CHAPTER

20

Chebyshev Filters

Chebyshev filters are used to separate one band of frequencies from another. Although they
cannot match the performance of the windowed-sinc filter, they are more than adequate for many
applications. The primary attribute of Chebyshev filters is their speed, typically more than an
order of magnitude faster than the windowed-sinc. This is because they are carried out by
recursion rather than convolution. The design of these filters is based on a mathematical
technique called the z-transform, discussed in Chapter 33. This chapter presents the information
needed to use Chebyshev filters without wading through a mire of advanced mathematics.

The Chebyshev and Butterworth Responses

The Chebyshev response is a mathematical strategy for achieving a faster roll-
off by dlowing ripple in the frequency response. Analog and digital filters that
use this approach are called Chebyshev filters. For instance, analog
Chebyshev filters were used in Chapter 3 for analog-to-digital and digital-to-
analog conversion. These filters are named from their use of the Chebyshev
polynomials, developed by the Russian mathematician Pafnuti Chebyshev
(1821-1894). This name has been translated from Russian and appears in the
literature with different spellings, such as: Chebychev, Tschebyscheff,
Tchebysheff and Tchebichef.

Figure 20-1 shows the frequency response of low-pass Chebyshev filters with
passband ripples of: 0%, 0.5% and 20%. As the ripple increases (bad), the
roll-off becomes sharper (good). The Chebyshev response is an optimal trade-
off between these two parameters. When the ripple is set to 0%, the filter is
called a maximally flat or Butterworth filter (after S. Butterworth, a
British engineer who described this response in 1930). A ripple of 0.5% isa
often good choice for digital filters. This matches the typical precision and
accuracy of the analog electronics that the signal has passed through.

The Chebyshev filters discussed in this chapter are called type 1 filters,
meaning that the ripple is only allowed in the passband. In comparison,
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FIGURE 20-1

The Chebyshev response. Chebyshev filters
achieve afaster roll-off by allowing ripplein the
passband. When the ripple is set to 0%, it is
caled a maximally flat or Butterworth filter.
Consider using aripple of 0.5% in your designs;
this passband unflatness is so small that it
cannot be seen in this graph, but the roll-off is
much faster than the Butterworth.
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type 2 Chebyshev filters have ripple only in the stopband. Type 2 filters are
seldom used, and we won't discuss them. There is, however, an important
design called the elliptic filter, which has ripple in both the passband and the
stopband. Elliptic filters provide the fastest roll-off for a given number of
poles, but are much harder to design. We won't discuss the elliptic filter here,
but be aware that it is frequently the first choice of professional filter
designers, both in analog electronics and DSP. If you need this level of
performance, buy a software package for designing digital filters.

Designing the Filter

Y ou must select four parameters to design a Chebyshev filter: (1) a high-pass
or low-pass response, (2) the cutoff frequency, (3) the percent ripple in the
passband, and (4) the number of poles. Just what is a pole? Here are two
answers. |f you don't like one, maybe the other will help:

Answer 1- The Laplace transform and z-transform are mathematical ways of
breaking an impulse response into sinusoids and decaying exponentials. This
is done by expressing the system's characteristics as one complex polynomial
divided by another complex polynomial. The roots of the numerator are called
zeros, while the roots of the denominator are called poles. Since poles and
zeros can be complex numbers, it is common to say they have a "location” in
the complex plane. Elaborate systems have more poles and zeros than simple
ones. Recursive filters are designed by first selecting the location of the poles
and zeros, and then finding the appropriate recursion coefficients (or analog
components). For example, Butterworth filters have poles that lie on acircle
in the complex plane, while in a Chebyshev filter they lie on an ellipse. This
is the topic of Chapters 32 and 33.

Answer 2- Poles are containers filled with magic powder. The more poles in
afilter, the better the filter works.
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Chebyshev frequency responses. Figures (a) and (b) show the frequency responses of low-pass Chebyshev
filterswith 0.5% ripple, while (c) and (d) show the corresponding high-pass filter responses.

Kidding aside, the point is that you can use these filters very effectively
without knowing the nasty mathematics behind them. Filter design is a
speciaty. In actual practice, more engineers, scientists and programmers think
in terms of answer 2, than answer 1.

Figure 20-2 shows the frequency response of several Chebyshev filters with
0.5% ripple. For the method used here, the number of poles must be even. The
cutoff frequency of each filter is measured where the amplitude crosses 0.707
(-3dB). Filters with a cutoff frequency near 0 or 0.5 have a sharper roll-off
than filters in the center of the frequency range. For example, atwo pole filter
at f. = 0.05 has about the same roll-off as afour pole filter at f. = 0.25. This
is fortunate; fewer poles can be used near 0 and 0.5 because of round-off noise.
More about this later.

There are two ways of finding the recursion coefficients without using the z-
transform. First, the cowards way: use atable. Tables 20-1 and 20-2 provide
the recursion coefficients for low-pass and high-pass filters with 0.5% passband
ripple. If you only need a quick and dirty design, copy the appropriate
coefficients into your program, and you're done.
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2 Pole 4 Pole 6 Pole
a0= 8 663387E 04 a0= 4149425507 (!! Unstable !1) a0= 1301351E10 (!! Unstable !!)
al= 1732678503 bl= 1919120E{0  al= 165077006 bl= 3 89345300 = 8348100E10 bl= 5 83330
a2= 8.6633BTE04 bo=-0.225M3E01  a= 2 480655E 06 b= -5.688233E{0  a2= 2 0B7027E09 ho= -1 442798E+01
a3= LG507/0E06 b3= 3.695783E{0  a3= 2 782703500 b3= 1 887786E/0L
ad= 4140425507 b4=-9.010106E01  ad= 2 0B7027E09 bd= - 1 380014E+01
a5= 8 348109E10 b5= 5. 450000E+00
a6= 1301351E10 b= -8 930932E 01
a0= 5 112374E 03 a0= 1 S04626E 05 a0= 3136210508 (!! Unstable !!)
al= 102475E(R bl= 1 797154E+00 = 6018503505 bl= 3.725385E{0  al= 1 881726507 bl= 5. 691653EH00
a2= 5112374E (03 bo=-8 176033E01  a2= 9 027/SAE 05 bo= -5 226004EK0  a2= 4, 704314507 b= -1 3531726401
a3= 601803505 b3= 3. 270002E{0  a3= 6272419507 b3= 1 719986E+01
ad= 1S0M626E05 ba=-7.705239E01  ad= 4 704314E 07 b= - 1 232689E+01
a5= 1 83I726E07 b5= 4.
ab= 3 136210508 b= -7. 5563408 01
a0= 1 868323E (2 a0= 2 141500E 04 a0= 1 771089E 06
al= 3 73/647E(2 bl= 1503987E{0  al= 8 566037/E04 bl= 3. al= 1 062654E05 bl= 5. 330512E+00
a2= 1868323E(2 bo=-6.686903E01  a2= 1 284906E 03 b= -4 470272EK0  a2= 2 656634E 05 ho= -1 19661101
a3= 8 56B037E04 b3= 2 G43718EH0  a3= 3. 52179505 bd= L 44706701
ad= 2 141500E04 bA=-503269E01  ad= 2 656634E 05 b= -9, 937710E00
a5= LOGGMAEQDE b5= 3.
ab= 1 771080E 06 b= -5, 7075615 01
a0= 3. 869430E (2 0= 9. 72632E 04 a0= 1797538505
al= 7.738850E(2 bl= 1390667E{0  al= 3. 800537E03 bl= 3. 103M4E{0  al= L1 O78523504 bl= 4. 921746E+00
a2= 3.860430E(2 bo= -5 474M46E01  a2= 5 835806E 03 b= -3 774453E{0  a2= 2 696A07E 04 bo= -1 1
a3= 3.800537/E03 b3= 2 a3= 3.5050/6E04 b3= 1 180764E+0L
o= O.7263M2E04 bA=-4.562908E01  ad= 2 696307E04 bd=-7
a5= 1078523504 b5= 2 822100E+00
ab6= 1797538505 b= -4. 3077108 01
a0= 6.372802E (2 a0= 2 780755E 03 a0= 9. 086148E 05
al= 1 274560E0L bl= 1 194365E+00 = T112302E02 bl= 2 764031E{0  al= 5 451688504 bl= 4. 470118E+00
a2= 6.372802E(2 bo=-4492774E01  a2= 1 668AS3E02 b= -3 a2= 1362922503 b= -8
3= L12302E0 b3= L a3= 1B8I729E03 b3= 9 5A3712EH0
ad= 2 780755E 03 bA= -3 5023E01  ad= 1362022503 b= -6 079376E+00
a5= 5451688504 b5= 2 1
ab= O.086148E 05 bo= -3 2473635 01
a0= 1 254285601 a0= 1 180009E (2 a0= 8. 618665E 04
al= 25085/0E0L bl= 8070778501  al= 4 720034E02 bl= 2 030089E{0  al= 5 171199503 bl= 3.
a2= 125285E01 bo=-3.08/918E01  a2= 7.080051E 02 b2= -2 OI29G1EH0  a2= 1 202800802 b= -5, 754735EH00
a3= 4720034E(2 b3= O.807915E01  a3= 1 723733502 b3= 5. GAS387EAD
ad= 1180000E(2 b4=-2 O46700E0L  ad= 1 202800E 02 bd= -3 304902E+00
a5= 5 I71199E 03 b5= 1 177469E+00
ab= 8 618665E 04 b= -1 836195E 01
a0= 1 997396E 01 0= 3. 224554E (2 a0= 4.187408E 03
al= 3 OM/PEOL bl= 4.29148E01  al= 1 280821E0L bl= 1265012EK0  al= 2 512445502 bl= 2 315806E+00
a2= 1 907306E 0L bo=-2 280633E01  a2= 1 934732E 01 bo= -1 203878EH0  a2= 6, 281112502 ho= -3, 293726E00
a3= L1280R1E0L b3= 5.405908E01  a3= 8 37481602 b3= 2 904826E+00
al= 3 24554E(2 ba=-1185538E01  ad= 6 281112E02 b= - L 6R4128EH00
a5= 2 51245E (2 b5= 60214265 01
ab= 4. 187408503 b= -1 029147E 01
a0= 2 858110501 a0= 7.015301E (2 a0= 1 434449E (2
al= 571621E0L bl= 5423258502  al= 28061200l bl= 4.541481E01  al= 8 606697E02 bl= 1 O76052E+00
a2= 2 858110E01 bo=-1 O74768E01  a2= 4.200180E01 bo=-7.417536E01  a2= 2 151674E 01 ho= - 1 662847E+00
a3= 2 806120E0L b3= 2 36122E0L a3 2 868B09E 0L b3= L1 191063E+00
ad= 7.01501E02 bi=-7.00476E02  ad= 2 I51674E0L b= -7, 403087E 01
a5= 8 60BGITE(2 b5= 2 752158E 01
ab= 1 43M9E (2 b= -5 72251E (2
a0= 3.849163E 01 a0= 1 33556601 a0= 3. 997487E (2
al= 7.6986E0L bl=-3.240116E01  al= 5 34263501 bl= -3 904486E0L  al= 2 39BAREO0L bl= -2 441152501
a2= 3 8I0163E01 bo=-2 147536E01  a2= 8 O0I3304E0L b2= -6 784138E01  a2= 5 996231501 ho= - L 130306E+00
a3= 5.34263E01 b3=-141221IE(2  a3= 7.9M9/5E01 b3= 1 0G3L67E 0L
ad= 1 33566E0L bA=-5302238E(2  ad= 5 996231E01 b= -3 463209E 01
a5= 2 308IPE0L b5= 8 832992E (2
ab= 3 007A8TE (2 bo= -3 278741E (2
a0= 5. 0010245 01 a0= 2 34097301 0= 9. 7TRRNIE®
al= 1 00020500 bl=-7.158963E01  al= 9 363802501 bl=-1263672E{0  al= 5 875393501 bl= -1 627573500
a2= 5 001024E01 bo=-2 845103801  a2= 1 bo= -1 0BOAS7EH0  a2= 1 4683485400 b= - 1 955020E+00
a3= 9 36BREOL b3=-3 276206501  a3= 1 9584BAEH00 b= - L O75051EH00
ad= 2 30973E01 b4=-7.376791E(2  ad= 1 468348E+00 bd= -5, 106501E O1
a5= 5 875303501 b5=-7.
a6= O.7RRIEM bb= -2 639193E (2
a0= 6.362308E 01 a0= 3. 896966E 01 a0= 2 21184E0L
al= 1 272462E{00 bl=-1125379EW00  al= 1 S58787E+00 bil= -2 161179E{00  al= L 327100E+00 bl= -3. 058672E+00
a2= 6.32308E0L b2=-4 195MIEQL  a2= 2 338180EH00 bo= -2 03B92EH0  a2= 3 3177516400 b= -4 300465E+00
a3= 1 SH8787EH0 b3= -8 78000BE0L  a3= 4 423668E+00 b= -3 523254EH00
o= 3 8060GGEOL ba=-1 GI06BE0L  ad= 3 317751EH00 b= - 1 684185E+00
a5= 1 327100EH00 b5= -4. 414881 01
ab= 2 21183E 0L b= -5, 7675135 (2
a0= 8 00L101E 01 a0= 6.2916935 01 a0= 4. 760635E 01
al= 1 60020EA00 bl=-1556260E{00  al= 2 51667/E+00 bil= -3.077062E{00  al= 2 856381E+00 bl= -4. 5224035400
a2= 8 (O0LI0IEOL b2=-6 44171301  a2= 3 775016EH00 b2= -3 641323E{0  a2= 7. 1400525400 b= -8 676344E+00
a3= 251 b3= -1 94G220E0  a3= 9, 5212/0EH00 b= -9. 007512E+00
o= 6201693501 b4=-3 00MBEOL  ad= 7. 1400525400 bd= -5, 328429E+00
a5= 2 85638IEH0 b5= - 1 702543400
TABLE 20-1 ab= 4. 7606355 01 b6= - 2 303303E 01

L ow-pass Chebyshev filters (0.5% ripple)



0.01

0.025

0.05

0.075

0.1

0.15

0.2

0.25

0.3

0.35

0.40

0.45

Chapter 20- Chebyshev Filters

2 Pole

4 Pole

6 Pole

337

a0= 9.567529E 01
al= -1 913506E+00
az=

8. 00110201
- 1. 600220E+00
8. 001102E 01

5. 001024E 01
- 1. 000205E+00
5. 001024E 01

3. 849163E 01
al= -7. 698326 01
3. 849163E 01

2. 858111501
al= -5. 716222 01
2. 858111E01

1. 997396E 01
al= -3. 994792E 01
1. 997396E 01

o
m»'aa

E
828

a0= 1 868823E 02
al= -3. 737647E 02
a2= 1 868823F 02

TABLE 20-2

bl= 1 911437E+00
b2= -9, 155749 01

bl= 1 777932E+00
b2=-8. 022106E 01

bl= 1 556269E+00
b2= - 6. 441715 01

bl= 1 338264E+00
b2= - 5. 185469E 01

bl= 1 125379E+00
b2= - 4. 195440E 01

bl= 7. 158993E 01
b2=-2. 845103E 01

bl= 3 249116E 01
b2= - 2. 147536E 01

bl= - 5. 423243E 02
b2= - 1. 974768E 01

bl= -4. 291049E 01
b2=-2. 280633E 01

bl= -8 070777& 01
b2= -3, 087918E 01

bl= - 1. 194365E+00
b2= -4, 4927748 01

bl= - 1. 593937E+00
b2= - 6. 686903E 01

ad= 2 141509 04

High-pass Chebyshev filters (0.5% ripple)

(11 Unstable I1)

b= -6. 318300 01

3. 077062E+00
- 3. 641324500

-3, 990047 01

2. 617304E+00
= - 2. 749252600

. 325548EH00
= - 2. 524546E 01

FET

%iﬁ%
:

- 1. 610655E 01

1. 263672600

. 080487E+00
3276296E01
= -7. 376791E 02

?ﬁﬁ%

3. 904484E- 01
-6. 784138 01
1. 412016E 02
-5. 392238E 02

%ﬁﬁ%

-4. 541478E 01
-7. 4175356 01
-2.361221E 01
-7.096475E 02

FovT

- 1. 26591200
. 203878E+00

-5. 405908 01
- 1. 185538k 01

%ﬁﬁ%

- 2. 039039E+H00
- 2. 012961E+00
-9. 897915 01
- 2. 046700E 01

R %ﬁﬁ%

RHRE
a8
:

a0= 8 630195& 01
= -5. 178118E+00
1. 294529E+01
- 1. 726039E+01
1. 294529E+01
-5. 178118E+H00
8. 630195E 01

=

= -4. 147718EH00

2

4. 760636E- 01
3. 259100E 01
1. 955460E+00

:
FRRRE

%

e

:

S
FRFRE

8. 6186655 04

9. 086141E 05
-5. 451685 04
1. 362921E 03
-1.817228E 03
1. 362921E 03
-5. 451685 04
9. 086141E 05

1. 771089E 06
-1 062654 05
2. 656634E 05
-3. 542179 05
2. 656634 05
- 1. 0626%4E 05
1. 771089E 06

BRRGHEE FEREHED BRRBAGS %%$%%%% RRRGHRD RREGRLE BURRLEG RARGELE FRRHELE DRRELEL RARGELE BREEH

(11 Unstabe I1)
bl= 5. 705102E00
b= - 1. 356935E+01

= -6,
= - 3. 041570E+00

= 4. 4148785 01

%5%%%%
g
E

= -5, 106501E 01
7. 239843E- 02
-2.639193E 02

%ﬁ?ﬁﬁ%

2. 44114901
1. 130306E+00

i
%

%ﬁfﬁﬁ%
%

— - 3. 203726E+00
—-1ﬁemm

FEETRE

= - 6. 079377E+00
A0062E+00

FERET

ki
g
:

- 3. 673283EH00
-5. 707561E 01



338

The Scientist and Engineer's Guide to Digital Sgnal Processing

There are two problems with using tables to design digital filters. First, tables
have a limited choice of parameters. For instance, Table 20-1 only provides
12 different cutoff frequencies, a maximum of 6 poles per filter, and no choice
of passband ripple. Without the ability to select parameters from a continuous
range of values, the filter design cannot be optimized. Second, the coefficients
must be manually transferred from the table into the program. This is very time
consuming and will discourage you from trying alternative values.

Instead of using tabulated values, consider including a subroutine in your
program that calculates the coefficients. Such a program is shown in Table 20-
4. The good news is that the program is relatively simple in structure. After
the four filter parameters are entered, the program spits out the "a" and "b"
coefficients in the arrays A[ ] and B[ ]. The bad news is that the program calls
the subroutine in Table 20-5. At first glance this subroutine is really ugly.
Don't despair; it isn't as bad as it seems! There is one simple branch in line
1120. Everything else in the subroutine is straightforward number crunching.
Six variables enter the routine, five variables leave the routine, and fifteen
temporary variables (plus indexes) are used within. Table 20-5 provides two
sets of test data for debugging this subroutine. Chapter 31 discusses the
operation of this program in detail.

Step Response Overshoot

15

Amplitude

o
o
|

0.0

Butterworth and Chebyshev filters have an overshoot of 5 to 30% in their step
responses, becoming larger as the number of polesisincreased. Figure 20-3a
shows the step response for two example Chebyshev filters. Figure (b) shows
something that is unique to digital filters and has no counterpart in analog
electronics: the amount of overshoot in the step response depends to a small
degree on the cutoff frequency of the filter. The excessive overshoot and
ringing in the step response results from the Chebyshev filter being optimized
for the frequency domain at the expense of the time domain.
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FIGURE 20-3
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Chebyshev step response. The overshoot in the Chebyshev filter's step response is 5% to 30%,
depending on the number of poles, as shown in (a), and the cutoff frequency, asshownin (b). Figure
(a) isfor acutoff frequency of 0.05, and may be scaled to other cutoff frequencies.
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TABLE 20-3

The maximum number of
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The main limitation of digital filters carried out by convolution is execution
time. It is possible to achieve nearly any filter response, provided you are
willing to wait for the result. Recursive filters are just the opposite. They run
like lightning; however, they are limited in performance. For example, consider
a 6 pole, 0.5% ripple, low-pass filter with a 0.01 cutoff frequency. The
recursion coefficients for this filter can be obtained from Table 20-1:

al=
al=
az2=
a3=
ad=
ab=
a6=

. 391351E- 10

. 348109E- 10 bl= 5. 883343E+00
. 087027E-09 b2= -1.442798E+01
. 782703E-09 b3= 1.887786E+01
. 087027E-09 b4= -1.389914E+01
. 348109E- 10 b5= 5. 459909E+00
. 391351E-10 b6= -8.939932E- 01

R OMNNNO®PRF

Look carefully at these coefficients. The "b" coefficients have an absolute
value of about ten. Using single precision, the round-off noise on each of these
numbers is about one ten-millionth of the value, i.e., 10°®. Now look at the "a"
coefficients, with a value of about 10°. Something is obviously wrong here.
The contribution from the input signal (via the "a" coefficients) will be 1000
times smaller than the noise from the previously calculated output signal (via
the "b" coefficients). This filter won't work! In short, round-off noise limits
the number of poles that can be used in afilter. The actual number will depend
slightly on the ripple and if it is a high or low-pass filter. The approximate
numbers for single precision are:

Cutoff frequency 0.02 005 010 025 040 045 048

polesfor single precision. Maximum poles 4 6 10 20 10 6 4

The filter's performance will start to degrade as this limit is approached; the
step response will show more overshoot, the stopband attenuation will be poor,
and the frequency response will have excessive ripple. If the filter is pushed
too far, or there is an error in the coefficients, the output will probably oscillate
until an overflow occurs.

There are two ways of extending the maximum number of poles that can be
used. First, use double precision. This requires using double precision in the
coefficient calculation as well (including the value for pi ).

The second method is to implement the filter in stages. For example, a six
pole filter starts out as a cascade of three stages of two poles each. The
program in Table 20-4 combines these three stages into a single set of
recursion coefficients for easier programming. However, the filter is more
stable if carried out as the original three separate stages. This requires
knowing the "a" and "b" coefficients for each of the stages. These can
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100 'CHEBY SHEV FILTER- RECURSION COEFFICIENT CALCULATION

110

120 'INITIALIZE VARIABLES

130 DIM A[22] 'holds the "a" coefficients upon program completion
140 DIM BJ[22] 'holds the "b" coefficients upon program completion
150 DIM TA[22] 'internal use for combining stages

160 DIM TB[22] 'internal use for combining stages

170"

180 FOR 1% =0TO 22

190 A[l1%] =0

200 B[I%] =0

210 NEXT 1%

220"

230A[2] =1

240B[2] =1

250 PI = 3.14159265

260 'ENTER THE FOUR FILTER PARAMETERS

270 INPUT "Enter cutoff frequency (0to.5): ", FC

280 INPUT "Enter Ofor LP, 1for HP filter: ", LH

290 INPUT "Enter percent ripple (0to29): ", PR

300 IINPUT "Enter number of poles (2,4,...20): " NP

2%8 FIOR P% =1 TO NP/2 ‘LOOP FOR EACH POLE-PAIR
228 IGOSUB 1000 "The subroutinein TABLE 20-5
228 FOR 1% =0TO 22 'Add coefficients to the cascade

370 TA[1%] = A[1%)]

380 TB[I1%] = B[1%]

390 NEXT 1%

400

410 FORI%=2TO 22

420  A[1%] = AO*TA[1%] + A1*TA[1%-1] + A2* TA[1%-2]
430 B[I%] = TB[I%] - B1*TB[I1%-1] - B2*TB[1%-2]
440 NEXT 1%

450

460 NEXT P%

470"

480B[2] =0 'Finish combining coefficients

490 FOR 1% = 0 TO 20

500 A[l%] = A[1%+2]

510 B[1%] = -B[1%+2]

520 NEXT 1%

530"

540 SA =0 'NORMALIZE THE GAIN
550 SB = 0

560 FOR 1% = 0 TO 20

570 IFLH=0THEN SA = SA + A[l%]

580 IFLH=0THEN SB = SB + B[l%]

500 IFLH=1THENSA = SA + A[I%] * (-1 %
600 IFLH=1THENSB = SB + B[I1%] * (-1)"1%
610 NEXT 1%

620"

630 GAIN=SA /(1- SB)

640"

650 FOR 1% =0TO 20

660 A[1%] = A[1%] / GAIN

670 NEXT 1%

680" "The final recursion coefficientsarein A[ ] and B[ ]

690 END

TABLE 20-4
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1000 'THIS SUBROUTINE IS CALLED FROM TABLE 20-4, LINE 340

1010

1020"' Variables entering subroutine: Pl, FC, LH, PR, HP, P%

1030"' Variables exiting subroutine: AO, Al, A2, B1, B2

1040"' Variables used internally: RP, IP, ES, VX, KX, T, W, M, D, K,

1050 X0, X1, X2,Y1,Y2

1060

1070 'Calculate the pole location on the unit circle

1080 RP = -COS(PI/(NP*2) + (P%-1) * PI/NP)
1090 IP= SIN(PI/(NP*2) + (P%-1) * PI/NP)
1100
1110 'Warp from acircle to an ellipse
1120 IFPR =0 THEN GOTO 1210
1130 ES = SQR( (100 / (100-PR))*2 -1)
1140 VX = (1/NP) * LOG( (1/ES) + SQR( (VES*2) + 1))
1150 KX = (1/NP) * LOG( (1/ES) + SQR( (VES2) - 1))
1160 KX = (EXP(KX) + EXP(-KX))/2
1170 RP= RP* ( (EXP(VX) - EXP(-VX)) /2) | KX
1180 IP = IP* ( (EXP(VX) + EXP(-VX)) /2 )/ KX
1190
1200 's-domain to z-domain conversion
1210 T =2* TAN(1/2)
1220 W =2*PI*FC
1230 M = RP"2 + |P"\2
1240D =4 - 4*RP*T + M*T"2
1250 X0 =T"2/D
1260 X1 =2*T~2/D
1270 X2 =T~2/D
1280 Y1 =(8-2*M*T"2)/D
1290 Y2 = (-4 - 4*RP*T - M*T"2)/D
1300
1310 'LPTOLP, or LP TO HP transform
1320 IF LH = 1 THEN K = -COS(W/2 + 1/2) / COS(W/2 - 1/2)
1330 IF LH = 0 THEN K = SIN(1/2 - W/2) / SIN(1/2 + W/2)
1340D =1+ Y1*K - Y2*K~"2
1350 A0 = (X0 - X1*K + X2*K~2)/D
1360 A1l = (-2*X0*K + X1 + X1*K~"2 - 2*X2*K)/D
1370 A2 = (X0*K"2 - X1*K + X2)/D
1380B1 = (2*K + Y1 + Y1*K"2 - 2*Y 2*K)/D
1390 B2 = (-(K"2) - Y1*K + Y 2)/D
1400 IFLH=1THEN A1 =-A1l
1410 IFLH=1THEN B1=-B1
1420
1430 RETURN
TABLE 20-5

TABLE 20-4 and 20-5

Programto calculatethe"a" and "b" coefficients for Chebyshev recursivefilters. Inlines270-300, four parameters are
entered into the program. The cutoff frequency, FC, is expressed as afraction of the sampling frequency, and therefore
must bein therange: 0to 0.5. Thevariable, LH, is set to avalue of one for a high-pass filter, and zero for alow-pass
filter. The value entered for PR must bein the range of 0to 29, corresponding to 0to 29% ripplein the filter's frequency
response. The number of polesin thefilter, entered in the variable NP, must be an even integer between 2 and 20. At
the completion of the program, the"a" and "b" coefficients are stored inthe arrays A[ ] and B[] (a,=A[0], &, = A[1],
etc.). TABLE 20-5isasubroutine called from line 340 of the main program. Six variables are passed to this subroutine,
and five variables are returned. Table 20-6 (next page) contains two sets of data to help debug this subroutine. The
functions: COS and SIN, use radians, not degrees. The function: LOG isthe natural (base €) logarithm. Declaring all
floating point variables (including the value of ) to be double precision will allow more polesto be used. Tables 20-1
and 20-2 were generated with this program and can be used to test for proper operation. Chapter 33 describes the
mathematical operation of this program.
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DATA SET 1 DATA SET 2

Enter the subroutine with these values:

FC = 01 FC = 01

LH =0 LH =1

PR =0 PR = 10

NP = 4 NP = 4

P% =1 P = 2

Pl = 3.141592 Pl = 3.141592

These values should be present at line 1200:

RP = -0.923879 RP = -0.136178

IP = 0.382683 IP = 0.933223

ES = not used ES = 0.484322

VX = not used VX = 0.368054

KX = not used KX = 1.057802

These values should be present at line 1310:

T = 1.092605 T = 1.092605

W = 0.628318 W = 0.628318

M = 1.000000 M = 0.889450

D = 9.231528 D = 5.656972

X0 = 0.129316 X0 = 0.211029

X1 = 0.258632 X1 = 0.422058

X2 = 0.129316 X2 = 0.211029

Y1l = 0.607963 Y1l = 1.038784

Y2 = -0.125227 Y2 = -0.789584

These values should be return to the main program:

A0 = 0.061885 A0 = 0.922919

Al = 0.123770 Al = -1.845840

A2 = 0.061885 A2 = 0.922919

B1 = 1.048600 Bl = 1.446913

B2 = -0.296140 B2 = -0.836653
TABLE 20-6

Debugging data. This table contains two sets of data for debugging the
subroutine listed in Table 20-5.

be obtained from the program in Table 20-4. The subroutine in Table 20-5is
called once for each stage in the cascade. For example, it is called three times
for a six pole filter. At the completion of the subroutine, five variables are
return to the main program: A0, Al, A2, B1, & B2. These are the recursion
coefficients for the two pole stage being worked on, and can be used to
implement the filter in stages.



