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ABSTRACT

The Butterworth filter is normally realized by
cascading second order blocks. The MURROMAF filter uses
multiple-real-root polynomial aiming at realization by third
order blocks. In comparision with the Butterworth filter,
MURROMAF use operation amplifier less then Buterworth.

The higher order filter has high Q-factor vielding
high sensitivity and is very difficult to be realizable.
The reduction of Q-factor can be achieved by using
multiple=critical-pole polynomial.

This thesis describes techniques to obtain three
classes of multiple—real—pole/multiple-critical—pole filter.
The first one has equiripple in the passband while the
second one exhibits  the transitional characteristics
between the maximally flat type and the equiripple type.
Finally, the maximally flat type with sharp cutoff is
achieved which has a better result than that of Wei and

Chine [91].
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0.539390
1.439880
0.874220
0.650089
0.544640
1.470214
0.883327
0.652859
0.545334
1.516975
0.895775
0.656391
0.546175
1.598353
0.913743
0.661028
0.547228
1.782903
0.942662
0.548656
0.667647

1.5

1.132383 0.5

1.174191 0.5

1.040792

3.000381

1.041189 3.309323

0.953629
0.959721
1.005214
0.944454
0.978439
1.063437

1.149250
0.614205
0.534253
0.776156
0.801111
0.537307




1.4

1.3

1.2

1.1

1.181404

1.191132

1.205292

1.229737

0.5

0.5

0.5

0.5

1.041719

1.042833

1.045519

1.053982

3.402269

3.556781

3.861451

4.770439

1.005832
0.974039
0.986647
1.015748
1.074899
0.979732
0.9885586
1.090837
0.998689
1.029812
1.003732
1.051479
1.017954
1.114875
1.035752
1.091373
1.054914
1.158207

0.624181
1.212388
0.805357
0.625596
0.537683
1.225900
1.244734
0.538125
0.810777
0.827313
1.272463
0.629420
0.817852
0.538648
1.317249
0.632101
0.827509
0.539289

1.5

1.4

1.3

1.079804

1.111187

1.116445

1.123522

0.5

0.5

0.5

0.5

1.072255

1.071946

>

1.072544

1.073982

2.542079

2.780650

2.850493

2.965202

0.916976
0.894788
0.928764
0.891349
0.936255
0.930691
0.919644
q:972333
0.941177
0.937968
0.925970
0.980542
0.948590
0.948154
0.935062
0.991841

1.063779
0.603325
0.531087
0.T46767
1.105855
0.610010
0.763349
0.533145
1.113591
0.610897
0.765909
0.533387
1.124168
0.611955
0.769091
0.533669




1.2

1.1

1.133871

1.1531586

0‘5

0.5

1.077900

1.092843

3.187706

3.855238

0.960993
0.983780
1.008874
0.949429
0.987908
0.994533
0.978584
1.041823

1.138940
0.613245
0.534003
0.773156
1.162919
0.615014
0.779034
0.534447

12

Q,,

1.5

1.4

1.3

1.2

1.1

1.229951

1.282754

1.292065

1.304854

1.324117

1.359434

0.5

0.5

0.5

0.5

0.5

0.5

1.000848

1.002343

1.002908

1.003885

1.005831

1.010469

4.607791

5.051476

5.190218

5.424768

5.897764

7.337141

1.007764
1.022417
1.085847
1.152815
1.046868
1.019809
1.090890
1.050184
1.145353
1.228492
1.023958
1.244074
1.102143
1.158811
1.058428
1.030919
1.118951
1.266200
1.178287
1.071397
1.044318
1.209361
1.146683
1.300835
1.094189
1.078214

1.558963
0.963960
0.597368
0.530895
0.720980
1.682038
0.745305
1.017098
0.607829
0.534279
1.715249
0.534698
0.749495
0.609331
1.028522
1.766965
0.754897
0.535198
0.611179
1.044455
1.857865
0.613507
0.762079
0.535808
1.067945
2.065788




1.367408
1.202912
1.270218
1.144072

0.536617
0.772447
0.616690
1.106629

Qo:

1.5

1.4

1.3

1.2

1o |

1.150465

1.187520

1.193848

1.202364

1.214715

1.235885

0.5

0.5

0.5

0.5

0.5

0.5

1.034429

1.034350

1.034625

1.035279

1.037009

1.043018

3.511144

3.821690

3.916087

4.073413

4.383652

5.291964

0.958483
0.978526
"0.947539
0.954499
1.029155
0.972928
0.988608
1.021464
0.972262
1.081534
0.977177
0.996436
0.978630
1.091705
1.030439
0.983897
1.007712
0.988150
1.105793
1.043066
0.995738
1.126915
1.025333
1.003694
1.062303
1.021453
1.058096
1.097165
1.164595
1.034060

1.337056
0.585869
0.891663
0.692139
0.527366
1.407624
0.706681
0.592285
0.922589
0.529478
1.423568
0.708911
0.928250
0.529728
0.593138
1.448230
0.711684
0.935630
0.530018
0.594155
1.480462
0.530357
0.715098
0.945485
0.595374
1.537574
0.719508
0.596875
0.530783
0.959210




1‘5

1.4

1.3

1.2

1.1

1.098957

1.127439

1.132191

1.138531

1.147690

1.164132

0.5

0.5

0.5

0.5

0.5

0.5

1.061450

g,

1.060695

1.060965

1.061759

1.064207

1.074394

2.948317

3.186807

3.258134

3.375645

3.603453

4.263301

0.925800
0.952528
0.896675
0.900068
0.911743

.0.940170

0.945419
0.992497
0.921744
0.924567
0.944029
0.952102
0.999951
0.926878
0.930552
0.949233
0.961372
1.010154
0.934358
0.939016
0.959951
0.975353
0.952049
0.946280
1.025331
0.981597
1.001715
0.970107
0.977144
1.053558

1.226919
0.525069
0.674607
0.8507186
0.578577
1.275130
0.583049
0.526549
0.871896
0.684655
1.284833
0.583614
0.526718
0.875407
0.686086
1.297988
0.584278
0.526912
0.879837
0.687814
1.316656
0.585082
0.689931
0.885553
0.527137
1.346619
0.586069
0.893628
0.692741
0.527419




4 '
A1TI9N 4.2 udavan Q mavy n = 4,6,8,10,12

Mg ».1,2,8
m = 1 Was M. = n/2

n 4 6 8 10 12
® 1.726414 | 2.448789 3.169333 | 3.888874 | 4.607791
.3 | 2.159658 | 2.886240 3,609854 | 4,.331351 | 5.051476
1.4 | 2,294202 | 3.020880 3.746002 | 4.468930 | 5,190218
1.3 | 2.526822 | 3.249668 3.976238 | 4.701367 | 5.424768
1.2 | 3.023868 | 3.721906 4. 4bblTh 5,171198 | 5,897764
.1 | 4.774975 | 5.283011 5.927883 | 6.622705 | 7.337141
® 1.449460 | 1.971070 2.487388 | 3.000381 | 3.511144
1.5 | 1.741827 | 2.272590 2.793639 | 3.309323 | 3.821690
1.4 | 1.827404 | 2.361062 2.884653 | 3.402269 | 3.916087
A 1.972237 2.508284 3.035735 | 3.556781 | 4.073413
1.2 | 2.278520 | 2.804289 3.334854 | 3.861451 | 4.383652
.1 | 3.626616 | 3,807110 4.262913 | 4.770439 | 5.291964
© 1.306563 | 1.723850 2.134999 2.5420?9 2,946317
1.5 11.52%392 {.954147 2.370499 | 2.780650 | 3.186807
.4 1.589861 | 2.019564 2.438421 | 2.850493 3.258134‘
.3 | 1.695392 | 2.127243 2,549756 | 2.965202 | 3.375645
1.2 | 1.924506 | 2.342885 2.767327 ~3.187f06 3.603453
ok 3.554847 | 3.167407 3.469096‘ 3.855238 | 4,263301°
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- . ' a
A1T79N 4.3 UARIR UMY TUANRERIUTENAY R %Y n=8 4 =2

B, =h, =n, =1 B0 = 1.4 T

W, = 2.0 rad/sec uar u_ = 1,2,3,4

TUARTY - TWAINR TuaiBeran
M . ® Q # Q " Q

- r [ oc oc 2 =]

1 1.078324 0.5 1.069467 2.653196 | 1.051189 0.872361
1.124776 0.572790
2 1.184496 0.5 1.087008 2.724091 1.052431 0.902387
1.152571 0.590141
3 1.265383 0.5 1.085588  2.770577 1.053856 0.921309
1.169941 0.600995
4 1.332444 0.5 1.064655 2.803697 | 1.055054 0.934440
1.181771 0.608510

L2
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TUTUNTHAIABINITIINIY PSpice WIAIUTIAUTIAANUAIUINIAIRINNINAT
dytia LIS B0t RaufuA A NTE NN TR IR NN TUTARRTY A2 NETHY
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- - A - . 4 s
mm; 5.1 1IBUINEUNANTINARBIAM PSpice NI WANYIAMI 14A v = 6 (Maximally flat)

: mquﬁa (dp) : sy dn_(dB)

A1WD(Hz) |  PSpice | Amom AMWAUAM [A2WA(HZ) | PSpice Anoa |AWAuaT8
10.00 | -0.0000 0.0000 0.0000 | 10.80 | -0.0000 0.0000 | 0.0000
11.66 | -0.0000 | -0.0000 | -0.0000 | 12.59 | -0.0000 | -0.0000 | -0.0000
13.59 | -0.0000 0.0000 0.0000 | 14.68 | -0.0000 0.0000 | 0.0000
15.85 | -0.0000 | -0.0000 | -0.0000 [ 17.11 | -0.0000 | -0.0000 | -0.0000
18.48 | -0.0000 | -0.0000 | -0.0000 [ 19.95 | -0.0000 | -0.0000 | -0.0000
21,54 | -0.0009 0.0000 0.0009 | 23.26 | -0.0009. [ 0.0000 | 0.0009
25.12 | -0.0009 | -0.0000 0.0009 | 27.12 | -0.0009 | -0.0000 | 0.0009
29.29 | -0.0009 | -0.0000 0.0009 | 31.62 | -0.0009 | -0.0000 | 0.0009
34.15 | -0.0017 0.0000 1 0.0017 | 36.87 | -0.0017 0.0000 | 0.0017
39.81 | -0.0017 0.0000 0.0017 | 42.99 | -0.0017 0.0000 | 0.0017
46.42 | -0.0017 0.0000 0.0017 | 50.12 | -0.0017 0.0000 | 0.0017
54.12 | -0.0017 0.0000 0.0017 | 58.43 |° -0.0017 0.0000 | 0.0017
63.10 | -0.0017 0.0000 0.0017 | 68.13 | -0.0017 0.0000 | 0.0017
73.56 | -0.0104 0.0000 0.0104 | 79.43 | -0.0104 0.0000 | 0.0104
85.77 | -0.0104 0.0000 0.0104 | 92.61 | -0.0104 0.0000 | 0.0104
100.00 | -0.0104 | -0.0000 0.0104 | 108.00 | -0.0104 | -0.0000 | 0.0104
116.60 | -0.0191 0.0000 0.0191 | 125.90 | -0.0191 0.0000 | 0.0191
135.90 | -0.0191 | -0.0000 0.0191 | 146.80 | -0.0191 | -0.0000 | 0.0191
158.50 | -0.0278 0.0000 0.0278 | 171.10 | -0.0278 0.0000 | 0.0278
184.80 | -0.0451 0.0000 0.0451 | 199.50 | -0.0451 0.0000 | 0.0451
215.40 | -0.0623 0.0000 0.0623 | 232.60 | -0.0623 0.0000 | 0.0623
251,20 | -0.0796 0.0000 0.0796 | 271.20 | -0.0796 0.0000 | 0.0796
292.90 | -0.1053 0.0000 0.1053 | 316.20 | -0.1053 0.0000 | 0.1053
341.50 | -0.1482 0.0000 0.1482 | 368.70 | -0.1482 0.0000 | 0.1482
398.10 | -0.1992 0.0000 0.1993 | 429.90 | -0.1992 0.0000 | 0.1993
464.20 | -0.2753 0.0001 0.2755 | 501.20 | -0.2753 0.0001 | 0.2755
541.20 | -0.3841 0.0011 0.3851 | 584.30 | -0.3841 0.0011 | 0.3851
631.00 [ -0.5079 0.0087 0.5165 | 681.30 | -0.5079 0.0087 | 0.5165
735.60 | -0.5894 0.0680 0.6575 | 794.30 | -0.5894 0.0680 | 0.6575
857.70 | -0.1139 0.4979 0.6118 | 926.10 | -0.1139 0.4979 | o0.6118
1000.00|  3.2946 3.0103 | -0.2843 | 1080.00| 3.2946 3.0103 | -0.284
1166.00f  12.9778 | 11.3839 | -1.5939 | 1259.00| 12.9778 | 11.3839 | -1.593
1359.00  26.8552 | 24.8601 | -1.9951 | 1468.00| 26.8552 | 24.8601 | -1.995




4 : - . 4
415790 5.2 113801 AAUNANIINAABNIN PSpice i WANYIAMM 1uA v = 4

55

5 ﬂ11§ﬂuﬂa (dB) : L) i dm ‘
a2un(Bz)| PSpice | Awa AMWeNacR [A2mn(lz)| PSpice Ao |AWAVAR
10.00 -0.0000 | -0.0000 | -0.0000 | 10.80 [ -0.0000 | -0.0000 | -0.0000

11.66 | -0.0000 0.0000 0.0000 | 12.59 | -0.0000 0.0000 0.0000
13.59 | -0.0000 0.0000 0.0000 | 14.68 | -0.0000 0.0000 0.0000
15.85 | -0.0000 | -0.0000 | -0.0000 | 17.11 | -0.0000 | -0.0000 | -0.0000
18.48 | -0.0000 0.0000 0.0000 | 19.95 | -0.0000 0.0000 0.0000
21.54 | -0.0000 | -0.0000 | -0.0000 | 23.26 | -0.0000 | -0.0000 | -0.0000
25.12 | -0.0000 | -0.0000 | -0.0000 | 27.12 | -0.0000 | -0.0000 | -0.0000
29.29 | -0.0000 0.0000 0.0000 | 31.62 | -0.0000 0.0000 0.0000
34.15 | -0.0000 0.0000 0.0000, | 36.87 | -0.0000 0.0000 0.0000
39.81 | -0.0000 0.0000 0.0000 | 42.99 | -0.0000 0.0000 0.0000
46.42 | -0.0009 0.0000 0.0009 | 50.12 | -0.0009 0.0000 0.0009
54.12 | -0.0009 0.0000 0.0009 | 58.43 | -0.0009 0.0000 0.0009
63.10 | -0.0017 0.0000 0.0017 | 68.13 | -0.0017 0.0000 0.0017
73.56 | -0.0017 0.0000 0.0017 | 79.43 | -0.0017 0.0000 0.0017
85.77 0.0017 | -0.0000 0.0017 | 92.61 | -0.0017 | -0.0000 0.0017
100.00 | -0.0017 | -0.0000 0.0017 | 108.00 | -0.0017 | -0.0000 0.0017
116.60 | -0.0017 0.0000 0.0017 | 125.90 | -0.0017 0.0000 0.0017
135.90 | -0.0104 0.0000 0.0104 | 146.80 | -0.0104 0.0000 0.0104
158.50 | -0.0104 0.0000 0.0104 | 171.10 | -0.0104 0.0000 0.0104
184.80 | -0.0104 0.0000 0.0104 | 199.50 | -0.0104 0.0000 0.0104
215.40 -0.0191 0.0001 0.0192 232.60 -0.0191 0.0001 0.0192
251.20 | -0.0278 0.0008 0.0284 | 271.20 | -0.0278 0.0006 0.0284
292.90 | -0.0278 0.0028 0.0306 | 316.20 | -0.0278 0.0028 0.0306
341.50 | -0.0278 0.0124 0.0401 | 368.70 | -0.0278 0.0124 0.0401
398.10 0.0035 0.0522 0.0487 429.90 0.0035 0.0522 0.0487
464.20 0.1490 0.2051 0.0562 501.20 0.1490 0.2051 0.0562
541.20 | 0.6398 0.6955 0.0557 | 584.30 | 0.6398 0.6955 0.0557
631.00 | 1.7390 1.7874 0.0485 | 681.30 | 1.7390 1.7874 0.0485
735.60 | 2.8758 2.9411 0.0653 | 794.30 | 2.8758 2.9411 0.0853
857.70 | 1.7148 1.8597 0.1452 | 926.10 | 1.7146 1.8597 0.1452
1000.00 | 3.3980 3.0103 | -0.3877 [1080.00 | 3.3980 3.0103 | -0.387T
1166.00 | 26.7148 | 26.4437 | -0.2712 [1259.00 | 26.7148 | 26.4437 | -0.2712
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4 e . 4 e
A9 5.3 113801 NAUWANIINGAASIN PSpice M WANTIAINIE 18 v = 0 (Equiripple)

m1§q|in (dB) n11f|ain (dB)
F h : 4 5 : i
A1u(Hz) |  PSpice | Awom Awavatm |A2wn(az)| Pspice AW |AWANAM

10.00 0.0104 0.0091 -0.0014 10.80 0.0104 0.0091 -0.0014
11.686 0.0130 0.0123 -0.0007 12.59 0.0130 0.0123 -0.000T7
13.59 0.0174 0.0167 -0.0007 14.68 0.0174 0.0187 -0.0007
15.85 0.0235 0.0227 -0.0008 17.11 0.0235 0.0227 -0.0008
18.48 0.0313 0.0309 -0.0005 19.95 0.0313 0.0309 -0.0005
21.54 0.0427 0.0419 -0.0008 23.26 0.0427 0.0419 -0.0008
25.12 0.0567 0.0568 0.0002 27.12 0.0567 0.0568 0.0002
29.29 0.0768 0.0771 0.0003 31.682 0.0768 0.0771 0.0003
34,15 0.1040 0.1044 0.0004 36.87 0.1040 0.1044 0.0004
39.81 0.1401 0.1412 0.0011 42.99 0.1401 0.1412 0.0011

46.42 0.1888 0.1908 0.0020 50.12 0.1888 0.1908 0.0020
54.12 0.2539 0.2572 | 0.0033 | 58.43 0.2539 0.2572 0.0033
63.10 0.3402 0.3458 0.0054 668.13 0.3402 0.3456 0.0054

73.56 0.4548 0.4624 0.0076 79.43 0.4548 0.4624 0.0076
85.77 0.6044 0.6154 0.0110 92.61 0.6044 0.6154 0.0110
100.00 0.7974 0.8129 0.0155 108.00 0.7974 0.8129 0.0155
116.60 1.0408 1.0632 0.0224 125.90 1.0408 1.0832 0.0224

135.90 1.3407 1.3710 0.0303 146.80 1.3407 1.3710 | 0.0303
158.50 1.6955 1.7375 0.0419 171.10 1.6955 1.7375 0.0419
184.80 2.0887 2.1461 0.0574 199.50 2.0887 2.1461 0.0574

215.40 2.4785 2.55T7 0.0792 232.60 2.4785 2.5577 0.0792
251.20 2.7831 2.8935 0.1104 271.20 2.7831 2.8935 0.1104
292,90 2.8504 3.0041 0.1537 316.20 2.8504 3.0041 0.1537
341.50 2.4278 2.6451 0.2172 368.70 2.4278 2.6451 0.2172
398.10 1.2129 i.SIBl 0.3052 | 429.90 1.2129 1.5181 0.3052
464.20 -0.2921 0.0699 0.3621 501.20 -0.2921 0.0699 0.3621
541.20 0.8318 1.2258 0.3940 | 584.30 0.8318 1.2258 0.3540
631.00 2.2673 3.0163 0.7489 | 681.30 2.2673 3.0163 0.7489

735.60 -0.4915 0.5259 1.0174 T94.30 -0.4915 0.5259 1.0174
857.70 2.4221 2.8920 0.4700 926.10 2.4221 2.8920 0.4700
1000.00 6.2352 3.0104 -3.2248 |1080.00 6.2352 3.0104 -3.2248

1166.00 40.0209 37.8716 -2.1493 [1259.00 40.0209 37.8718 ~2.1493




A1T14M 5. 4 uﬁaqdwqun1é Mi1un1naans
SECOND ORDER | v = 8 v =4 v =0 wiae
BLOCK
RiTEE = 7.234530 7.234530 7.234530 KOHMS
R(C2) = 7.234530 7.234530 7.234530 | KOHMS
(1 = 0.005581 .002070 .001197 | uF
c(2) = 0.086725 .233787 404481 | uF
THIRD ORDER
BLOCK # 1
RC 1) = 7.717139 10.702047 25.422952 | KOHMS
Rt 23 = 18.970262 64.533970 129.550207 KOHMS
R( 3 = 1.966682 795998 .409117 | KOHMS
cC 1 = 0.022 0.022 0.022 uF
c(2) = 0.022 0.022 0.022 uF
c( 3 = 0.022 0.022 0.022 uF
THIRD ORDER
BLOCK # 2
RC 1 = 12.424435 | 14.672348 25.827300 | KOHMS
R(2) = 8.121996 20.593440 101.037965 | KOHMS
R( 3) = 3.656528 4.639297 .847996 | KOHMS
c(C 1) = 0.022 0.022 0.022 uF
c(2) = 0.022 0.022 0.022 uF
C( 3 = 0.022 0.022 0.022 uF
THIRD ORDER
BLOCK # 3
RC1) 3= 15.974912 24.4244986 27.753083 KOHMS
R( 2) = 6.057437 10.740859 86.445258 | KOHMS
R( 3) = 3.736382 6.149958 2.927029 | KOHMS
¢ 1) = 0.022 0.022 0.022 uF
c( 2y = 0.022 0.022 0.022 uF
c( 3 = 0.022 0.022 0.022 uF

47
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PROGRAM  EQUIR

PURPOSE

A MULTIPLE-REAL-POLE/MULTIPLE-CRITICAL-POLR ALL-POLE

EQUIRIPPLE PILTER RC ACTIVE LOWPASS PILTERS
PROCEDURE

1.SET AO,AL,..An-2 AND X1,X2,...Kn

2.FIND HC AND BETA BY REMBZ ITERATION

J.FIND A0 - An-2 BY REMBZ ITERATION

{.IF OUT OF LINIT GOTO 2

5. NORMALLZE FUNCTION

6.FIND ROOT, W AND Q

DESCRIPTION OF PARAMETERS
NX = N OF EQU.
L = W SQUARE
AL = CORFFICIENT OF ¥
SUBROUTINE AND FUNCTION SUBPROGRAM REQUIRED
SUB = SIHQ, ROOT, POLRT, NORM, WTOS, FPOLY
FUNCTION = FUNCMAIN [A(X) = (14X)"UR ....]
FILE
FILTER.DAT = DATA INPUT PILE
SOLUTION.DAT = RESULT OUTPUT FILE (CREAT BERORE USE)

QOO OSSO O OO OaO OOt atoacoe

T 20 T T W Wt R R AR o, WL O S BT
[NPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSLON A(100),B(10),ROOTR(10),RO0TI(10),X(10),D(10),AX(10]),
¥ RX(10],COF(10),XCOF(10),XTHP(2)
C
C READ NX,UC,EBSI,X1,X2,X11,A1,AX(0),ERROR
C

OPEN(5,PILB="FILTER.DAT')
OPEN(6,PILR="SOLUTION.DAT')
READ(5,1000)NX,UC,BBSI, AL, RRROR

1000 FORMAT(I2,R3.1,D3.1,03.1,D10.8)
READ(5,1010)X(1),X(2),X(3),X(4),X(5),X(5)
WRLTE(*,1018)X(1),X(2),X(3),X(4),X(5),X(6)

1010 FORMAT(D10.8,D10.8,010.8,010.8,D10.8,D10.8)

1015 PORMAT(IH ,1X,F10.8,1X,F10.8,1X,F10.8,1K,P10.8,1X,F10.8,1X,F10.8)
READ(S,1012)AX(1),AK(2),AX(3),AX(4),AX(5)
WRITE(*, 1016 AX(1),AK(2),AX(3),AX(4),AX(5)

1012 FORMAT(D10.8,D10.8,010.8,010.8,D10.8)

1016 FORMAT(1H ,1X,F10.8,1X,F10.8,1X,F10.8,1X,F10.8,1X,P10.8)
A2 = AL+EBSI
UR = FLOAT(NX)/2.0

"



C START CASE 1

C
IT=10
80 IT = IT+l
WRITE(#,1020)17
1020 FORMAT(1H ,10X,"ITERATION = ',I3)
D0 § I=1,NX
5 WRITE (¥,1030)1,X(L)
1030 FORMAT(1H ,10X,"X(’,12,") = ',P15.10)
c
C FIND HC AND BETA
C

DO 10 I=(NX-1),NX
J = I-(NX-2)
A(J) = X(1) # X(1)
A(J+2) = =X(1)
ATBHP = A2
IF (I.EQ.NX) THEN
ATEMP = Al
ENDIF
BOJ) = (ATEMP/((1.04X(T))S%UR®(AX(1)#AX(2)#X(T)+AX(3)*X(L)%X(I)
+Ax(lI*l([]*l(()ll([]+AX(5I¥I(I)#X(II¢I(I|¥XIIl}!l
s #5(1.0/UC)-1.0
WRITE(#,1035)A(3),A(J+2),B(T)
1035 FORMAT(IH ,5X,F15.10,5X,P15.10,10X,P15.10)
10 CONTINUE
N=2
CALL SINQ(A,B,N,KS)
BETA = B(1)
HC = B(2)
IF (KS) 20,30,20
20 WRITE (%,1040)
1040 FORMAT (1H,10X,'THE MATRIX IS SINGULAR')
STOP
30 WRITE (*,1050)BETA,HC
1050 FORMAT (1H,10X,’BBTA = ',P15.10,10X,"HC = ', P15.10)

C FIND X THAT EQU. = Al OR A2
C

D(10) = 0.0
CALL ROOT(N,D,BETA,HC,COF,UR,UC)
IF (N-2) 50,60,50

50  WRITE (¥,1070)

1070 FORMAT (1H ,10X,'ROOT ERROR')
S$TOP



60

10
1080

106

120

1103
110

10§
1100

115
116

12§
1110

1120
130

133

D0 70 [ = (NX-1),NX

J = [-(NK-2)

X(I) = COR(J)

ATEMP = PUNCMAIN(N,AX,X(I),UR,UC,HC,BETA)
WRITE(#,1080)X(I),ATEHP

FORMAT (' A(',F15.10,') = ',R15.10)

FIND AX(2),AK(3),AX(4),AX(5) REMARK AX(2) IS A(1) ON EQU.

DO 110 I=1,NX-2

A(I) = X(1)

A(L#4) = X(1)3X(T)

A(I48) = X(1)*X(I)#X{1)
A(T#12) = X(L)®X(T)*X(L)*X(T)
ATENP = A2
[F ((I.BQ.2).0R.(I.EQ.4))THEN
ATEKP = Al
ENDIF
XTEMP = ]

DO 120 J = 1,INT(UC)

XTEMP = XTEMP®(BETA®X(L)*X(I)-HC#X(T)+1)

B(I) = (ATEMP/((1.04X(I))**URSXTEMP))-AX(1)
WRITE(®, 1103 )A(L), ALT+4) ,A(T48),A(1+12),B(I)
FORMAT(1X,F15.10,1X,P15,10,1X,F15.10,1X,F15.10,1X,P15.10)
CONTINUR

N=d

CALL SIMQ(A,B,N,KS)

[0

WRLTE(*,1100)1,AX(1)

DO 105 I = I,N

AX([+1) = B(I)

WRITE(*,1100)1,AX(I#1)

FORMAT (' A(",I2,") = ',R15.10)

FIND X CASE 2

N = N

Do 116 I = 0,N-2

D(I+3) = AX(I41)

CALL ROOT(N,D,BETA,HC,COR,UR,UC)

[F (N-6) 125,130,125

WRITE (%,1110)

FORMAT(/," INPUT X1,K2')
READ(*,1120)X(1),X(2)
FORMAT(/,F15,10,F15,10)

DO 140 T = 1,NX

LT) = COR(I)

ATEMP = PUNCMAIN(N,AX,X(I),UR,UC,HC,BETA)
WRITE(%,1080)X(I),ATENP

ASRT = A2

IF (KOD{I,2).EQ.0) THEN

ASET = Al

ENDIF

[F (DABS(ASET-ATENP) - ERROR) 133,133,135
[TEND = | §
GOTO 140
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135 ITBND = 0
140 CONTINUE
[F (ITEND .BQ. 0) THEN
G0TO 90
ENDIF
XTHP(1) = X(NX)
ATHP(2) = XTHP(1) + §
CALL NORM(NX,UC,UR,BETA,HC,AX,XTHP,ALPHA)
CALL WTOS(NX,UC,UR,BETA,HC,AX,ALPHA)
sTop
END

------------------------------------------------------------

SUBROUTINE NORM

PURPOSE
FIND NORMALIZE FACTOR AND NORMALIZE FUNCTION

DESCRIPTION OF PARAMETERS

ALPHA = NORMALIZE FACTOR

BETA,HC AND AX CHANGE TO NOMALISED VALUR
USAGE

CALL NORM(N,UC,UR,BBTA,HC,AX,X,ALPHA)
ouTPUT

FILE

............................................................

SUBROUTINE NORM(N, uc UR,BETA,HC,AX,X,ALPHA)
INPLICLT DOUBLE PRECISION (A-H,0-Z)
DINENSION AX(10),1(2)
ERROR = 0.0000004
ATEMP1 = FUNCHAIN(N,AX,X(1),UR,UC,HC,BETA)
ATEMPZ = RUNCHAIN(N,AX,X(2),UR,UC,HC,BRTA)
WRITE(*,1020)ATEMP1,ATENP2

1020 FORMAT(/," A(XI) = ',R13.6,5%,'A(X2) = ',F13.6,/)

15 X7 = (X(1)#X(2))/2.0
ATENP1 = FUNCHAIN(N,AX,XT,UR,UC,HC,BETA)
VRITE(#,1030)XT,ATRHPI

1030 FORMAT(" X = ',P9.6," A(X) = ',F13.6)
[F ( DABS(2.0-ATEMP1) .LT. ERROR ) GO T0 100
[P ( 2.0-ATENPI ) 30,100,20

20 K(1) = xr
GO T0 15

30 X(2) = xr
GO TO 15

100 WRITE(6,1032)XT

1032 FORMAT(' NORMALLIZRD PACTOR = ',F13.6)
HC = HC#XT
BETA = BRTA®XT#XT
WRITE (6,1035)HC, BRTA

1035 FORMAT(' HC = ',P13.6," BETA&'= ',F13.6)

64



DO 40 I = 1,N-1
AX(T) = AX(T)SXT$3(1-1)
40 WRITE (6,1040)I-1,AX(I)
1040 PORMAT(' A(',I1,') = ',F13.6)

=

ALPHA = XT
RETURN
END
(==rrrcsnccanncccccnccsccssnsnsnanssncsscacssnssasnssnssssnananas
FUNCTION FUNCMAIN(N,AX,X,UR,UC,HC,BETA)
C

[MPLICIT DOUBLE PRRCISION (A-H,0-Z)
DIMENSION AX(10)
ATEKP = 0.0
DO 10 T = 1,N-1
10 ATEMP = ATEMP+AX(L)#X$%(I-1)
FUNCMALN = ((1.04X)#%UR)¥((BBTASXSE-HC#X+1)#3UC)¥ATENP

RETURN

END
Cmmmmm e e e e C
C SUBROUTINE ROOT C
C C
c USAGE C
C CALL ROOT(N,D,BETA,HC,COF,UR,UC) C
C c
T e C

SUBROUTINE ROOT(N,D,BETA,HC,COF,UR,UC)

[NPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION A(100),B(10),ROOTR(10),ROOTI(10),X(10),D(15),AX(10},

$ RX(10),COF(10},XCOF(10)
c

WRITE(#,900)D(1),D(2),D(3),D(4)

900 FORMAT(/,P13.6,3X,F13.6,3X,P13.6,3K,P13.6)
WRITE(#,900)BETA,HC,UR,UC
DO 10 L =0,

KCOR(I+1] = D(I+1)%(BRTA®(UR+2.0%UC+FLOAT(I)-2.0))
¥ tD(I1+2)#(-(UR+UC+RLOAT(I)-1.0)*HC
¥ tBRTA® (2, 0%UC+FLOAT(I)-1.0))
$ 0(L+3)#(-(UCHFLOAT(I) ) $HC+(UR+RLOAT(I)))
¥ H{PLOAT(L)+1.0)#D(I+4)

10 WRITE (#,950)XCOR(I+1)

950 FORMAT(1H ,5X,F13.6)
=N
CALL POLRT(XCOF,COF,H,R00TR,RO0TI, IER)

[P (IBR .NE. 0) THEN
WRITE(#,1000)

1000 FORMAT(1H , 10X, 'ERROR NO ROOT ')
ENDLF
NTEKP = 0
DO 20 I = 1,N
WRITE(*,1010|ROOTR(I),ROOTI(I)

1010 FORMAT(1H ,5X,'REAL = ',F13.6,10X," INAGINARY = ',F13.6)
IF ((DABS(ROOTI(I)).LT.0.0000001).AND. (DABS(ROOTR(I)).GE.0.0))THEN
NTEHP = NTEHP + |
COF(NTENP) = ROOTR(I)

ENDIF
t0  CONTINUE
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SORT

N = NTRKP
DO 30 T = 1,N-1
00 30 J = I,N
IF (COF(I).GT.COF(J)) THEN
TEMP = COF(J)
COF(J) = COFR(I)
COR(I) = TEMP
ENDIF
30 CONTINUE
N = NTENP
D0 40 T = 1,N
40 WRITE(*,1010)COR(I)
RETURN
END

g,

----------------------------------------------------------------

SUBROUTINE WTOS

PURPOSE
CHANGE |G(JW)}"2 T0 G(S) AND SET COEFFICIENT FOR
SUB FPOLY

USAGE
CALL WTOS(N,UC,UR,BETA,HC,AX,ALPHA)
OUTPUT ]

FILE

----------------------------------------------------------------

SUBROUTINE WTOS(N,UC,UR,BBTA,HC,AX,ALPHA)
[KPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION AX(10),XCOR(10)
WRITE(6,1100)

1100 FORMAT(/,” #*% SIMPLE POLE #33')
WPR = DSQRT(1.0/ALPHA)
WRITE(6,1110)WPR

1110 FORMAT(® WPR = ', F10.6)
WRITE(6,1120)

1120 FORMAT(/," ##% CRITICAL POLE $3%')
XCOF(1) = 1.0
XCOF(2) = 0.0
XCOF(3) = HC
XCOF(4) = 0.0
XCOF(5) = BETA
NORDER = 4
CALL FPOLE(XCOF,NORDER)
WRITE(6,1130)

1130 FORMAT(/," ##% NULTIPLE POLE #%')
XCOF(1) = AX(1)

DO 100 [ = 2,N-1

J = ((I-1]%2)41

ACOF(J) = AX(L)¥(-1)#%(L-1)
I = (I-1)%2

XCOR(J) = 0.0

100  CONTINUE
NORDER = (N-2)#2
CALL FPOLE(XCOF,NORDER)

€2 €a 2 Ca € Cacacacocaca
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L140 PORMAT(/,"====nnmmmmmmmm st
RETURN
BND

SUBROUTINE FPOLY

PURPOSE
FIND ROOT, W AND Q

USAGE
CALL FPOLY(XCOR,X)
OUTPUT
FILE "

I I Ca I Ca € 3 o a2

SUBROUTINE PPOLE(XCOR,N)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION XCOR(30),COF(30),ROOTR(30),R00TI(30),AX(30)
CALL POLRT(XCOF,COF,N,RO0TR,RO0TI,IER)
[F (TER) 10,20,10
10 WRITB(6,1000)
WRITE(6,995) LER
995 FORMAT(' ERROR NUMBER ',12)
1000 FORMAT(' ROOT ERROR')
RETURN
20 DO 30 I=1,M
30 WRITE(6,1020)ROOTR(I),ROOTI(T)
1020 FORMAT(" REAL = ',F10.6,' INAGIN = ',F10.6)
MR =1
ROOTR(1) = DABS(ROOTR(1))
ROOTI(1) = DABS(ROOTI(1))
DO 501 =20
ITEST = 0
DO 40 J = 1,KR
[F ((DABS(ROOTR(J)-DABS{ROOTR(I))) .LT. 0.0000001}) THEN
ITBSt = [TEST+1
ENDLF
{0 CONTINUE
[P (ITEST .EQ. 0) THEN
MR = NRtl
ROOTR(MR) = DABS(ROOTR(L))
ROOTI(MR) = DABS(ROOTI(L))
ENDIP y
50  CONTINUE 4
D0 60 I = 1,MR
RR = DABS(ROOTR(I))
RINJ = DABS(ROOTI(I))
WPC = DSQRT(RR*RR+RINJ¥RINJ)
QPC = WPC/(2.0%RR)
60  WRITE(6,1030)WPC,qPC
1030 FORMAT(" WPC = ',P10.6," QPC = ',F10.6)
RETURN
END

67
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SUBROUTINE SIMQ

C

C

c

C  PURPOSE

c OBTAIN SOLUTION OF A SBT OF SINULTANEOUS LINEAR EQUATIONS,
C AX=B

C

C USAGE

C CALL STMQ(A,B,N,KS)

C
C

DESCRIPTION OF PARAMETERS

A - MATRIX OF COBPICIENTS STORED COLUMNWISE. THERE ARR
DESTROYED IN COMPUTATION. THE SIZR OF MATRIX A IS
N BY N,

B - VECTOR OF ORIGINAL CONTAINS (LENGTH N). THERE ARE
RBPLACED BY FINAL SOLUTION VALUES,

N - NUHBER OF EQUATIONS AND VARIABLES, N MUST BE .GT. ONE.

kS - OUTPUT DIGIT
0 FOR NORMAL SOLUTION
1 FOR SINGULAR SBT OF EQUATIONS &

C
C

C

c

C

C

C

C

C

C

C  REMARES

C NATRIX MUST BE GENENAL.

C [F HATRIX IS SINGULAR , SOLUTION VALUBS ARE MEANINGLESS.
C AN ALTERNATIVE SOLUTION MAY BR OBTAINED BY USING MATRIX
C INVERSION (NINV) AND MATRIX PRODUCT (GNPRO).

C

C

C

C

c

C

C

C

c

C

C

C

SUBROUTINE AND FUNCTION SUBPROGRAMS REQUIRED
NONE

HETHOD
METHOD OF SOLUTION IS BY ELININATION USING LARGEST PIVOTA:
DIVISOR. BACH STATE OF BLININATION CONSISTS OF INTERCHANGING
ROW THEN NECESSARY TO AVOID DIVISION BY ZERO OR SMALL ELEMENTS.
THE FORWARD SOLUTION TO OBTAIN VARIABLE N IS DONE IN
N STAGES. THE BACK SOLUTION FOR THE OTHER VARIABLES IS
CALCULATED BY SUCCESSLVE SUBSTITUTIONS. FINAL SOLUTION
VALUES ARE DEVELOPED IN VECTOR B,WITH VARIABLE 1 IN B(1},
C VARIABLE 2 IN B(2) ... , VARIABLE IN IN-B(N). IF NO PIVOT
C CAN BE FOUND, EXCEEDING A TOLERANCE OF 0.0, THE NATRIX IS
C CONSIDERED SINGULAR AND KS IS SET T0 1. THIS TOLERANCE CAN
¢ BE MODIFIED BY REPLACING THE FIRST STATEMENT.
C
C
C

##it*ttt*tttttttttttttttttit‘lt#t#t#tti#tttt!lt#ttt#ttt#tt##ittll!t#tt

SUBROUTINE SINQ(A,B,N,KS)
DIMENSION A(1),B(1)

C FORWARD SOLUTION
C
TO0L = 0.0
S
W= -N
DO 65 J=1,N
JY = J+l

I = JI+N+]
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20

30

35

40

50

5%

60

B(

BIGA = 0.0
[T=1J-
DO 30T =1J,N

SEARCH FOR MAXIHUM COEFICIENT IN COLUMN

[J = I
IF ( ABS(BIGA) - ABS(A(TJ)) ) 20,30,30
BIGA = A(TJ)
IMAX = [
CONTINUE

TEST FOR PIVOT LESS THAN TOLERANCE (SINGULAR MATRIX)

IF (ABS(BIGA) - TOL ) 35,35,40
K5 =1
RETURN

[NTERCHANGE ROWS IF NECESSARY

=7+ N$(J-2)

IT = INAX - J

D0 50 K = J,N
IT = TI+N
[2=11¢11°
SAVE = A(I1)
A(IT) = A(12)
A(I2) = SAVE

DEVIDE EQUATUION BY LEADING CORFFICIENT

A(IT) = A(IT)/BIGA
SAVE = B(INAX)
B(INAX) = B(J)
B(J) = SAVE/BIGA

ELIMINATE NEXT VARIABLE

IF ( J-N ) 55,70,55
Qs = N # (J-1)
DO 65 IX = JY,N
I =1Q8 + IX
[T =1-x
DO 60 JX = JY,N
N =N (JX-1)+IX
JIX = INX ¢ IT
AMTWIX) = A(IXJX) = ( A(TXT) # A(JJX) )
IX) = B(IX)-( B(J) * A(IXJ) )

BACK SOLUTION

69



D0 80 K = 1,J
B(IB) = B(IB) - A(IA)#*B(IC)

[A=TA-N
B0 IC=1IC-1
RETURN

END

(R R R R R R e et a et e aesRiiss i3]

SUBROUTINE POLRT

PURPOSE

COMPUTE THE REAL AND COMPLEX ROOTS OF A REAL POLYNOMIAL
USAGE

CALL POLRT(XCOF,COF,M,ROOTR,ROOTI,IER)

DESCRIPTION
ICOF - VECTOR OF M+l COEFRICIENTS OF THE POLYNOMIAL
ORDER FROM SMALLEST TO LARGEST POWER
COF - WORKING VECTOR OF LENGTH N¢1 &
N - ORDER OF POLYNOMIAL
ROOTR- RESULTANT VECTOR OF LENGTH M CONTAINNING REBAL ROOTS
OF THE POLYNONIAL
ROOTI- RESULTANT VECTOR OF LENGTH M CONTAINNING THE
CORRESPONDING THE IMAGINARY ROOTS OF THE POLYNONIAL :
[BR - ERROR CODE WHERE
[ER=0 NO ERROR
[ER=1 ¥ LESS THAN ONE
[ER=2 ¥ GREATER THAN 36
[ER=3 UNABLE TO DETERMINE ROOT WITH 500 ITERATIONS
ON 5 STARTING VALUES
[ER=4 HIGH ORDER COEFFICIENT IS ZERO

REMARKS
LIMITED T0 36 TH ORDER POLYNOMIAL OR LBSS.
FLOATING POINT OVERFLOW MAY OCCUR FOR HIGH ORDER
POLYNOMIALS BUT WILL NOT AFPECT THE ACCURACY OF THE RESULTS.

SUBROULTNE AND FUNCTION SUBPROGRAM REQUIRED
NONE

HETHOD
NEWTON-RAPHSON ITERATIVE TECHNIQUE. THE FINAL ITERATIONS
ON EACH ROOT ARE PERFORMED USING THE ORIGINAL POLYNOMIAL
RATHER THAN THE REDUCED POLYNOMIAL TO AVOID ACCUMULATED
ERROR IN THE REDUCED POLYNONTAL.

FERRRRRRRRRRRR RN RSN R RN R RN R RS R R R RRRRRRRRRSRRRERE4S

W GO OGO DI GGG MmO oe

SUBROUTINE POLRT(XCOF,COF,N,ROOTR,RO0TI,IER)
DIMENSION XCOF(1),COP(1),ROOTR(1),RO0TI(1)



SO OO oOooOocG OO EcCo

i
35

40

<

45

C

LRI R IR AR ERd 22 2R R e R Rz iR it igis ettt eisitqasasazsiss

IF A DOUBLE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE
C IN COLUMN 1 SHOULD BE REMOVED FRON THE DOUBLE PRECISION
STATEMENT WHICH FOLLOWS.

DOUBLE PRECISION XCOF,COF,ROOTR,RO0TI

THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS
APPEARING IN OTHER ROUTINES USE IN CONJUNCTION WITH THIS
ROUTINE,

THE DOUBLE PRECISION VERSION MAY BE MODIFIED BY CHANGING THE
CONSTANT IN STATEMENT 76 T0 1.0D-12 AND IN STATEMENT 122 T0
122 70 1.0D-10 . THIS WILL PROVIDE HIGHER PRECISION RRSULTS AT
THE COST OF EXECUTION TIME.

ERRRERR R R R R R RN R R R R R R IR RN R R RO RN AR R R 80 48

[FIT =0

N=N

[ER = 0

IF ( XCOF(N#1) ) 10,25,10
IF ( N ) 15,15,32

LA

SET ERROR CODE 10 1

[ER = 1
RETURN

SET ERROR CODE T0 4

[ER = 4
GOTO 20

SET ERROR CODE 70 2

[ER = 2
GOTO 20
[F ( N-35 ) 35,35,30
NX = N
NEX = N 41
N2 =]
KIT =N+ 1
DO 40 L=1,KI1
KT = KJ1 - L+ 1
COF(NT) = XCOR(L)

SET INITIAL VALUR

X0
10

0.00500101
0.001000101

LERO INITIAL VALUE ZERO

71



50

§5

§9
60

65

10

(]

8

80

85
90

72

N =0
X0 ;

[NCREMENT INITIAL VALUR AND COUNTER

X0 = -10.0%Y0 :
Y0 = -10.0%X :

SET X AND Y TO CURRENT VALUR

L= X0
Y=10
[N = INtl
GOTO 59
[FIT = 1
IPR = X
YPR = ¥

EVALUATE POLYNOMIAL AND DERIVATIVES

ICT = 0

IF (
DO 70 I=1,N

L=N-T41

TENP = COF(L)

T2 = X$XT - Y877

Y12 = X$YT + ¥8XT

U=U+ TEMP$XT2

V=V + TENPHYT2

FI = 1

UX = UX + RI¥XTHTENP

UY = UY - PISYTSTRMP

1T = IT2

=11

SUNSQ = UXSUX + UYsUY

IF (SUKSQ) 175,110,75

DX = (VSUY - USUX)/SUNSQ

1= F+

DY = -(USUY + V#UX)/SUNSQ

Ys14 01

IF ( DABS(DY) + DABS(DX) - 1.00-5 ) 100,80,80

STEP ITERATION COUNTER

ICT = ICT + 1

IF ( ICT - 500 ) 60,85,85
[P (IFIT) 100,90,100

IF (IN - 5 )50,95,95

SET ERROR CODE TO 3



95

100

105

110
115

120
122
125

130

135

140
145
150
155

160

165

(#8F

LB B B - B =T - |

€3 2 &

[ER = 3
GOTO 20
DO 10§ L=1,NXX
T =Kl -L+1
TEMP = XCOR(MT)
XCOF(NT) = COR(L)
COR(L) = TEMP
[TENP = N
N=N
NX = [TENP
[F (IFLT) 120,585,120
IF (IPIT) 115,50,115
L= IPR
Y = YPR
IFIT = 0
IF ( DABS(Y) - 1.00D-4%DABS(X)) 135,125,125
ALPHA = X + X
SUHSQ = XX + Y#Y
N = N-2
GOTO 140
X=0.0
NI = NX -1
NKX = NXX-1
f=0.0
SUNSQ = 0.0
ALPHA = X
= N-]
COR(2) = COF(2) + ALPHA®COF(1)
DO 150 L = 2,N
COR(L+1) = COF(L#1) + ALPHA*COR(L) - SUMSQ¥COF(L-1) !
ROOTI(N2) = ¥
ROOTR(N2) = X
NZ = N2+1
[F (SUNSQ) 160,165,160
Y=-¢
SUNSQ = 0.0
GOTO 155
IF (N) 20,20,45
END

L
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SUBROUTINE NLEQ

PURPOSE

OBTAIN SOLUTION OF A SET OF SINULTANEOUS NON-LINEAR EQUATIONS,
F(X) =0

USAGE
CALL NLEQ(N,XS,KS)

3



< 2

DESCRIPTION OF PARAMETERS

C N - NUMBER OF EQUATIONS AND VARIABLES, N MUST BE .GT. ONE.
c XS - VECTOR OFGAUSS SOLUTION VALUES
C kS - OUTPUT DIGIT :
C 0 FOR NORMAL SOLUTION
c I FOR SINGULAR SET OF BQUATIONS
C
c
C  SUBROUTINE AND FUNCTION SUBPROGRAMS REQUIRED
c FUNCTION
c SIHQ
C
CRRRRRERER R R R R R RN R R R R RN R R RN RS R RR R RN RRREF KRR AR08 4
C
SUBROUTINE NLEQ(N,XS,KS,UR,0C)
[MPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION A(100),B(10),F(10),DBRIV(10,10),6AK(10),X(10),18(10)
C
kS = 0 k
KHAX=25
EPSI = 0.000001
DELTA = 0.00001
DO 100 K = 1,KNAX
¢
DO 10T =1,N
10 F(I) = FUNC(I,XS,UR,UC)
G
00 30 J = 1,N
X$(J) = XS(J)+DELTA
DO 201 =1,N

0 DERIV(I,J) = (PUNC(T,XS,UR,UC)-F(L))/DRLTA
30 XS(J) = XS(J)-DELTA

DO 40 L =1,N
GAN(L) = =F(1)
DO 40 J = 1,N
40 GAM(I) = GAM(I)#XS(J)#DERIV(I,J)

DO 50 I = I,N
50  B(I) = GAM(I)
DO 701 =1,N
Jh =1
DO 60 J = 1,N
A(JA) = DERIV(L,J)
60 JA = JA+N
70 CONTINUE
1000 PORMAT(/,"' STEP = ',I2)

L]

CALL SIKQ(A,B,N&S)

g,

[F (KS) 90,90,80
50 DO 9210 =1,N
[F (DABS(B(L)/XS(I)-1.0) .GB. BPSI) GO TO 98
92 CONTINUE #



93

98
99
100
80

D0 93 1 = I,N
XS$(I) = B(I)
RETURN

D0 99 [ = I,N
XS(1) = B(I)
CONTINUE
=1

RETURN

END

75
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PROGRAM  FILT6_§

PURPOSE

FIND TRANSITIONAL ACTIVE FILTER THAT § RIPPLE (NU = §)
PROCEDURE

L.FIND HC AND BETA FRON EQURIPPLE

2.FIND An-2 - An-4  FROM EQURIPPLE

3.FIND A0 - An-5 PROM MAXIMALLY FLAT

4.G0TO 1 FOR LOOP

DESCRIPTION OF PARAMETERS
N = N OF EQU,
NV = NO. OF VARTABLE TO BR SOLVE ON SINQ
A = COEFFICIENT OF W
SUBROUTINE AND FUNCTION SUBPROGRAM RBQUIRED
SUB = SINQ, ROOT, POLRT, NORM, FPOLY, NLEQ (FOR SOLV. BRTA & HC)
FUNCTION = FUNCUR, FUNCSUM, PUNCMAIN
FILE
DFILTS_5.DAT = INPUT DATA FILE
SOL6_5.DAT = OUTPUT DATA PILE

QGG OO OOmOaGOoOOaOGCOaOoOEmOoCcCaemaea e

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION XS(10),A(10),B(10),X(5),D(15),C0R(15),XCOP(15),RK(10),
¥ AS(5),AX(5)
OPEN(S,PILB="DFILTE_5.DAT")
OPEN(6,PILE="SOL6_5.DAT")
READ (5,1000|N,NRIPPLB,UC
1000 FORMAT(212,F10.6)
UR = FLOAT(N)/2.0

EBSI = 1.0

AZ = 2.0

Al = A2-EBSI
el LT s St O C
C READ START VALUE OF A0,A1,..An-2 C
LT TR TE T T O C

DO 100 I =1,N-]

100 READ(5,1100)A(I)
1100 PORMAT(F10.6)

ettt R RSOSSN SN ¢
C  RBAD START VALUE OF X0,XI..,, THAT GENERRATE RIPPLE c
bt 0 L A el b c

DO 110 T = 1,NRIPPLE
110 READ(5,1100)X(I)
RRAD(5,1100)ERRI
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------------------------------------------------------------------------

a1

2000

FIND HC AND BETA THAT SATIFIE WITH BQURLPPLR
NV = NUMBER OF VARIABLE

IS(1) = BC

I5(2) = BETA
KS = 0 NORMAL, 1 ERROR

NV =2

D0 210 I=1,NV

AS(I) = X(NRIPPLE-2+¢I) # X(NRIPPLE-2+I)

AS(I+2) = -X(NRIPPLE-2+I)

ATEKP = A2

IF (NOD(I,2).BQ. 0) THEN

ATENP = Al

ENDIF

B(I) = (ATEMP/(FUNCUR(X(NRIPPLE-2+I),UR)
% $PUNCSUM(N,A,X(NRIPPLE-2+1))))##(1,0/UC)-1.0
CALL SIMQ(AS,B,NV,KS)

IF (KS .EQ. 1) THEN

WRITE (#,2000)

FORMAT (1H, 10X, THE MATRIX IS SINGULAR')

$TOP

ENDLF

BETA = B(1)

He = B(2)

WRITE (#,2100)HC,BETA

FORMAT (1H,10X,"HC = ',P13.6,10X,'BETA £ ’,F13.6)

------------------------------------------------------------------------

------------------------------------------------------------------------

220

NV = NRIPPLE-2

DO 220 I = 1,NV

AS(I) = X(I)#x(1)

AS(T+3) = X(I)$X(I)#x(1)
AS(T46) = X(I)*X(I)#X(L)#X(T)
ATEP = Al

IF (MOD(T,2).Bq. 0) THEN
ATRNP = A2

ENDIF

ATEMP = ATEMP/RUNCUR(X(T),UR)
ATENP = ATB!PIIlBETA‘X![)'I{II~HC‘I{II+1.0)**00]
B(T) = ATEMP-A(1)-A(2)%X(I)
CALL SIMQ(AS,B,NY,KS)

IF (ES .EQ. 1) THEN

WRITE (¥,2000)

STOP

ENDIF

A(3) = B(1)

A(4) = B(2)

A(5) = B(3)

------------------------------------------------------------------------

------------------------------------------------------------------------

QOO O ao

17



D(1) = 0.0
D(2) = 0.0
D(3) = A(1)
D(4) = A(2)
D(5) = A(3)
D{6) = A(4)
D7) = A(5)
D(8) = 0.0
D(9) = 0.0
D(10)
D(11)
D(12)
NTHP = N
CALL ROOT(NTHP,D,BRTA,HC,COF,UR,UC)

245 D0 255 [ = 1,NRIPPLR
(1) = COF(NTMP-NRIPPLE+I)
AX(I) = FUNCMALN(N,A,X(I),UR,UC,HC,BRTA)
WRITE(#,2300)X(I),AX(I)

255 CONTINUE

0-0
0.0
0.0

" " "

IF (DABS(1.0 - AX(1)) .LB. BRR1) THEN
[F (DABS{2.0 - AX(2)) .LE. ERR1) THEW
IF (DABS(1.0 - AX(3)) .LB. BRRI) THEN
[P (DABS(2.0 - AX(4)) .LE. BRR1) THEN
IF (DABS(1.0 - AX(5)) .LE. ERR1) THEN
GOTO 270

ENDIF

ENDIF

ENDIR

ENDLF

ENDIF

GOTO 200

------------------------------------------------------------------------

210 A(2) = -A(1)%(UR-UCHHC)
A(3) = (-A(1)#(2,04UCHBRTA-HCH (URYUC) )-A(2) #(URH1.0-HCH(UC+1.0)))
¢ /2.0
A(4) = (-A(1)%(BETA®(UR+2,08UC) )-A(2)#(BBTAS(2.08UCH] .0)-
¢ HC¥(UR+UC+1.0) )-A(3)#(UR+2.0-HC#(UC+2.0)))/3.0
A(5) = (-A(2)%(BBTA®(UR+2.08UC+1.0))-A(3)#(BETA®(2.08UCH2.0)-
¥ HC# (UR+UC#2.0) )=A(4)¥(UR+3.0-HC*#(UC43.0))) /4.0

D CQha o,

D0 230 I = 1,(N-1)
230 WRITB(*,2200)I-1,A(I)
2200 PORMAT(/,' A(",I1,") = ',F10.5)

D(1) = 0.0
D(2) = 0.0
D(3) = A(1)
D(4) = A(2)
D(5) = A(3)



D(6) = A(4)
D7) = A(S)
D(8) = 0.0
D(9) = 0.0
D(10)
D(11})
D(12)
NTHP = N
CALL ROOT(NTMP,D,BBTA,HC,COF,UR,UC)
240 DO 250 I = 1,NRIPPLE
I(I) = COP(NTMP-NRIPPLE+I)
AX(T) = FUNCMAIN(N,A,X(I),UR,UC,HC,BETA)
WRITE(#,2300)X(I),AX(L)
250 CONTINUE
2300 PORMAT (' &(',P13.6,"') = ',R13.6)

0.0
0.0
0.0

U ¢
C  SELECT 1 = LOOP FIND HC AND AN-2 : 2 = CONTINUNE : 3 = @ND ¢
e ¢

IF (DABS{1.0 ~ AX(1)) .LE. ERR1) THEN »
IF (DABS(2.0 - AX(2)) .LE. ERRL) THEN °
[F (DABS(1.0 - AX(3)) .LE. BRR1) THEN
IF (DABS(2.0 - AX(4)) .LB. BRRL) THEN
IF (DABS(1.0 - AX(5)) .LE. ERR1) THEN
GOTO 300 .
ENDIF
ENDLF
ENDIF
ENDIF
ENDIF
GOTO 200

300 AX(1) = X(NRIPPLE)
AX(2) = AX(1)+2
CALL NORM(N,UC,UR,BETA,HC,A,AX,ALPHA)
CALL WTOS(N,UC,UR,BETA,HC,A,ALPHA)
sTop
END

nunazuq TU1un1uéaad1qq 1§Tu1un1u£au1un1auu1n# 1
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ACTIVE FILTER NULTIPLE POLE AND NULTIPLE ZERO
DFILT.DAT - DATA FILE
TFILT.DAT - RBSULT FILE

[NPLICIT DOUBLE PRRCISION (A-H,0-1)
DINENSION A[Zﬂ].3(20),0(20).D(ZO).KS[Z),UZ(ZD},ICOF(ZU]
OPEN(S,PTLE="DPILT.DAT')
OPEN(6,FILE="TRILT.DAT’ )
READ (5,1000)M,BRR,NR
1000 FORMAT(12,P10.6,12)
READ (5,1010)BETA,HC,UC, ALFA, XNUL
1010 FORMAT(5F10.6)
DO 10 I=1,NR
10 READ (5,1020) Wa(I)
1020 FORMAT(F13.6)
UR = PLOAT(N)/2.0
[D = DINT(UR+2.0%UC)
KD = DINT(2.0%0UC)

B(1) = 1.0
B(2) = -2.0/(WZ(1)#W2(1))
BI3) = 1.0/(w2(1)8W2(1)%uz(1)8Wz(1))
NB =2
IF (NR .GT. 1) THEN
D0 30 I=2,NR
Yal g :
AM2) = -2,0/(W2(1)%N2(1))
A(3) = 1.0/ (Wa(I)$WZ(T)%Wz(T)#WE(1))
NA =2
CALL POLMUL(A,B,C,NA,NB)
DO 20 J=0,NA+NB
20 BlI+1) = ¢(J+1)
NB = NANB
30 CONTINUE
ENDIF
DO 40 T=Nb+1,M
£0  B(I+1) = 0.0

i,

50 C(1) = 1.0



¢
¢ C(2) = -He
C  C(3) = BETA .
¢

C(2) = -2.0%HC

C(3) = 2.0%BRTA+HC#HC
C(4) = -2.0%BETASHC
C(5) = BETA®BETA

¢
C C(2) = -3.0%HC
¢ C(3) = 3.08BETA+3.08HCHHC
¢ C(4) = -6.0%BETABHC-HCHHCHHC
C C(5) = 3.0%BRTASBETA+3, 0#BRTASHCHAC
¢ C(6) = -3,08BETASBRTASHC
¢ C(7) = BETA®BETA$BETA
c .....................................................................
D070 I =0,ID
D(I+1) = 0.0
D0 60 K = 0,KD

CALL RI(UR,I-E,R)
60 D(I+1) = D(I+1)+R¥C(K+1)
70 CONTINUR

A(L) = B(1)/D(1)

D0 90 I = 1,H-2

DTHP = 0.0

DO 80 K = 0,I-1
80 DTHP = DTMP+A(K+1)#D(I-K+1)

ACLHL) = ((B(L+1)/ALRA®$(1%2))-DTNP)/D(1)
50  CONTINUR

Coomemennoccacsctdbadiioneendt S0, LW QREREOISEOED [~ 11
C FIND F1 AND P2
et ' LT L O | 4 MR, T ) B e e R D
F1 = 0.0
F2 = 0.0
DO 100 I = 0,K-2

F1 = F1+A(L+1)8D(N-I)
F2 = F2+A(LI+1)8D(M+1-1)
100 CONTINUR
Pl = FI*ALPA*‘([H-[]tzl-B(H-lfll
R = F2¢ALFA"(H*2I-B!!+])
WRITE(*,1030)F1,F2
1030 FORMAT (' F1 = ',P15.6," P2 = ' R15.6)
IF ((DABS(F1) .GT, ERI}.OI.(DABS(FZI «GT. ERR)) THEN

1501 = e
X§(2) = BETA
N =2

CALL NLEQ(NV,XS,KS,UC,A,ALPA,N,B)
IF (XS) 120,120,110

110 WRITE(%,1040)

1040 FORMAT("  NO SOLUTION')
sT0P

120 WRITE (¥,1090)HC,BBTA,ALFA
WRITE (*,1090)XS(1),XS(2),ALRA
BETA = BETA®(1.0-XNUL)+XNUL®XS(2)
HC = HC#(1.0-XNUL ) +XNUL*XS(1)
GOTO 50 “
ENDIF



-----------------------------

-------------------------------

--------------------------------------------------------------

200

1080
1090

210

1100

1110

1120

w0,

WRITE (¥,1090)HC,BETA,ALFA
DO 130 I = 0,H-2

WRITE (#,1080)1,4(1+1)
CONTINUE

N=1.0

W= FUHCHJ(H.UC.HZ.A.BBTA,HC.ALFA.!.NR)
WRITE (%,1050)H)

[F (DABS(HJ) .LT. BRR) GOTO 180

WA = 0.0

Wb = 5.0

WTHP = (WA+WB)/2.0

Hi = FUNCHJ (N, UC,WZ,A,BETA, HC,ALFA, WTHP, NR)
[F (DABS(HJ) .LE. BRR) GOTO 170

HIA = FUNCHJ (N, UC,WZ,A,BETA,HC,ALFA, WA, NR)
[F (HJ#HJA) 150,170,160

WB = WTHp

GOTO 140

WA = WTHP

GOTO 140

ALFA = ALPASWTHP

G0To 50

FORMAT(' I = ',F10.6)

WRITE (6,1080)K,0C,NR

FORMAT (" SOLUTION OF M = ',12," UC = ',F10.6," R =

DO 190 I=1,NR
WRITE(6,1070)1,W2(1)

FORMAT(" w2(’,I1,') = *,F3.1)
D0 200 I = 0,M-2

WRITE (6,1080)I,A(L+1}

WRITE (6,1090)HC,BETA,ALFA
FORMAT(' A(",1I2,") = ' R20,6)

<2

1)

FORMAT("' HC = ',P15.6," BRTA = "\F15.6," ALRA = ',F10.5)

SET CORPFICLENT OF § , FIND POLR

DO 210 [ = 1,K-1

IF (NOD(I,2) .BQ. 0) THRN

AMI) = -A(1)

ENDIF

CONTINUE

WRITE(6,1100)

FORMAT(/," %% SINPLE POLR ##%')
WPR = DSQRT(1.0/ALFA)
WRITE(6,1110)WPR

FORMAT(' WPR = ', F10.6)
WRITE(6,1120)

FORHAT(/," #3% CRITICAL POLE #ss')
ICOR(1) = 1.0

XCOF(2) = 0.0

ICOF(3) = HCSALRA$$2

XCOR(4) = 0.0
ICOF(5) = BRTA¥ALFA$%4
iz
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CALL FPOLE(XCOF,N)
COR(1) = A(1)
DO 220 I = 1,H-2

220 XCOF(2¥I41) = A(T+1)%ALPA®*(28])

N - e N N - R RN E T T R

<

(]

2 €3 ¢

Nz (K-2)%2
D0 230 I = 2,N,2
230 XCOR(I) = 0.0
WRITR(6,1130)
1130 FORMAT(/,’ #8% WULTIPLE POLE #+%')
CALL PPOLB(XCOR,N)
NRITE(6,1140)
L T T ———— ")
$T0p
END

FUNCTION PUNC

PURPOSE
CALAULATE DRTERMINANT [M1] AND [N2] POR N = 6

USAGE
VARIABLE = PUNC(J,X,UR,A,)

[ - BQUAL 1 OR 2 FOR [M1] OR [M2]
X = X(1) = HC AND X(2) = BRTA

UR - UR OF EQUATION

i -§3

[D = DINT(UR+2.0%0C) ------- ¥

C
C
c
C
C
C
C
C
DESCRIPTION OF PARAMBTERS c
C
C
C
C
C
KD = DINT(2.0%UC)  --ese-- ¥ 3

¢

C

---------------------------------------------------------------------

FUNCTION FUNC(J,X,UC,A,ALPA,N,B)

INPLICIT DOUBLE PRECISION (A-H,0-1)
DIMENSION X(2),A(15),B(15),C(15),D(15)
UR = FLOAT(M)/2.0

ID = DINT(UR+2,0%UC)
KD = DINT(2.0%uC)
C{1) = 1.0

c(2) = -x(1)
C(3) = x(2)

C(2) = -2.0%1(1) _
C(3) = 2.08X(2)4X(1)%K(1)
C(4) = -2.081(2)8x(1)
C(5) = X(2)%x(2)

c(2) = -3.00x(1)
C(3) = 3.0%X(2)4+3.0%x(1)%x(1)

CO4) = -6.0%X(2)3X(1)-X(1)#X(1)#x(1)
C(5) = 3.09X(2)%X(2)+3.0%X(2)#X(1)#K(1)
C(6) = -3.08K(2)#x(2)%x(1)

C(T) = X(2)*x(2)%x(2)
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DO 107 I = 0,ID

D(It1) = 0.0

D0 105 K = 0,KD

CALL RI(UR,I-K,R)

D(I+1) = D(I+1)+R%C(K+1)
CONTINUE

FUNC = 0.0

G0 0 (1,2),4

DO 130 I =0,M-2

FUNC = FUNC+A(L+1)#D(N-I)
NX = 2¥(N-1)

FUNC = FUNCYALFA®#MX-B(N-141)
RETURN

DO 140 I = 0,H-2

FUNC = FUNCHA(I+1)#D(N#1-1)
HX = 2%4

FUNC = FUNCEALPA®SMX-B(N+1)
RETURN

END

FUNCTTON FUHCHJ(H,UC,HZ,A,BETA.HC.ALFA,U.HII

INPLICIT DOUBLE PRECISION (A-H,0-2)
DIMENSION A(15),wZ(20)

NUC = DINT(UC)

NUR = /2

AW = (WSALFA)$%)

= 0.0

DO 10T = 0,H-2

B = HI + A(L+1)sANss]

D0 20 TI=1,NUC %
0 = HI* (BETA®AW#S2-HO®AN+] ()
DO 30 I=1,NUR

H = HI%(1.04AN)

KT = 1.0

DO 40 I=1,NR

T = HITH(1.0-(W/WZ(1))*82)822
HT = HIT/H)

FUNCHJ = RJ-0.50

RETURN

END

SUBROUTINB POLNUL

c
C
PURPOSE C
MULTIPLY 2 POLYNONIAL  NA = HIGH ORDER OF POLYNONIAL OF A ¢

NA = HIGH ORDER OF POLYNONIAL OF A ¢
NB = HIGH ORDER OF POLYNOMIAL OF B C
USAGE C
CALL POLMUL(A,B,C,NA,NB) e

c

C

-----------------------------------------------------------------

SUBROUTINE POLNUL(A,B,C,NA,NB)
IMPLICIT DOUBLE PRECISION(A-H,0-2)
DIMENSION A(3),B(10),c(10)



DO 20 I=0,NA+NB

C{I+1) = 0.0
DO 20 K = 0,NB
J=I-K

IF ((J.GB.0) .AND. (J.LB.NA)) THEN
CLI+1) = C(I+1)+A(J+1)#B(K+1)
ENDIF

10 CONTINUE

20 CONTINUR
RETURN
END

v [ [ 4 -lq. .;H
LURE TSI TUTunTusaan 1§1u1un1uaau1un1ﬁuu1nn 1 NLUNLANAIY
by,

SUBROUTINE RI

c

C

C

C

c PURPOSE

C FIND RI

C

C DESCRIPTION OF PARAMETERS §
C UR ;

C
C

[ = -INFINIT T0 +INFINIT
R = SOLUTION

SUBROUTINE RI(UR,I,R)
IMPLICIT DOUBLE PRECISION (A-H,0-2)
[UR = DINT(UR) ‘
IF ((I .LT. 0) .OR.(I «GT.IUR)) THEN
k=100
RETURN
ELSE IF (I .BQ. 0) THEN
=10
RETURN
ELSE
NNUK = TUR
DO 100 J = 1,I-1
100 NNUM = NNUM*(IUR-J)
DO 110 J = 1,I
110 NNUM = NNUM/J
R = PLOAT(NNUK)
300 RETURN
ENDIF
END
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An Alternative Design for a
Multiple-Real-Pole /Multiple-Critical-Pole
All-Pole Equiripple RC Active Low-Pass Filter

P. THAJICHAYAPONG, N. BUABTHONG, AND
S. VANNAKRAJROIN

A design technique for a class of all-pole transfer functions with
multiple real poles and multiple critical poles and equiripple pass-
band magnitude response is described. It is seen as an alternative
design which is mathematically simpler than the generalized
method previously proposed [8]. It is useful for the designer who is
more familiar with the simultaneous linear equations than the
optimization using linear programming.

INTRODUCTION

A class of transfer functions with a multiple critical pole has
been introduced to provide a low Q factor of the critical-pole pair _
(1], [2]. This led to the enhancement of the performance sensitivity
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of an RC active filter. Later on, other classes of transfer functions
with multiple real poles were also discovered for the realization of
an active RC filter with cascading third-order blocks [3]-[5]. The
main advantage of such realization is the reduction in the number
of operational amplifiers.

Recently, 2 design of an active RC filter with both a multiple real
pole and a multiple critical pole has been suggested [6], [7]. Hence,
the simultaneous features of both advantages, i.e., the reduced
number of operational amplifiers and the enhanced performance
sensitivity. The design in (7] was, however, limited to the maximally
flat type only. The purpose of this letter is to describe a design
technique of an all-pole equiripple filter with a multiple real pole
and a multiple critical pole. Although the generalized method
previously proposed [8] can be used to design this new class of
all-pole Chebyshev-like filters, its mathematical procedure is rather
involved, e.g., an optimization search using piecewise-linear pro-
gramming. The technique described here is simplified to merely
solving two sets of simultaneous equations using the well-known
Gauss—Jordan elimination. It may, therefore, be considered as an
alternative method for the designers who have not yet familiarized
themselves with the optimization routine using linear program-
ming,

DESIGN PROCEDURE

Let the squared attenuation function of the Nth-order low-pass
filter be (7] ‘

n=2

An(w)) = (1 + &)"(Bu' = hat + )™ T a2 (1)
i=0

where nis an even number, B, and u_ are the multiplicity of the
real pole and the critical pole pair, respectively, and

1
ho=12-—

X ( Q? )JJE
where Q_ is the Q factor of the critical pole pair. The filter order is
given by N=pu + 2y +n-2 Also, if 2u, = n =2, then the
realization can be done by cascading g, third-order blocks and Be
second-order blocks (7).

Now for an equiripple design, it is required to find the n + 1
unknowns ag, a,, - -, dn-2,B. h, by the well-known Remez itera-
tion. The set of nonlinear equations for the iterative process is
given by

An(}) = G )

where j=1,2,-.., g+ and0<w <w< - < Wy < wpyy. G
=1and 1+ € for even and odd J. respectively. To avoid solving
simultaneous nonlinear equations, we decouple them into two sets
of linear equations, eg.,

n-2 : C
wl! - 2
?-T"o " (1+ o) (By' - h, W+ 1) (2)

PROCEEDINGS OF THE IEEE, VOL. 74, NO. 8, AUGUST 1986
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for j=n,n+1.

It is noticed that (3a) assumes a known set of h. and B8 while
(3b) assumes a know set of a's. Using the Remez algorithm
alternately between these two sets of linear equations, one can
always determine ag, dy,"**,d,-,, B, and h. such that A (w?)
exhibits the equiripple passband magnitude response. Table 1
shows some of the design results with ¢ = 1. These results have

Table1 Values of Q. and Coefficients of the Normalized
All-Pole Equiripple Design with p, = n/2, § = 2(u_— 1),
and ¢ = 1

Pe 1 2 3

n 8 0 2 4
Q. 11.088978 4.868186 3312717
h. 2.099836 2056012 1.959371

4 B 1111348 1.102840 1.053605
o 1.000000 1.000000 1.000000
a, —4.042767 —5.354067 -6.371089
a4 4.726639 8.602452 12.461399
Q 24.207855 9.193007 5.720883
h, 2.048283 2.044623 2.007975
B 1.050658 1.057598 1.039510

F & dg 1.000000 1.000000 1.000000
a, -8.617192 —10.956376 —=12.974592
a4 27.981319 45203253 63.369523
dy - 38.673531 ~78.214477 -128.415616
a 19.247845 48.407459 92.729778

already been normalized so that the attenuation is 3 dB at w = 1
rad/s. It is clearly seen that the Q factor of the critical pole pair
decreases with increasing multiplicity. The frequency responses for
n = 6 only are also illustrated in Fig. 1.

CONCLUSIONS

This letter described how to obtain a new class of transfer
functions with a multiple real pole and a multiple critical pole for
the equiripple design of RC active filters. The problem is nonlinear
in nature but it is simplified by resolving it into two sets of
simultaneous linear equations. Remez algorithm is then used alter-
nately to find the unknowns. Design examples are also included to
demonstrate the behavior of the Q factor of the critical-pole pair.
The routine was written in Fortran 77 and ran on an IBM-PC
microcomputer. In comparison to the generalized method [8] it is,
therefore, considered as a simplified design method for this class of
filters.
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Transitional multiple-real-polelmultiple-critical-pole transfer functions
for lowpass RC-active filter design

P. THAJCHAYAPONGT* and N. BUABTHONGt

A new class of all-pole multiple-real-poie/multiple-critical-pole transfer functions is
described. The function characteristics lie between the maximally flat type and the
equiripple type. Hence, they provide a lowpass RC-active filter designer with the
freedom to trade between the selectivity of the filter response and the filter sensi-
tivity.

1. Introduction

It has been shown recently that an all-pole lowpass RC-active filter can be
simultaneously realized with multiple-real-pole and multiple-critical-pole (Premoli
1980, Wei and Chien 1985, Thajchayapong et al. 1986). Such realization provides
the advantages of (a) reduced number of operational amplifiers, and (b) low Q-factor
of the critical pole pair. The design techniques described by Premoli (1980), Wei and
Chien (1985), and Thajchayapong et al. (1986) are-however limited to either the
maximally flat type or the equiripple type only. The main objective of this paper is
to propose a technique to obtain a class of multiple-real-pole/multiple-critical-pole
filters which lie between the maximally flat type and the equiripple type. Hence, a
filter designer is now provided with the freedom to trade between the selectivity of
the filter response and the filter sensitivity,

2. Design procedure

Let the squared attenuation function of the Nth-order lowpass filter be (Wei and
Chien 1985, Thajchayapong et al. 1986)

' n-2
An@?) = (1 + @ (B* — hyw? + 1y T a0 (1a)
i=0
where n is an even number, 4, amd H. are the multiplicity of the real pole and the
critical pole pair, respectively, and

h==(2—é) JB (1)

where Q. is the Q-factor of the critical pole pair. The filter order is given by N = y,
+ 2u, + n — 2. Also, if 24, = n — 2, then the realization can be done by cascading
H, third-order blocks and u_ second-order blocks.

Received 8 July 1987; accepted 3 August 1987.

T Computer Research and Service Center, King Mongkut’s Institute of Technology,
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To facilitate the transitional filters, the polynomial is now written in a mixture

form as

=12 v (n=2)=vw

Y age¥=Y aqo¥+ Y a,,0**a,=1lorl + ¢ (2)

i=0 i=0 i=1
where the order v contributes to the degree of flatness at the origin, while the
remaining order (n — 2) — v contributes to the equiripple peaks in the passband.
Now, for v = n — 2, the polynomial in eqn. (2) reduces to the maximally flat poly-
nomial (Wei and Chien 1985) but if v =0 we obtain the equiripple polynomial
(Thajchayapong et al. 1986). However, if v # 0 and v # n — 2, the transitional poly-
nomials are generated. .

Case 1: Odd number of ripple peaks

By assigning a, = 1 and following the technique described by Wei and Chien
(1985), the coefficients ay, a,, ..., a, of ¥}, a,w* which gives the flatness at @ = 0
can be obtained. The remaining (n — 2) — v unknown coefficients in (""" a, .,
w***" together with the two unknowns § and h, which give the equiripple response
can be found by the well-known Remez iteration. The set of non-linear equations
for the iterative process is given by f

Ar]) = C, 3)

where j=1, 2, ..., (n=v) and 0 <@, <®;... <w,_,_, <®,-, Cij=1 and
1 + €* for even and odd j respectively. To avoid the complexity in solving simulta-
neous non-linear equations, eqn. (3) is decoupled into two sets of simultaneous
linear equations, e.g.

(n=2)~v C ¢
(AT o i ) 2i 4
i; T (1 + w})*(fw} — h, w? + Ly i;} a;wj (4a)
forj=1,2...,n—=v—2 and
& Hpe
By Sty =[ o ] A (4b)
A+op Y a0}
i=0

forj=n—v—1,n—v.

Using the concepts of Remez iteration alternatively between these two sets of
linear equations, the unknowns a,, a,,, ..., a,-;, f and h, can always be deter-
mined such that the equiripple conditions are satisfied.

It is noted that § and h, which are the critical-pole-pair parameters appear both
in the maximally-flat-criteria matrix equation (Wei and Chien 1985) and in the equi-
ripple eqns. (4a) and (4 b). They are in fact contributing to the last two ripple peaks
near to the band edge but must also be included in the matrix elements when
solving for (a,, a,, ., ., a,) satisfying the maximally flat criteria around @ = 0. Hence
solving eqn. (6) in Wei and Chien (1985) alternately with eqns. (4a) and (4 b) is also
necessary. :

Case 2: Even number of ripple peaks

The case of transitional filters with even number of ripple peaks can be obtained
by making the following modifications '
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Responses for n=6, u,=2, u,=3 and € =1. (a) Passband responses. (b) Stopband
responses. (c) Passband group delay responses.

-

W, Q, Woe Qo Wo, Qor Woz Qo2

0-288988 05 0986097 9-193007 0-769479 5-728362 0-492691 2-600692
0-423759 05 0985146 8-425742 0-746660 4947913 0-430362 1-782810
0-486858 0-5 (0984116 7-646180 0-717110 4-071319 0-389246 0-885868
0626696 0-5 0-982527 6544418 0-661288 2:760960 0-500472 0-676836
0-715563 05 0981088 5-313506 0-614401 1-279694 0-572700 0-617289
0913979 0-5 0982789 3-731118 0-755894 0-896971 0-742183 0-582132
1-159985 05 1-064774 1971070 0-940557 0-781347 0-959167 0-565062

CS—NWELO

The pole location and Q-factors for the tenth-order transitional multiple-real-pole/multiple-
critical-pole filters,n = 6, y. =2, y, =3 and e = 1.
(@) ag =1+ €% and
(b) C; =1and 1 + € for odd and even j respectively.

It is also worth noting here that when there are only two ripple peaks (see case

v = 5 in the Figure), either f or h, can be chosen to give the peak near to the band
edge.

3. Design example

Since double multiplicity in the critical pole is practically most attractive, the
case of y.=2,n =6, u, = 3 and € = 1 is chosen as the design example. If the trans-
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fer function of the filter is defined as (Stojanovic and Pavlovic 1979, 1980, Thajchay-
apong et al. 1980, 1982)

1 ' 1
F(s)

n=2)/2

(L + S/ V(1 + Swoe Qoo + S/l ] {1 + S/wyQ,) + S¥w?)

i=1
(5)

then the numerical results are as shown in the Table. The Figure illustrates the

corresponding frequency responses. The results are normalized such that Wagy =1
rad/s.

4. Conclusions

A technique has been described whereby a class of transitional filters with
multiple-real-pole and multiple-critical-pole can be obtained. The filter character-
istics lie between the two extremes described in previous reports (Wei and Chien
1985, Thajchayapong et al. 1986). Hence, it provides a filter designer with the extra
freedom to trade off between the selectivity of the .attenuation and the filter sensi-
tivity. It may also be seen as the generalized approach to the previous classes of
transitional filters reported by Stojanovic and Pavlovic (1979, 1980), and Thajchaya-
pong et al. (1980, 1982).
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