTX?

CDINF = ((0,005309KD1L+0.07114)K0EL~0. 4761 ) kD21

=0, 00266XD1L+0. 5941 % 01L~0,4278

BELF = (NFILT-1)X(SART{1. F4KFRRDINF /A (NFILT=1)K%2) -1,/ (2 kFK)

FUF = FLU4DELF
IF (FUF .BE. 0.4) FUF = 0y4
FST = O.4%DELF '

ITER = 0
ELAST = 0.
FLAST = 0,

©ODEL = 0.001%02

IF (FUF (LE+ 0.4%) GO TO 50

1
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61




121
100
123
124
125
126
127
128
129
130
131
132
133
134
135G
134
137
138
13¢
140
141
142
143
144
145
144
147
148
149
1
131
152
15
1q4
15%
154
157
158
159
L&o

gOooOonn

oganoo

S0

1

.40

40

30

WRITE(108s A0y FUR

FDRMQT(JHO;’+++UNSULCEqSFUL BFSIGN BEEAUSE FQSSF/FRF = yFb.4y

% ‘5 WHICH IS GRFATER THAN Q.4 +++’ )
GO TO 300

CALL HFFH

ITER = ITER+]

CHECh FOR FDNUERGENLE

ERROR = D“"EQHEL”
IF.(ABS(ERRDK)«oIko LELY GO TO 70
FTEMF = FUF
FUF- = lLAcT ((FIﬁHT !UF)*FIQST/«&IQCTMIHRUH))
FLAST FTEMF
ELAST w,EhRDh
CFUFPY 60260530
FUF = FLAST-=SIGN(FSTsERROR?
GO TO S0
FQQbF = FUFXPRF

CAaLCULA T E° I MPFULSE RESFIOINSE aF
S UaAaREDTD FILTER WITH
LT N E A R FHASE .

NHl = NFENS-1

NZ = NFCNS+1

ng 30u J o= 1y NMi

H{J) = O«ﬁ*ﬁlFHﬁ(N? 1)
HINFILT+HL-dY = H{.D

HENFONG)Y = ﬁLFHA(L)+UfU’MT(JJ

S0 L.VE FOR M I XE I FHASE
IMFPULSE RESPONSE.

CaALL RTSQF(HsNFILTFCUROOTRyROOTI y MONsMOFF s NCOMEYNRIG)

EXFAND RUUT& TO DERIVE MAXIMUM FHASE IMPULSE RESFINSE.

DTEMF = DARS(H(1)Y)
CALL EXFﬁNDkMDN+MDFF ROOTR » RODTT s MTERMS » ZyH)

4

0¢




161
162
1463
164
165
164
167
168

169 -

17¢
171
172
173

174
175

174
177
178
179
180
181
182
183
184
185
186
187
188

189
1920 .-
191 -
192

193 .

124 =~

195
B

A9 -

198 -
200

C

e

O n

IF (MTERMS LEQ. MFILTY GO TO 340
IF (LGRID LEQ. LGRIDM) GO TO 333

CIF WE GET HERE, SPLIT DDUBLE ROQTS FOUND ON UNIT CIRCLE. .
DOURLE THE GRID DENSITY AND TRY AGAIN.. :

LGRID = LGRIDKD
SPFTFLG = TRUE.
GO TO 25
333 WRITE (108s335) MFILT +MTERMSLGRIDM ,
335 FORMAT(/’ ERROR: MTERMS .NE. MFILT. MFILT =/5I4s7s MTERMS =7y
X T4 USING MAXIMUM ALLOMED VALUE FOR LGRID $/5I%y7.,7)
GO TO 350 ‘ :

FI WD T-H E OrFTIMUN MIXED-FHALGE
’ FILTETR.

340 CALL OPTMPF (MODE, MONMOFF o ROOTR ROOTI » MTERMS»Z)
FROGRAM O0OUTPFPUT SECTION.,

A0 WRITEC108,359)
359 -FORMAT (130
CALL NEWFAGE (108)
WRITE(L08:360) , ' ,
360 FORMAT(LHL» 82CLHI /75K, ‘FINITE IMPULSE RESFONSE (FIRY s
X - 2 OFTIMUM MIXED PHASE DIGITAL FILTER DESIGN 7 / 10Xs
¥ -7 FOR REMOVING GROUND CLUTTER IN MTI RALIAR SIGNAL FROCESHOR//)
WRITE (108,341) MFILTLGRIN:ITER ' ' ;

361 FORMAT (23X 1457 TaP FILTER

% OLLGRIN = T4y )/ /23Ky TCONVERGENCE AFTER » I3y
X ~ 7 ITERATIONS /)
IF (MODE. EQ. 1) WRITE(LORBy345)

' 345 FORMAT(/31Xy "MINI-MAY FILTER’/)

IF (MODE LEG. 2) WRITE (1083663 '
db66 FORMAT (/725X y "MINIMUM ARSOLUTE SUM FILTERZ.)
O IF (MODE - LER. 3 WRITE(LOB367)

367 FORMAT(/23Xs MINIMUM ARSOLUTE VARIANCE FILTER/)

COSCALE = 2,00/ (DSORT (L. D0+ (ESDEL1THESIELD )
S C . 4DSORT(1.00-(ESDEL1-ESUELR)))

12 .




~  ZNORM = SCALE HSGRT(DTEMF)
- E1C = 0.5%SCALEX
- X (DSORT (1 D0+(ESDEL1+ESIEL2) ) ~ISART (1, 10~ (ESDEL 1~ESDEL2)))
- E2C = SCALEXDSART (2. DORKESTELR)
- WRITE (108y390)
= 390 FORMAT(/31H BAND LOWER ENGE UFFER ELGE s5Xy
- ko 'WETGHT 2 5Xs 'RIFFLE’ y5Xy "RIFFLECIR) */2X5 66 (1H-))
- HPRF = FRF/2.00
- DESTOF = ~20.% ALOGLO(ERC/(1.~E1C))
- DEFASS = 20.% ALOGIOC (1.4 ELC)/(L.~E1C) O
- WRITE (108s410) STOFFe WEIGHT: E2Cs LRSTOF
- 410 FORMAT(2Xs "§TOF 0,007 s 2(FLR.2)vF11.5F14,2/)
- WRITE (108+420) FASSFs HFRFs E1Cs DEFASS
420 FORMAT (2X» ‘PASS’»2(F12.2) +8Xs 1,007 sF11,5sF14.2
. X BXy &b (1H=) /7

NORMALTZE FILTER TO UNITY AMPLITUDE GAIN IN FASSBAND AND
CALCULATE NOISE FOWER GaIN (PGNY IN IR

3
:

FIRGN = 20, %Al Gh10(1¢+LJE1
- SMON = 20.%AL0DG10CL ~EL1C
- SUM = 0.00
- ' o0 370 K o= LyMFILT

LORY = Z{RKIKZINORM

IF0 BUM = SUMFZRINZ(K?

- FEN = 10.00%AL0G10(SUM?
- SRTSUM = SQRT(SUM?
- WRITE (10B«373) FONsPRONs SMENy (Z (l\yJ = LeMFILT)
- 373 FORMATOIHQ " QRIGINAL TalF GAINSY NDISE FPOWER GAIN = f9F7 .3y

¥ 0 LB SS23RyMAX BATN IN FASSRAND = F7.3»

O DRLS//23Xy TMIN GAIN IN PASSEAND =/F7.3y 7 DR, (2K LOF1O. 8D

NORMALIZE Z(K) W.R.T. FGN AND COMPUTE. NEW PGN = O DR

i
Sy

- FRGN = FRON-FGN
- MGEN = SMGN-FON
- SUM = ¢,

- SMAX = 0.

- MIN = Z,237E7
244 IABSUNM = Q.00

(A4




DO 380 K = LyMFILT : .
ZIK) = Z{KI/SRTSUM ’ . ‘ g
OTEMF = DABS(Z(K)) ' ' ' ’
CUARSUM = DARSUMADTEMF
IF (OTEMP JLE. ZMAX) G0 TO 373
IMAX = DTEMP
KMaX = K
G705 TF O (OTEMP GE. ZMIN) GO TO 380
IMIN = DOTEMP
KMIn = K
380 SUM = BUMTZKIKZIK)
FOGH = 10.% ALOGLOCSUM)
: WRITE (108:385) FGNy FI&Ny:MDH?(7(I)yJ = 1y MFILT)
EBE FORMAT (A LHGy 7 NORMALIZET TaF GAINS: NOTSE POWER GAIN = “»F7.3,
¥ 7 DB, /725Xy TMAX GAIN IN FASSRAND ="F7,3,
A7 DR //725Xy MIN GALN INM PASSBRAND *’F/ By DR, /2K LOF10.5))
THFRAT = ZHMAX/ZMIN '
, WRITE (108,327) HM&X?KMIN?TﬁPR&TyHﬂBSU%aNGDMB;NBIG
287 FORMATC/ 70 TAF7 I3y’ HAS GREATEST MAGNITUDE, ’
¥ A0 TAR » I3y 7 HAS SMALLEST MAGNITUDE.
% /70 RATIO OF GREATEST TO SMALLEST TAF WEIGHTS I8/,F8.2
# 70 ABSOLUTE SUM OF TAP MAGNITUDES IS/ +F7,3
R S0y I2y 0 PATRE OF ROOTS COMBINED,
% : ZI00 e Ly LARGE ROOTS DISCARDED. 7/)
DO 450 0 = 1eNZ
450 EXTF O = GRIDCIEXT(J) yPRF .
CURITE(LIQB458) (EXTF{A) v = 12NZ)
455 FORMATOZ 7 EXTREMAL FREQUENCIES (HZ) -
* SO {LOFLO. 370 ) '
WRITE(LOE 440
60 FORMATCLHO82CTH&)

g g
LA d

Gu T FuUT FILTER FARAMETERS AN
WETGH T;5 CFOR P LD T T I MG . ‘ ‘

CWR fof§0>}480) Mfliva;lCR?U?)THFF?Iﬁ‘&F}fhrvlfwaTUHT;
‘ X CDESTOF A DRFASES s FENy PRGN » MODE
480G inhﬁﬁrf75¥1J?[4U?i\axvpjoUVFJoKylruwzyll)
_ WRITE(106v4903 (Z(I)»d = 1«MFILT) ‘ ’
CAR0 FORMATILIOFS.5) ' - '

€z
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281 - 500 CONTINUE -

282 - J = NTIMER(1)

283 - TEMP = FLOAT(J)/S00.

284 - WRITE (108:510) TEMF ' : . :
285 - 510 FORMAT(// COMFUTATION REQUIRED’sF7.2y7 SECONDS OF CFPU TIME.’/)
2884 - GO TO 10 '

287 - END
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PROGRAM MPMTIPSFO
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\bwd.v\*.r
S v A

i
CHX
Rk

Wl
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XK
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Cxx
Cxx
Cx¥
Cxx

OxX%

Caex
Cxx
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(988
CxX
CxXxk
LXK
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FROGRAM MFMTIFSFO- ‘
WRITTEN BY R.W. HERRINGy COMMUNICATIONS RESEARCH CENTRE: OTTAWA

MODIFIED FRON LINEAR FHASE MTI FILTER DESiGN FROGRAM
MRITTEN BY D.W. RURLAGE AND R.C. HOUTS, MICOM.

O R OO SRR R ORI R SRR
THIS PROGRAM IS USED TO DESIGN MIXED FHASE FIR DIGITAL FILTERS
FOR USE IN MTI RADARS AND. IS A MODIFIED VERSIDN OF THE MCCLELLANXX
PROGRAM WHICH EAS FUBLISHEL IN THE MECEMEER, 1973 ISSUE OF THE X

IEEE TRANSACTIONS ON AUDIOD AND ELECTRDALGUSIILSo X¥
MORIFICATIONS INCLUDE: o ' _ KK
1. LIMITEDY TO HIGHFASS FTITER ﬂESIGNo‘ _ , X
2. NORMALIZES COEFFICIENTS W.R.T. SUM H{(I)%¥2. (PGN = 0 DRY. %X
3., MINIMUM GAIN OF O IR IN FASSEANID. xR
4. COEFFICIENTS EQRUALIZED FOR OFTIMUM VDISE REJFLT]UN X
FERFORMANCE . , XX

INPFUTY LAaTa LCONSISTS 0 F ONE CARDEID K

I N FREE FORMAT (VARIARLES SEFARTED RY COMMAS) @ XX
1. MFILT - NUMRER OF FILTER WEIGHTS (.LE. 73). XX
¢ LGRID - GRID DENSITY -~ LGRIDXMFILT .LE. 1200 . B ¥x

‘ IF LGRID = Oy FROGRAM DEFAULTS TO MAXIMUM VALUE. | XX
IF LGRID = 1 FROGRAM USES MINIMUM VALUE FDR LGRIDE X%

WHICH LEADRS TO CONVERGENCE. XK
FROGRAM CHECKS VALUE FOR LGRII AND ENSURES THAT ¥
AT LEAST TWO GRID FOINTS LIE IN BTOF BANI. X
3. 8TOPF - UFFER EDGE OF STOFRAND (HZ). XX
4. FRF - FULSE REFETITION FREQUENCY {(HZ). HXK
S+ ABE -~ STOPBAND ATTENUATION (DRY. SRk
6. RFE - FASSEAND RIFFLE (DR). _ ' KX
7. MODE - SELECTS RUEF FOR CHOQSING FARTICULAR FILTER X%
IMFULSE RESFONSE:D- ' ¥k
IF MODE = 19 MINI-MAX &ﬁTTD RULE IS USED¢ ¥R
IF MODE = hy MINIMUM ARSOLUTE SUM RULE IS USEI. KX
IF MODE = CMINIMUM VARIANCE RULE IS USED. *XK

**&*********k**xx*ﬁw**&*&***#*$*X$$***$$************ SRR K I KKK KKK
‘COMMON /HFFC/ FI+FCUsFUFPWTXyRATIOsESDELLsESIELZy

: NFILTs NEGe NODDLGRID
COMMON FIZ2+ADDEV Xy Y GRIDDES o WT «ALFHA TEXTy NFONSsNGRID

* -~ - e ) . .o . O

9T




41

47

43
44
45
46
47
48

49"

50

3:"‘}

o
© 53

94
95

36
a7

58 o

59
40
&l

42
63
44 -

.65
66

68
69
70
71
72

ok
74

75

- 76
;:7];
78

. ‘7 ,

z

'EVEO:'J

C

o

DIMENSION H(150) sROOTR(150) »ROOTI(150)

- DIMENSION IEXT(79)sA0(79) sALFHA(T79) s X (79)9Y(79)

10

- CRF
El = (CRF=1.)/(CRF+1.)"

DIMENSION EXTF(79}

DIMENSION Z(150) :

DIMENSION ﬂES(iQOO) CRTD(1q00)9UT(1”OO)

DOUELE FRECISION FIZ2sFI

DOURLE PRECISION ALsIEVsXsY

LOURLE FRECISION HvRﬂUTh9h60115UlFVF ?y]NURMv
DARSUMBCALE

LOGICAL SFTFLG

LATS RATIO/ L. /?NEG/O/VNUﬁU

I = HﬁTﬁNq{O LGy —~1. DO;

FIZ2 = 2,D0KFI

J =‘NTIWEH(O)’

SFTFLG = .FalLBE,

_TTFR =0

PROBRAMN INPUT SECTION.

CINFUT MFILT» LGRID, STOFF, FRF; ASEs KPR » MODE

IF (MFILT L.E+ 1) STOF

IF (MFILT LE. 75)'GD‘TO'?0

WRITE (108y1%) S
FORMAT(/ MFTLT SEF TO MAX ALmern UALUE,uw MFILT = 75/)
MFILT = 75 . c '

FIND NORMALIZED STGP FREQUENCY, LINEAR RIFFLES AND WEIGHT.-

STOFF /FRF
10 XK (RFR/Z0 )

FCu

#

E2 = 10,3 (-A5R/20. )*(L¢~E1)
WEIGHT = F1/E2 - .
DENUM wA~.+(2+*r1$E1~F’WL”)
Il = 4. KEL/DENDM -

CNR = E2XER/DENOM

}MTX = (4. KELV/(E2¥ER)

CIF (ITFR «NES - 0) DD TO 50
CNFILT = QXMFf[Twl S

NFCNS = MFILT. -

ILZ




81
82
. 83
84
85
86
g7
88
a9
90
9
o
93
94
95
94
97
o8
99
100
101
102
103
104
105
104
107

1ow
116
i1l1
112
113
114
115
114
117
118
119
120

(.

LGRIDM = 1200 /NFCNS

Iy

FROGRAM DESIGN MA 73 TAFS /7 LGRID = 1200/MFILT

IF (LGRID LLE. 0) LGRID = LGRIDM

ITEST = LGRILXNFONS -

C ENSURE AT LEAST 2 GRID FOINTS IN STOFBANI.
IF (2./FLOAT(ITEST)Y LE. FCUY GO TO 30
LGRID = 2, /7(FCU% FLDAT(NFCN%))+1¢ »
CITEST = LGRIUKNFUNS

IF C(ITEST LLE. 1200) GO TO 31

LOGRID = L.GRIOM ‘

31 IF (SPTFLEY GO TO S0

SN IR N ]
Lo £ I

ESTIMATE FASSRAND FREQUENCY

SRS R

IF (FCU .GE. 0,04) GO Y0 35

CHEBYSHEY LDQER BOUND ESTIMATE FOR FCU LT, 0.04

[t

XT (L. +013/7D02

YT (1.-01)/702

COBHIX = ALOGIXTHEARTCXTHL 2% (XT~1,2)

COSHIY = ALOGCYTHEART (CYTHL 0 %(YT=1,2))

DELF=(COSHIX~ SGhT((COSHIX+CUdHlY)¥(CU SHIX=-COSHIY ) ¥/ (FIR(NFILT-1))
GO TO 45

it

HERRMANN ESTIMATE (BST.A) FOR FOU LGE. 0,04

s

a1l ALDGL1O (LY

D2 ALDGLGL2) .

FR o= 11.01217 + 0.91244 % ALOGLO(WTX)

LDINF = ({0, 005309%NIL40. 071142 kD1L -0 4781 ) %D2L

X ={0: Q02866XDLL A0, H5FA1IXDLL~0,4278

DELF = (NFILT-1)X(SQRT{L,+4 kFRRDINF/INFILT=10%0k2Y~1,) A {2, ¥FRKY
45  FUFP = FCU+DELF :

IF (FUP +GE. 0.:4) FUF = 0.4

FET = Q.4XDELF

IS
]

|

ELAST = ¢,
FLAST = Q.

" . . . . I <

8¢




121
122
123
124

125

124

127
128
129
130
131

133
134

- 134
137
138
13%
140
141
143
143
144
14%
144
147
148

149 -

150
1351

152

153

154
155
156
157

158

159
160

fp]

60

30

DEL =-0,0001%02.
IF (FUFP .LE. 0.43) GO0 T0O 30
WRITE(108240) FUF-

,FURMAT(lHOy’+++UN8UCCESSFUL BESIGN BECAUSE FASSF/FRF = “sFé.4y

C e WHICH I8 GREATER THAN 0.4 +++7 )

- GO TO 300

CALL HPFH
ITER = ITER+1

CHECK FOR COMVERGENCE

FRENR = OR2-E8nFL?

IF (ABS(ERROR)Y LE. DEL) GO TO 300

FTEMF = FUF ,

FUF = FLAST~((FLAST-FUF)YXELAST/ (ELAST~ERRORY)
FLAST = FTEMF T

ELAST = ERROR

IF (FUF)Y 60560449

FUF = FLAST~SIGN(FST»ERROR)

GO TO 5O :

T CALCULATE IMPULSE FE &S FONSE 0 F

wd

sUARERD FILTEHR W I TH
LI NEAR FHASE.,

NML = NFON&S-1

NZ = NFONS+1

0o 305 0 = 1yNML
HOA) = 0.3XALPHAINZ D)
HINFILTHI-Jdy = HCD

HONFONSY = ALFHACLYHDEV/WT (D)

SOLVE FOR MIXED FHASE
IMFULSE RESFONSE.,

CALL RTSAF (HNFILTsFCUsROOTRyROOT Ty MONy MOFF s NCOME s NETG) -

-ExpaNbinoofs,To NERIVE MAXIMUM FHASE IMPULSE RESPONSE.

. DTEMF = DARS(H(1))

6¢




141
1462
163
164
165

149
170
171
172
173
174
175
174
177

180
ig81
182
183
184
1835
186
187
188
189
190
171
192
193
194
195
196
197
128
199
200

166.
167
1 &8 -

. 178,
179

OO0

OoOn

Gome

o€

CALL EXFAND(MON+TMOFF - ROOTR» RUUTTyHTERMSyZyH)
IF (MTERMS .EQ. MFILT) GO TO 340
IF (LGRID .EQ. LGRIDM) GO TO 333

IF WE GET HEREy SFLIT DOUELE RODTS FOUND ON UNIT CIRCLE:
DOURLE THE GRID DENSITY ANI TRY AGAIN.
LGRID = LOGRID%E.
SPFTFLLG = «TRUE,
GO TO 25
333 WRITE (108»X35) HleTyNTERM%gLChIﬁM _
335 FORMAT(/’ ERROR: MTERMS .NE: MFILT. MFILT =’sI4s° MTERMS =75
X CI45 7 USING MAXIMUM ALLOWED VALLUE FOR LGRID X’pt PR
GO TO 350
FIND T HE OF TIMUM MIXEDI ~FHASE
O F I LTER & :

340 Call UPTMPF(MUBE?MDN;NQFF?RUUTR?RUOTI9MTERMSEZ)
FROGRAN ouTPUTYT SECTION.

A50 8CALE 2.0/ (NSART (1. DO+ (ESDEL 1+ESDELZ) ) _

X - +ISERT L . DO~ (ESDEL1I-ESDEL2Y)) ‘ ' -
ZNORM SCALEXDSQRT (DTEMF) ‘ - :
E1C = 0.5%8CALEX .

X% (BERRT (L. DOF(F&UFLlFFbBEL“)) ~USART (1. O~ (F“HFI1 FbUFLE)))
E2C = SCALEXDBRRT (2. 0DO0XESDELD)
FASSF = FUFXFRF
HFRF = PRF/2.00
BESTOF = -20.% ALOGLOCERC/(1.-E102)
ORFASE = 20.% ALUGLIOC (1.4 E10)/7(L.-ELC) 2

i

i

NORMAL IZE FIITFR TO UNITY éMFIlTUH& GAIN IN FAS SSEAND AN
CALCULATE NOISE FOWER GAIN (FGNY IN.- IR

FRGN 20.%XAL0GLOCT AHELIC)
SMGN 20. *ALDG?O(1¢ -E1C)

SUM = 0.00
no 370 K o= 1+MFILT

I




201
202
203
204

205

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

THIYY
A
223
224
ey
a e nd

e

Lo o,

227
209
23X

232

233

2364
237
238

240

228

234

233

239 .

23O -

G

347

390

[ 4 L 7]
Z(KY = Z(K)YXZNORM
370 SUM = SUMHFZARIRZ(K)
FGN = 10,00%4L0G10(SUM)
SRTSUM = SART{SUM) ' :
IF (ARS(SMON~-FGNY LE. 0.001) GO TO 358
RER = FKGN-FGN
GO TO 20 ﬂ
358 WRITE(L1O085359)
359 FORMAT(1X)
CalLL NEWFAGE (LO8)
 WRITE(108y360) :
3460 FORMAT (1H1y 82(¢1H%)//5Xs FINITE IMPULSE RESFONSE (FIR) ‘s
% s OPTIMUM MIXED FHASE DIGITAL FILTER DESIGN © / 10Xs
% 4 FOR REMOVING GROUND CLUTTER IN MTI RADAR SIGNAL FROCESSOR‘//)
CWRITE (10893610 MFILTsLGRIDy ITER

361 FORMAT(Z3Xs14:7 TAF FILTERS : '
* COLLGRIT = fe T4y )/ /23Xy 'CONVERGENCE AFTER I35
¥ f TTERATIONS /) . '
TF (MODE EG. 1) WRITE{108,365)
FORMAT ( /31Xy "MINI-MAX FILTER’/)
IF (MODE LEQ. 2) WRITE(1085366)
3466 FORMAT (/25Xy "MINIMUM ABSOLUTE SUM FILTER'/)
IF (MODE EQ. 30 WRITE(1O08»3467)

363

FORMAT (/23X "MINIMUM ARSOLUTE VARIANCE FILTER'/J
WRITE (108-390) '
FORMAT(/31H RAND  LOWEFR EDRGE UFFER EDGE  »5Xs

¥ TWEIGHT »GX e ‘RIPPLE » SX» "RIPFLE(DRY " /72Xy 66 (1H-))
, WRITE (108+410) STOFFs WEIGHTy E2C» DRSTOF

410 FORMAT(ZXy ' 8TOF O.007 ¢ 2(FL2.2)vFL1.5+F14,2/)
WRITE (1085420 FASSFy HFRFe E1Cy DRFASS

C 420 FORMAT (EXV’PQSS’yQ(F12+2)98Xy’1+00’rF11.5vF14+R

* /2Ky 66 (IH=-) /) ‘
WRITE (108:373) FGNsFRGNsSMGN» (Z( 1)y d = 1+MFILT)
373 FORMAT(1HOy ORIGINAL TAF GAINS: NOISE FOWER GAIN
¥ 7 DR /723Xy ‘MAX GAIN IN FASSRAND ='F7.3» :
¥ 7 DE. /723Xy "MIN GAIN IN FPASSEAND ="F7.3»7 D&, /(//723XsLOF10.507

= CyF7 L Ey.

1€

NORMALIZE Z(K) W.R.T. FGN AND COMFUTE NEW FGN = 0 LR

 PKGN = FKGN-FGN'




241

242 -
243.
244

245

246 -

247

248

249
250

ot
"}:"')
and
353
54

?55
258

LoET?
A

WS
")""\'3

ekt

C 280

261

"')_{"1.

v L
263
264
2465
264
247
248
269

i
')/")
233
VF 4
e
274
077
278
279
280

(43

SMBN = SMGN- FGN

SUM = 0.
ZMAX = 0.
ZMIN = 7.237E7%

DARSUM = 0.D0
oo 380 K = 1yMFILT -
Z(K)Y = Z(K)/SRTSUM
DTEMP = DARS(Z{K))
DARSUM = DARSUM+DTEMF
IF (OTEMF (LE. ZMAX) GO TO 375
ZMAX = UTEMF - :
L KMAX = K .

375 IF (DTEMF GE. ZMIN) GO TO 380
ZMIN = DTEMP
KMIN =K

380 SUM = SUMFZ I %Z (KD

000

FGN = 10.% ALOGIO(SUM)
CWRITE (108¢385) FPON«FKONy8MGNy (Z(d) s d = 1+MFILT) :
385 FORMAY(/1HO» " NORMALIZED TAF GAINSI NOISE FOWER GAIN = “sF7.3s
¥ 0 DR, //25Xs TMAX GAIN IN FASSEAND ='F7.3,
K 4 DE.//25Xy “MIN GAIN IN FAGSEAND =7F7.3¢7 DIE. /{//72Xs10F10.5))
TAFRAT = ZMAX/ZMIN '
WRITE (10Bs387) KMAXs hMINs1ﬁFRQTyHQBSUMyNCGﬁByNBIU
387 FORMAT(/70 TAP/»13¢ 7 HAS GREATEST MAGNITUDE.’
X /70 TARY 9 I3e 7 HAS SMALLEST MAGNITUDE. ¢ :
X- /70 RATIO OF GREATEST TQ SMALLEST TAP WEIGHTS I87+F8.2
X /70 ARSOLUTE SUM OF TAF MAGNITURES IS’ +F7.3
X P yIEy’ FAIRS OF ROQOTS COMEINED
¥ /707912y LARGE ROOTS DISCARDED. /)
un 450 J 1«NZ
450 EXTFD) = GRID(IEXT(J))*FRF
WRITEC108,485) (EXTF(JYed = 1yNZ)
453 FORMAT(/’ EXTREMAL FREQUENCIES (HZ) -
X A7 {LOF10.37) ) '
WRITE(108:440)
4460 FORMAT(LHO»82C1H%))

i OOOO

QOUTPFUT  FILTER FARAMETERS A N D
WEITGHTS FOR FLOTTING.




281
282
283
284
285
286
287
288
289

290
291

292

)

490

500

o

10

X

WRITEC(1065480) MFILT»2,LGRINsSTOFFsFPASSFsFRFy 1. yWEIGHT»

LESTOFP s DBFASS s FGNy FKGN» MODE
480 FORMAT(IZ»I1lsI4y2F8.3,F5.05F5.3,5F8, 3,110
WRITEC1062490) (Z(J)sd = 1+MFILT)
FORMAT(10F8.5)

CONTINUE.

J o= NTIMERC(L) ,
TEMP = FLODAT(J) /500G,
WRITE (108510) TEMF

FORMAT(/

GO 1O 10

ENII

COMPUTATION hEGUIhED

vF7.2%

/

SECONDS OF CPU TIME.’/

)]

£e
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APPENDIX C

"SUBROUTINES

14

i

iv




]

21
22
23
24
25
26
27
28
29
30
31
32

- 33

34

[~
J

37

000N LA R

28 -

- 39

SUBROUTINE HFFH
COMMON /HFFG/ FinTUkPpPAqSFvaIGHTyRATlDyE“EELirE%HFL
* NFILT y NEG s NODE » LGRIT
COMMON FI2yA0sDEVsXyYsGRID:TES s WT s ALFHA Y TEXT» NEFCNS s NGRIT
DIMENSTON IEXT(79)sAI(79) yALFHA(TZS) »X(79) s Y(79) s EDGE (4)
% MES (12007 s GRIDCI200) s WT (1200) .
DOURLE FRECISION FIZsFI
DOURLE FRECISION AISsDEVsXsY
DATA ENGE(1)/0./sENGE(4)/0.5/
EDGE(2) = STOFF
EDGE(3) = FASSF
Cx¥  FIND THE DESIRED MAGNITUDE (DES(.J)) AND WEIGHT (WT(J)) ON
140 GRIDCL) = EDGE(L) '
DELF = 0.% / FLLOAT(L.GRID % NFLNS)
J=1 :
- FUP=EDGE (2)
IF(NEG.EQ.0) GU TD 145
- GRIDCL) = DELF
145 TEMP=GRID(.J)
DES(J) = 0,
CWTCD) = WEIGHT % (1,00~ (1,00-RATLDYXTEME/EDGE (2))
NENTS
GRID(J) =TEMFIIELF
IF(GRIDCS) (BT.FUF) GO TO 150
GO TO 145
150 GRIN(J=1)=FUF
WTCJ=1)= RATIO % WEIGHT
GRIDC) = EDGE(3)
FUF= (.50
155 - TEMF= GRIDC(.J
DES(J)= 1.00
WT (= 1,
J= o+ 1
C BRIDCSY= TEMF + DELF |
IF (GRIH(J),GT¢0°SO) GO T 160 .
OG0 TO 15
160 GRIDN(J- 1)« 0,50 -
- ONGRID= -1 : | I -
k% SET UF. QPFRUXIMATIDN FROELEM. WETGHT EY SIN(FIXGRIDC) IF
- IF (NEG. ER.1) 60 TO 175 | e

GRI.

NFILT EVEN.

93



R R

41 - IF(NDDDL.ER.1) GO TO 185

42 - C NFILT EVEN: SYMMETRY FGS.

43 - IF(GRID(NGRID) .GT. (Q.S-DELFJ) NGRID=NGRID-1
44 - RO 170 J=1sNGRID S :
45 - -CHANGE=DCOS(FIXGRIDC.)

44 - DES (N =DNES () /CHANGE

47 - 170 WT (D =WT (J)XCHANGE

48 -~ GO TO 183

49 - © NFILT EVEN$ SYMMETRY NEG.
S0 - 175 D0 176 J=1¢NGRID-

51 ~ - CHANGE=DSIN(PIXGRII(.))
52 - . DES(J)= DES(J) / CHANGE

33 - 176 WT (Y= WT (D) % CHANGE
G4 - C NFILT ODDs SYMMETRY FOS. A : _
C INITIAL GUESS FOR EXTREMAL FREQUENCIES I8 EQUALLY SPACED ON GRII

5& ~ 185 TEMP=FLOAT(NGRID-1)/FLOAT(NFUNS)
a7 - ng 190 J=1sNFCNS

38 -~ 190 TEXTOD=(J-1)¥TEMP+1

59 - JEXT(NFONS+1)=NGRIT

&g, —- - CalLl. REMEZ (EDGEy» 22

&1 - - ESDEL1 = DNEV )

&2 — 200 ESDELZ = DEV / WEIGHY

63 - " RETURN o :

&4~ END

9¢
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38 -

39

o aaan
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SURRODUTINE RTSQF (HsNFILTsFCUsRODTRyROOTT s MONsMOFF s NCOME s NEIG)

HERRING 28 JULYs 1977,

SUEROUTINE TO FIND AND SORT ROOTS OF SQUARED FILTER
RESFONSE IN DESIGN OF MIXED-FHASE FILTERS.

COMMON PIE;Aﬁ;DEU?XprGRIDyﬁﬁSinyﬁLPHéyIEXTyNFCNEpNGHIﬂ

DIMENSION H(150)sRDOTR(1S0) yROOTI(150)

. DIMENSION IEXT(793sAD(79I v ALFHA(79) s X(79) s Y {79

300

310

ODIMENSION DES(1200)yGRIDCLIZ00) s WT (12000
DOURLE FRECISION FIZ2

HOUELE FRECISION ADsDEVsXeY

DOURBLE FPRECISION HyROOTRsROOTIDTEMFFSPLIT -

NCOME = 0
NEIG = O .

FIND ROOTS OF SQUARED FILTER IMFULSE RESFONSE.

NROOTS = NFILT-1 .
CALL MULFOL (HyNRODTSs ROOTR»RODTI)

CONVERT ROOTS TO FOLAR FORM AND RETAIN ONLY THOSE ROOTS
ON UFFPER H&LF OF Z-FPLANE AND OM OR OUTSIDE THE |
UNIT CIRCLE. ’

NREAL = 0
K =0 ,

ng 320 J = 1+NROOTS

ELTMINATE SPLITTING OF ROOTS NEAR REAL AXIS,

IF (DARS(ROOTIC(LY) «GT. 2.,0-5) GO TO 300

ROOTICY = 0,00 : ' :
COUNT AS REAL ROOT IF IT LIES ON OR QUTSIDE UNIT CIRCLE,
IF (DAES(ROOTR(DYY GE. 0.99998D0) NREAL = NREAL+L
OTEMF = ROOTROJIKROOTR(IDHROOTI(IIRROOTI (Y

MOVE NEARBY ROOTS ONTO UNIT CIRCLE.

IF (DARS(DTEMF~1.00) GT. 4.0-5) GO TO 310

LTEMF = 1.00 ’ _ . .

ROOTICJ) = DATANZ(ROOTI(J)Y »RODTR())

LE




41
42

43 -

44
45
46

-
&

A8
49
50
51

52

53
34

[t
A

57
58
5%

&1
&2
&3
&4
&5
4
a7
&8
&9
70
71

73

-3
£

75
24
77
78
7%
a0

&0-

00

o0

[ i I

]
8]
]

RODTROEY = DTEMF

CIF (ROOTICS LT, 0.00) GO TO 320

IF (RODTR(JY LLT. 1.00) GO TO 320
K= K&t |
CDSART(ROOTR(.)) |

RODTR(K) =
ROOTICKY = ROOTI(MD
CCONTINUE ;

SORT ROOTS IN ORDER OF DESCENDING MAGNITULE.

JROQTS = K

S [0 330 4= 2, JROOTS

330

340
350

KHI = JROOTS+1~J

DO 330 K = 1.KMI :

IF (ROOTR(K) oGE. ROOTR(K+1)) GO TO 330
OTEMF = RODTR(K)

ROOTR(K) = ROOTR(K+1)

ROOTR(K+1Y = OTEMF

LTEMF = ROOTIC(K)

CROOTI(RY = RODTICK+L)

ROODTI{(RK+1) = LTEMF
CONTINUE

COUNT ROOTS ON UNIT CIRCLE.
ng 340 J = 1»JROOTS

G110 = JRDOTSH1L-~J
IF (ROOTROAL)Y NE. 1.00) G TO 350

CONTINUE
J1 AROOTS -1

IF (J1 LE. 1) GO TO 400

SORT ROOTS ON UNIT CIRCLE IN ORDER QF
ASCENIING FHASE.

KLLO = JROOTS+i-Ji

no 360 J = 2501

KHT = JRODTS+1-J .

Do 340 K = KLOyKHI : :
IF (ROQTI(RY L.T. ROOTI{K+1))Y GO TO 360

» <

8¢




87 - 360

v
0
[

T - 370

100 - 380

s
<
N
3 { i
L I I |

[y
[y
B
i
Moy

DTEMF = ROOTR(K)
ROOTR(KY = RODTR(K41)
ROOTR(K+1) = DTEMP
OTEMF = ROOTIC(K)
ROOTI(K? = ROOTI(K+1)
ROOTI(K+1) = OTEHF
CONTIMUE '

ELIMINATE SPLITTING OF DOUBLE ROOTS ON UNIT CIRCLE.

FSPLIT = FI2AFCU/FLOAT(2%J1+1)

K o= KLG _ '

KHI = JRDOTS~-1

Jo= O ' ~

IF (ROOTIC(R4L)~ROOTICRY GE. FSFLITY GO TO 380
ROOTI(RKLO4D) = 0.500% (ROOTICRY+ROOTIC(RE1))

IF (ROOTI(KLO4+J) ER. 0.00) NREAL = NREAL-1

J o= It
K o= K41
K o= K+t

IF (K .LE. KHI) GO TO 370
ROOTI CKLO+DY = ROOTICK)
SJROODTS = JROOTS-

J1o= Ji-d

NLOMB =

IF CORKECT ORDER OF FILTER CAN RBE DESIGNEDY RETURN.

IF'(2*(JRODT5*NHEAL)+NREAL SEQL CNRDOTS/Z2) GO TO 400
OTHERWISE, DISCARD LARGEST RQGT.

D0 390 J = 25 JROOTS
ROOTRCJ-1) = ROOTR(D)

FOOTICJ-1) = ROOTICD
CONTINUE . ¢ .
JROOTS = JRODTS-1
NEIG. = 1.

MON = .11 .

MOFF. = JROOTS-J1

6€.
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11
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G300

o

X
X
X

1@

- ALPLR
S ALFLT
Co11

AXR =
ALP2R

SURROUTINE MULFOL (COE»N1sRODTRROOTT

' SUEROUTINE MULFOL FACTORS -6 FOLYNOMIAL EY MULLER’S ALGORITHM

SQURCE : T.S. HUMFHERYS» “THE ANALYSIS, DESIGN AND SYNTHESIS
OF ELECTRICAL FILTERS’» FF 649652,
FRENTICE-HALL s 1970,

DIMENSION COE(1)sROOTR(1) sROOTI (1)

FOR DOUBLE FRECISION VERSION REMOVE THE ©C IN COLUMN 1
. OF THE FOLLLOWING LINE?Z
DOURLE FRECISION COEsROO0TRsROOTI

DOURLE FRECISION ALFIRyALPLIIALFP2RyALF2IALF3R-ALFP3IsALFARaLF4T s
AXRyAXIsHELL s BELL s RETIRsRET1I s RETR2R s BET2I s RET3Ry RET3 1 »
DEL1SsDEL6y TEMy TEMR s TEMI» TEML1y TEM2s TELy TE2+ TE3Zs TE4 s TES « TES s

. TE7sTEB:TES»TELOYy TEL1» TELIZy TE1Z» TEL45 TELSy TELS

N2 = Ni+1 : C :

N4 = 0 :

I = NI+1 }

IF (COE(IYY 99759

N4 = N4+1

ROOTRONGY = 0,00

ROOTI(NG)Y = 0,00

T = I-1

IF (N4=-N1) 19:37:19

CONT INUE -

AXR = 0,800

AXT = Q.000

L o= 1

NZ = 1-

AXK

AXT

i H

Moo=
80 TO
BETLR
BET1I

G

TEMR |
CTEMI
LBE00
- AXK

Lo T I LR o

H3
i

Ty




41
42
43

44

45

46
47
48
49
50

51

G2
a3

=l oo

S

ab
7

58

uﬁg

61
é’)

63
&4

A%
&6
67

48.
59 -

70
71
72
73
75
76
77
78
79
80

12

14

113

L.

It 7

ALF2TI = AXI
M 2 :

GO TO 99
RET2R = TEMR
BRET2I = TEMI
AXR = 0,200
ALF3R -= AXR
ALF3I = aX]
M o= 3

GD TO 99

BET3IR = TEMR

BET3I = TEMI

TEL = ALPiIR-ALF3R
TE2 = ALF1I-AlLP3T
TES = ALF3R-ALFIR.-

TES = ALFII-ALFIT

TEM = TESXTES+TESXTES

TEI = (TEIXTESHTEZKTESY ATEM

TEA4 = (TE2XTES-TEIXTES) /TEM

TE7 = TE3+i.0n0

TE? = TE3IXTE3-TE4%TE4

TELD = 2.DO0%XTE3IXRTE4

DELS = TEZ7RXBET3R-TEAXBET3II

DEL1S = TEZRBET3ITHTESXRRET3IR

TELL = TE3XRETZR-TE4AXRETRI+RETIR-DELS

TEL2 = TE3XRETZ2I+TEAXBETZRIJBETII-NELS

TEZ7 = TE®~-1.000

TEL = TEPXRET2R-TELOXRET2I

TE2 = TE9RBET2I+TELOXEBETZR

TELZ = TELI-RETIR-TEZ7XBETIR+TELOXRETII

CTEL4 = TER-RETII-TE7XRET3I- TF10$HPT5K

TEL1S = DEIGXTEI-DELI&XTES

TEIé = DELSXTEA+DELISXTESR :
TEL TEISXTELIZ-TELIAXTEL 4-4. ﬂ0¥(TFIjx:L1quE12*TE1é}

TE2 = 2.D0XTELIXTELA4~4 . BOX(TEL2XTELISSTELLNXTELS?
TEM = DBGRT(TEIXTEL+TERRTEZ) ‘
IF (TE1) 113:113-112

TE4 = O8RRT(SN0OX(TEM~TEL)?

TE3 = °JD0*TF°/TE4

GO TO 111

(4




81
83
84
85
86
87
88
89
90
91
92
93
94
95
94
97

4

1061

102 -

103
104
105
106

108

109

116 -

111
iz
113

114 -
115

114
i1z
118
119
C126

112

110
200
111

i3

38
16

17

TE3 = DSGRT({SDO*(TEH+TE1)Y
IF (TER2)Y 1102005200

TE3Z = -TE3

TE4 = SDOXTEZ/TEZ
TE?7 = TE134+TE3

TEB = TE144TE4

TE? = TE13-TE3
TE1O = TE14-TE4
TE1 = 2,.00%XTELS
TE2 = 2.DOXTELS

IF (TEZXTEZ7+TESKTES-TE?XTE?-TELOXTELQ)Y 204,204,205
TE? = TE? ' ‘ ,

TES = TE1O

TEM = TEZ7¥TE7+TESXTES

TE3 = (TELXTEZ+TE2XTEB)/TEM
TE4 = (TE2TE7-TEL1XTEB)/TEM
AXE = ALPIR+TEIXRTES-TE4XTES
AXI = ALP3ITTEZKTES+TESXTES
ALF4R = AXR

ALF4T = AXI

M o= 4

GO TQ 29

N& = 1

IF (DARS(HELL>+DABS{BELL)-1.0-20) 18-18s16

TE7 = DABRS(ALFIR~-AXR)I+IARS (ALF3I-AXI)

IF (TEZ/{DARS(AXFO+HNABRS(AXTID~1.0-12) 18,1817
N3 = N3+l

ALFIR = ALP2R
ALPLT = ALP2T
ALFRR = ALFIR
ALF2T = ALFZI
ALF3R = ALF4R
CALP3I = ALFAT
EETiR = BET2R
CBETLI = BET2I
CBETZ2R = BET3R
RET21 = BETII
BET3R = TEMR
BETZI = TEMI

CIF (N3-100) 14,18-18

£y




121
122

123

124

125

126

127,

- 128

129
1306
131
132

133

134
135
1364
137
138
139

140 -

141
142
143
144
145
146
147
148
149
150
151

152

153

154
153
156
157
138
159
160

18

41

37
30
3l
32

33

34.

@

M =5

N4 = N4+1 -
ROOTR(N4)Y = ALF4R
ROOTI(N4Y = ALF4I
N3 = 6.~

IF (N4-N1) 30537:37

RE TURN ,
IF (DARS(RODTIINAY ) =1,0-5)
GO TO (325100 sl

AXR = ALFIR

AXT = ~ALF1I

ALFLI = —ALFLT

GO TD 99 -
RETIR = TEMR
RET1I = TEMI
AXR = ALF2R
AXI = -ALF2T
ALF2T = —ALP2Y
M o= &

GO TO 99 .
RET2R = TEMR-
RET2I = TEMI
AXR = ALF3R
AXT = —-ALF3I
ALF3I = -ALP3I

Lo= 2

H

it

M= 3

COECL)

G.00

I = 1¢N1 .
TEMRXAXR-TEMI%AXI
TEMIXAXRFTEMRXAXT
CTEIHCOE(T+1Y

TEMR
TEMI

102¢1032102

I = 1¢N4
AXR-ROOTR (L)
AXI-ROOTICID
TEMIXTEMI+TEMZXTEMZ

TEMR
TEMI
e 100
TEL =
TEMI
TEMR
HELL
BELL
IF (N4)
10 101
TEM1
TEM2 =
TEL =

B on

1Gy»10.31

& @

vy




161 ~  TE2 = (TEMRXTEMI+TEMIXTEM2)/TE1L

162 ~ CTEMI = (TEMIXTEM1I-TEMRXTEMZ2)/TEL
163 - 101 TEMR = TER2

164 —~ 103 GO TO (11+12y13515533734)sM
. 165 ~ END

¢y
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SUBROUTINE OFTMFF(MODEs NONsNOFF > RODTMROOTF s NTERMS» Z)

HERRING 18 FERs 1977o REVISEL O3 AUGry 19770

COMMON FIE?QD(??)9DFU9X(79)9Y(/9)9&R1D(IEOO)pRDUTR(7 Yy ROATT7G) »

'RUUT£(7q)9ZDN( ZOFF(75) s ZTEMP ¢ 75 s WORK (150)
LDOURLE FRECISION FE?uAD?DEUsAyY ROOTRROOTT»ROOTI» !DerOFF»ZTFMFyNURh

DOURLE PRECISION ROOTMINRODTS) s ROOTF (NROOTS) » Z (1) v
OTEMFySIGZAMSIGZ2 » ZTNORM RATIOM
RATIO» ZMINy ZMAX s AZTEMF s AZSUM » AZSUMM » SIGN

MOVE RODTS TO LOCAL STORAGE.
NROOTS = NON+NOFF
N0 100 J = 1,NROOTS

ROOTRCGD) = ROOTM )
ROOTICA) = RODOTF G4

1

EXFAND ZERDES ON UNIT ﬁIRCLE

CALL EXFANDUNON ROOTRONOFF+1) s ROOTI INOFF+1) s NZON+# ZON s WORK)

CALCULATE NUMBER OF COMRINATIONS TO BE TRIED.

NTRY = 2% (NOFF-1)
fRY_THEM¢.
JFLAG = 1

SET FILTER INDEX TO 0.

= 0

-

ET INITIAL VALUES TO 4+ INFINITY.

1 ¢I'J?1J
L0723

1 I:l / s..'

SIGZ2M
RATIOM
AZSUMM

I | I

9%




41
47
43

44

45
46

47

48

49

S50
51

nT ey

wHal

93

54

55
56
=7
58
59
40
61

- 62

63
&4
65
&6
67

68

&9

70"

71
" 5n

73

74
75

76

78
79

3030

Y

[ B

OO0,

e I B N

g,
L)

anon

fxly!

130

140

DECINE WHETHER TD SET EACH ZERO INSIDE DR OUTSIDE
UNIT CIRCLE..

00 160 K = 1yNOFF |
J1o= 1HEMODCIZ (250K (R=1 0.2
GO TO (15051407 J1
ROOTT(K)Y = 1.00/ROOTR(K)
GO TO 160 '

0 ROOTTAK) = RODTR{K)
CONTINUE

EXFAND ZEROES OFF UNIT DIRCLE.

CALL EXPANU(NDFFROOTT»ROOTI» NZOFF « ZOFF 9y WORK)

GENERATE COMPLETE FILTER IMFULSE RESFONSE OF LENGTH

NZTEMF = NZOFF+NZON-1.
CALL FOLYMULT(ZTEMF » NZTEMF » ZONs NZON s ZOFF » NZOFF)
CALCULATE GAIN OF UNNORMALIZED FILTER.

ZTNORY ﬁ'14HO/DSGRT(HQBS(ZTEHP(NZTEMP)))

GO TO (17022000 5 JFILAG

170

INITIALIZATION.

SIGZ2 4,00
DTEMF = 0.00
ZMIN = 1,075

CEIMAX = 0000

[0 180 . K = 1sNZTENP

NORMAL TZE IMPULSE RESFONSE TAF WEIGHTS.

CZTEMFCK) = ZTEME (K)XZTNORM

'. ngEMP = DARS(ZTEMF(K) ) .

CFIND ANDU SAVE MAXIMUM AND MINIMUM WEIGHTS

Ly



81

B2
83-
84

85
86
87
88

- 8%
Q0
21
9
93
G4

95
R4
97
28

Q9

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

114

117

118

119

120

cm

O I |

-
L4

far R’ 3000 b B

A

183

IN EACH GENERATEH IMFULSE RESFONSE.

IF (AZTEMF .LE. ZMAX) GO TO 173
ZMAX = AZTEMNF .

KMAX = K- o
IF (AZTEMF (GE. ZMIN) 60.TD 176

ZMIN = AZTEWF ' -

KMIN = K

ACCUMULATE SUM OF ARSOLUTE VALUES OF TAF WEIGHTS.

UTEMP = DTEMPHAZTEMF -

ACCUMULATE SUM OF SRARES OF TAF WEIGHTS.

SIBZ2 = SIGZRHAZTEMFEXAL I wiif

CONTINUE

CALCULATE (NZTEMF-1)XESTIMATED VARIANCE OF

MAGNITULES OF TAF WEIGHTS.
SIGZ2 = SIGZR-(HTEMFRDTEMF)/NZTEMF
CALCULATE RATIO OF LARGEST TO SMALLEST TAF WEIGHTS.
RATIO = HABB(ZTEMP(KMAX){ZTEMP(NﬁiNf)

RECORD INDEX NUMRER OF FILTER IF THIS IS SMALLEST
RATIO YET ENCOUNTEREL.

IF (RATIO .GE. RATIOM) GO TO 183
RATIOM = RATIO |
MRATIO = .

RECORD INDEX NUMBER OF FILTER IF THIS I8 SMALLEST
ABSOLUTE SUM YET ENCOUNTEREX. '

AZSUM = OTEMF/NZTEMF
IF (AZSUM .GE. AZSUMM) GO TO 187

8%




121

1"3”)

123

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

144
143
144
147

I

el el Sl ol SO
AR IA (R g

143 -

5 b
3

&
= D

>0 N DGR

=
2
o

Cy T3 T3

[ e

187

120

191

OO0

b

192

193
1235

200

NTERMS
g 220

AZSUMM = AZSUM
JSUMM =
CONT INUE

RECORD INDEX NUMBER OF FILTER IF THIS IS SﬁﬁLLﬁﬁT'

VARTANCE YET ENCOUNTERED.,
IF (SIGZ2 .GT. SIGZEM) G0 TO 190
SIGZ2M = S5IGZ2 ’
JHIN = ) :
INCREMENT INOEX,

Jo= Jvl
IF (J .LT. NTRY) GO TO 130

RECOMFUTE OFTIMUM. IMFULSE RE&PGNQEy

GO TO (19151920 193) » MODE

Jo= MRATIO

GO TO 195
Jo= dSUNM
GO TOo 195
Jom JMIN

JFLaG = 2
GO TO 130

CHECK THAT ALTERNATING SUM 18 GREATER THaN 0O,

DTEME = 0.00

SIGN = (~1,00)¥K(NZTEMF/2)

N0 210 K = 1sNZTEMP _

DTEMF = DTEMP+SIGNK®Z TEME (K)

SIGN = ~SIGN

IF fﬂTEMP LTe 0.D0) ZTNORM = -ZTNORM -

TRANS th RESULTS TO UUTFUT ARRAY .

= N?TFMF :
K- Ly NZTEMF

6%




161 ~ 220 Z(K) = ZTEMF(K)%ZTNORM
162 - RETURN
163 - ENII

™ -

0%s
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- 32

33

32
3%
26
37
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' 393'

39
40
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HUBRUUTTNE FXFﬁNh(NhDDTSyhUDTMyRDOTP NTERMS s Z» WORK)

HERRING 04 JaN» 19/é+

SUBRQUTINE TO EXPFAND SBET F ROOTS INTO A FOLYNOMIAL
WITH REAL DOEFFICIENTS.

ARGUMENTS ¢
INFUT S

CNRDOTS ¢ NUMBER OF ROOTS GIVEN IN ARRAYS ROOTMs ROOTF,
ROITM ¢ ARRAY OF MaAGNITUDES OF ROOTS, _
RODTF 3 ARRAY OF PHASE  AMGLES (IN RADIANS) OF ROOTS.

IF ROOTF(JY +ME. 0. OR FIs THE JOTH ROOT IS TREATED AL
ONE OF A FATR OF COMPLEX CONJUGATE ROOTS.

QUTRUT

NTERMS ¢ NUMBER OF COEFFICIENTS IN EXPANDED FOLYNOMIAL.
Z ¢oARRAY OF POLYNOMIAL COEFFICIENTSy IN ORDER OF
: ASCENDING FOWER. _

WORK "3 TEMPORARY STORAGE ARRAY OF DIMENSION .GE. Z2XNROOTS.

DIMENSION ROOTM(L)«ROOGTR (LY ZCL » WORK (L) 9 (3D
DOURLE FRECISION hﬂDTM;RDDTFyZyMUhhquIT

DATA Y1) /1,007 '

FI = DATANZ2{G. IO s—1 10D

NTERMS, = 1

ZCLy = 1.00-

D0 S500 ) = LeNROOTS

MOVE PARTIALLY EXFANDED FOLYNOMIAL TO WORK AREA.

© D0 100 K = 1sNTERMS
100

WORK(KY: = Z(K)

T NTERM

DECIDE . MHFYHFM SINGLE - hUUT OF CONJUGATE FAIR.

CIF(ROOTF(D) . VER. 0.00) GO TO 200 .

IF (ROOTF(S) LEQ.FIY GO TO ?00

CMUST BE CONJUBATE FATR. . L e ST

1¢



41

42
43

44
45

46
47

48

49
S0

1

ey

wd

53

Y

- 200

1

300
400
300

Y(3) = RODTﬁ(J)mRDDTﬁ(J)

oy =3

GO TO 500

ROOT ON FOSITIVE REAL AXIS,
Y(2) = -ROOTM(D) '

GO TO 400 ~

RODT ON NEGATIVE REAL AXIS.
Y(“) = ROOTM{D
Iny. = 2

caLlL. FULYMULT(Z NTtRﬁqmehkyTUN YeIlY)
RETURN '

END-

—hoHO*ROOTM(J)*HCOS(RDDTF(J)J
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USAGE

SUBROUTINE FOLYMULT

FURFOSE
MULTIPLY TWOD FOLYNOMIALS

Cat.l, POLYMULT(Z» IDIMZs Xs IDIMXyYs IRTMY)

DE%R1¥TTDN OF FﬁhéﬁETtEq

Z - VECTOR OF RESULTANT COEFFICIENTS» ORDERED
FROM SMALLEST TO LARGEST FOWER

TOImMz OTMENSTION QF Z ¢ CALCULATED ) S

X - VYECTOR OF COEFFICIENTS FOR FIRST rPOLYNOMIAL s
ORDERELD FROM SMALLEST TO LARGEST FOWER

ITnTMX DIMENSION OF X (DEGREE I8 TDIMX~1)

Y - VECTOR OF COEFFICIENTS FOR SECOND FOLYNOMIALS

: ORDERED FROM SMALLEST TO LARGEST FPOWER
IDIMY - DIMENSION OF Y (DEGREE IS IDIMY-1)

|

|

REMARKS
Z CANNOT BE IN THE SAME LOCATION AS X
Z CANNOT BE IN THE SAME LOCATION AS Y

_SUBROUTINE%VANH FUNCTION SUBPROGRAMS REQUIRED

NONE

METHOD . ‘
DIMENSION OF 7 I8 CALCULATED AS IDIMX+IDIMY~1

THE COEFFICIENTS OF Z ARE. CALCULATED AS SUM OF  PRODUCTS

OF COEFFICIENTS OF X AND Yy WHOSE EXFONENTS AID UF TO
THE CORRESFONDING tX!UNkN? OF 2

IQUBRDUTINE POLYMULT(?;IDIHZ » Xy IH}MX,YvTDIMY)
DIMENSION X(1)eY (1) vZ (1)

DOUBLE PRECISTON XsY«Z

IF(TDIMX*TﬁTMY) ]Oyiorﬁo

INIMzZ=0 .

GOTD 50

~ o~

Lo

11
12
13
14
15
16
17
18
19

S 240

21

ey
A A

23
4

=
25

a9,

i~
A 7

28

29

30

31

32

33

34
7

.36
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40
41

39

42
43
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41
472
43
44
45
46
47
48

49

20 CIDIMZ=IDIMX+IDIMY-1
00 30 I=1¢I0IMZ
30 Z(I)=0 _
L0 40 I=1sIDIMX
no 40 J=1sIDIMY
K=I+4-1 : :
40 ZAKY=X(IIkY (D) +Z K02
50 RETURN S
ENT

7S -

44
45

46 1
47
48
49
50

a1

N al
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~ . SUBROUTINE NEWFAGE (TUNIT)
HERRING 05 AFRILy 1977,

SUBROUTINE TO EJECT FAGE ON UIGITAL DECWRITERIT
' WITH FORMFEED OFTION.

I
OO0 0n

- . DIMENSION I¢21)
- NATA 1X8708404040y1?%\87404040A0)78740404007/

R R - NN L N NS N R S
L ,

10— CTUN = TUNIT

11 - CIF (IUN LLE, 0) IUN = 108

12 - WRITE (IUN»100) 1T 3
C1E - : RETURN ‘

14 —. 100 FORMAT(21R4}

15 - EMND

99
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