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et something extra in filter design.
One BASIC program works for Butterworth and Chebyshev
low-pass or high-pass RC-active circuits.

A time-shared computer program can do much
more than free the engineer from the tedium of
routine calculations in filter design.' A single
orogram in BASIC,” derived from two funda-
mental equations, can be used to design Butter-
worth or Chebyshev filters, and either low-pass or
high-pass versions of each.

The prograni, written in a language resembling
simiple @nglish. determines the component values
251 Nopole filters. The design uses two-pole active
sections with only Rs and Cs, no Ls, as the basic
buildine biccks for higher-order filters. N-pole
flters are created by cascading N /2 two-pole sec-
ions. The R and C values in each section are
selected to achieve the desired filter response.

Low-pass and high-pass sections *** used in the
filters are shown in Fig. 1. Two capacitors, two
resistors and a unity-gain active element {Table
1) serve to synthesize a complex pair of poles in
the filter characteristic.

The filters described in this article are rela-
tively inexpensive. They may be built as either
diserete circuits or hybrid microc@reuits and for
either commercial or military use.

As hybrid microcircuit desigus they possess
the following advantages:

s Since they use no Ls, the resulting circuit
iz potentially smaller, more stable and has a
higher Q at low frequencies than passivé LC de-
signs.

= The Cs can be chosen as standard vajues.
Tven though the Rs are non-standard, they are
relatively easy to obtain.

@ The frequency response can be adjusted by
varying only the Rs. One filter can therefore
be readily tuned into phase track with another,
or trimmed to a given specification.

In addition this design approach:

s Uses a4 minimum of Rs and Cs to synthesize
a two-pole function.

s Requires only one unity-gain active element
for each filter section.

v Has low sensitivity to parameter changes.

Several of the many possible types of unity-
¢ain active elements are shown in Table 1. The
most important figure of merit for these voltage

Russell Kincaid and Frederick Shirley, Technical Staff,
Sanders Associates, Inc., Nashua, N.H.

follower elements is their current gain 3 because
accurate filter synthesis requires a high input
impedance and low output impedance. The equa-
tions used to calculate the filter component values
assume a perfect active element, B=-cc. In prac-
tice the active elements are imperfect, especially
at higher frequencies. Finite input impedance
causes insertion loss and frequency response dis-
tortion; non-zero output impedance causes re-
duced stop-band attenuation; and variations from
unity-gain change the resonant response of the
section.

In view of these effects, it makes little sense
to use 1% components to obtain a precise filter
response, unless the input impedance of the active
element is greater than 100R, and the output
impedance is less than R,/100. It is also senseless
to seek high stop-band attenuation in a frequency
region where § is significantly decreased.

Align sectinns by adjusting only resistors

Compofent wvalues (Fig. 1) for the basic low-
pass or high-pass filter sections are computed
from the equations for the pole locations
(0i+jw;) of the normalized functions:

o, — X1 cos (P;)

Joi = jX2 sin (Pi).

44
T
N
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=

1. Two-pole circuit sections serve as basic building
blocks that are cascaded to form multiple-pole filters,
low-pass section above, and high-pass section, below.
The component values in each section are computer-
selected (to obtain either a Butterworth or Chebyshev
response).
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1oV 1, for Butterworth flters,

v oand A2 depend on the passband ripple

! number of poles for Chebyshev filters. The

ations for the component values are shown

Table 1.

The over-all filter design is not limited to a

rticuiar ratio of component values. Each two-

le section may therefore be independently
igned by adjusting only the two resistor values.
wee cases oceur: ‘

oW hen ther 0 o ol BRI
tion are fairly close {v the design vaiues, the
filter alignment can be improved by nearly an
grder of magnitude by adjusting only one of the
two resistors so that the desired response is ob-
tained at the cut frequency. Tror thick-film or
potted scetions, the adjustnient may be made ex-
ternally by adding a series trim resistor either
to R, of the low-pass circuit or to E. of the high-
pass circuit (Fig. 1).

2. When both C values ave out of tolerance by
comparable large percentages, -the section may
be aligned by a two-step procedure. First, imped-
ance-scale the section by off-adjusting the
two resistors by the same percentage as the
capacitors but in the opposite direction. This will
improve the frequency response of the section. It
will modify the section impedance level to ac-
commodate the varied C values. Second, trim the
response ot the section at the cut frequency by
adjusting one of the two resistors, as previously
described. It i1s not advisable to trim both re-
sistors since their effects on the frequency re-
sponse are interdependent.

3. When the two C values are out of tolerance
by different large percentages, the section re-
sponse may best be improved by off-adjusting the
Rs to recomputed values. The revised R values
are obtained by rerunning the computer program
with the actual C values inserted in place of the
nominal ones. One of the two resistors may then
be trimnmed, if desired.

Sensitivity influences filter response

1t the circuit component values are out of

_tolerance——due to initial selection error, environ-

mental variation or aging-—the filter response

will vary from nominal. The variation of filter

gain  AG/G with component value variation

AV, V is determined by the sensitivity factor S:
AG/G = S X AV/V.

If § = 1, the equation shows that a component
variation of 1% is equivalent to 20 log,, (1-0.01),
resulting in a gain variation of only 1 dB. For a
targe value of S—say, S = 100—the same equa-
tion shows that a component variation of 1%
1s equivalent to 100 X (0.01) = 1 (or a 1009%
increase). As the component varies by 1%, G
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Table 1. Unity gain activ

e elements

Cireuit element

Approximate
current gain (8)
(at low frequencies)

+Vv

f

-v
Integrated circuit follower

2N2222
100
R
)
-V
Simple emitter follower
4000
. -V
Darlington emtter follower
+v
‘b
2R
>
] 2N2907
2N222 4000
R
-V
Compound transistor follower
>100,900
-V 4V )
Ope}ational amplifier follower
+v
[\ 7
3 LMIO2
6
1 >100,000




‘able 2. Filter component value formulas”

Low-pass section High-pass section
' Eq. Nos. Eg. Nos.
Formula (see box) Formula (see box)
C,=¢C 14a C,=C 18a
C, = C/M 140 C=¢ 180
- 1
9 1 i : R. = Y 19
= — + - — = A
T o _1 oM 1%a "o FC
- L
- A\ 2 -A
L P (1— ' 15b R,=—— 19b
" 2nFAC . o2M 27 Fo,C
M > Afo? 16

*Resistoi values are scaled to cut trequency F.

increases 100%, or from G to 2G, a gain varia-
tion of 6 dB (20 log,, 2 = 6 dB).

Since a sengitivity factor is associated with
each component, the worst-case variation for the
complete section occurs when each component has
a maximum error in an additive direction.

The sensitivity factors for components in the
basic active filter sections (Fig. 1) vary with
frequency and section Q. For the worst-case fre-
quency, the sensitivity, S, for each of the R and

C @ DATA 2,4,1,2.4,18

20 RER RC ACTIVE FILTER PROGRAM BY R, KINCAID AWD F, SHIRLEY
32 REM SANDERS ASSOC. IBC, WASHUA, W.H, 11/5/68
RER LINE ® SHOULD BE: @ DATA T,M,F,R,C == WHERE T 15 THE TYPE

48

50 REM (1:=LOWPASS, CHIGHPASS); N IS THE NO. OF POLES (RUST BE EVEH)}
8 REM F 1S THE CUT FREQ I8 KHZj3 R 1S THE PASSBAHD RIPPLE I¥ DB (@

79 RE#M FOR BUTTERWORTH)§ AND C IS THE MAX C 18 NANOFARADS.
88
98

READ T,H,F,R,C
10 LET @0:6.28318531
118 LET 01:2,38258589
128 DIA F(37),6(37),C(25)

C components (Fig. 1) is:
Q S
1 0.01
100 0.3
and for variations in gain of the active element is

Q S

1 0.02
5 1.0
8 100.0

The high-gain sensitivity factor is not harm-

508 LET R =INT(LOG(C)s/Ql)
510 FOR Nlz-1 TO 99

52@ FOR X=X 6 TO | STEP =1
530 LET. C2:C(K) %10t (N2=N1)
540 LET M=C/C2

950 1F H=A/S/S THER 608
560 NEXT K

570 NEXT Nl

590 RER LOYPASS R1,R2 VALUES

690 LET RIzRO=M/A=(1+SQR (1A /S/S/R))
618 LET R2=R@=N/A=(1-SQR(1=A/S/5/H))
620 GO 1O 780

138 PRiNT 630

120 PRINT 648 REM  HIGHPASS C2,R1,R2 VALUES

158 PRINT 650 LET C2C

168 PRIAT 668 LET R1=R0

178 GOSUB 2829 670 LET R2:R8eA/S/S

138 680 :

158 RER  °1° ITERATIO -- cAl H 2- SECTION 690 REM  PRINTOU

198 REM 1" ITERATION LOOP -~ CALCULATIONS FOR EACH 2 POLE SECT1 LALLM I )
218 IF R>8 THEN 298 71@ PRINT®  COWPONENT VALUES (C 1N HANOFARADS, R IN KILOHHS)3
= SEEIL oo

30 R ® l_

230 REM  SUTTERVORTH ClRCLE Ao PRINT™  m.eCI=miCI, R1LRI

256 LET 72:1 ®758 PRINT®  =,"C2:73C2,"R2:"jR2

> : 760
3?2 60 10 330 770 REM  FREQ AND GAIN VALUES FOR GRAPH
286 REM  CHEBYSHEV ELLIPSE 780 FOR K=@ TO 36

790 IF 1>1 THEN 870

ExSQR(IB7(R/18)=1) 80@ IF T»>1 THEN 830

D= () /E+SQR (1 /E/E+1)) T Ci/N) N
Xi:(D-1/D)/2 g: ESTTS(BBHZ"(“”
Xz =(D+1/D) /2 830 LET F(K)=F®25/(37-K)
) 840 LET K722-INT(LOG(F(K))/Q1)
i ROOT PALIR LOCATIONS 850 LET F(K)ZINT(FUO)#10TKT+,5) /107K 7
PRB/&HRB/A/MNE (28] 1) 860 LET G(K):=0
§2X12C05 (P) 870 1F T»>1 THEN 380
yzsin 880 LET G=(1-R14CIsR28C22(Q@0F (K))12/1E6) 12+ ((R14R2)»C2=QOF (K) /IES) T2
Az§uSeury ) 890 GO TO 918
T RO=-5/Q0/F/CsiE 900 LET G=(1=1/R1/CI/R2/C2/(QBeF(K)) 1221E6) 124 (2/R2/CL/QB/F (X)#1E3) 12
468 LET ClC 918 LET G(K)=G(K)=182L0G(G) Al
e LF T>1 THEN 650 920 MNEXT K
26 ’ EXT
450 REH  LOWPASS C2 VALUE 333 gosuelwzc
240 1F 1=1 THEW 588 950 STOP
458 DATA 6, 1.8, 1.9, 2.2, 3,3, 4.7, 6.8 2000
468 READ K§ 2010 REM HEADIHG SUBROUTIMNE

479 FOR K=l TO K&
488 READ C(K)
438 HEXT X

2020 IF R>@ THEN 2050
2030 PRINT™ = ,"BUTTERWORTH "¢

3 B ‘ ELECTRONIC DESIGN 13, Juac 21, 19€.
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povever sinee oo stable uny-gaim o active
coonent ds o easy o obtain and most practical
Hiters do o not require a high Q (the highest Q

10-pole Butterworth filter is less than 5).

Lnoaddition the active element is a low-pass
tov. It alone will limit the filter response,
uspuciail}f in high-Q sections. An active element
cutofl’ frequency 50 times the section resonant
[requency can shift the frequency of the peak re-
sponse by as much as 5% even for a Q as low

SN

I

Synthesize complete filter from sections

N 2 filter sections must be cascaded to synthe-
ize cnoeven-pole fiif e component values of
section are o Lapoecw Lor a diflferent conju-
onle pole palr in ‘(ho desired transfer function.
sections can be assembled in any order pro-
§ nly that each section is driven from a
low-impedance source. Odd-pole filters may also
he svnthesizeds but single-pole sections are ineffi-
cent and three-pole sections are difficult to de-
stegn. The “RO FIL” computer program therefore
considers only even-pole filters.

Cneck by calculating gain vs frequency

Alter the N-pole filter has been completely de-
signed the actual frequency response can be com-
pared with the desired response. Compute the
actual response analytically by adding the indi-
vidual secticn gains (in dB) at each of several
test frequencies. For a two-pole, low-pass section,
“the magnitude of the gain is L’ (jw) :

2648 GO T0 26068

2838 PRIUT"™ =, “CHEBYSHEV "y
ZHE8 1F T>1 THEN 2836

2076 PHIHTLOWPASS RC FILTER™
2088 GO 10 2100

2620 PRINT*HIGMPASS RC FILTER®
2108 PRINT
2042 PRIWT
2125 PRIET
2136 PRIET"
2145 PRIWNT
2156 JF R> THEW 2188

2L88 PRINT™ 5-DB FREQ (KMZ) =z=jF
2i7e GO TO 2zle

2180 PRIST"  CUT FREQ (KHZ) z™yF
2138 PRI1®Y
22086 PRINT™
2218 PRINT
2228 PRIAT
2256 RETURN
2095

Wid REM CRAPH SUBROUTINE

AD2B FOR 1:i YO 95%-24K

4250 PRIBT

“as AEXT 1

#56 GOSUB 2828

ABEH LET 14=1

4679 1F R=8 THEH ABSE

WEE LET [4:2

4599 PRIWT Y IHSER‘HOI °

AGEPRINT™ =19 -2 G““-;DB) -3 (] +3
"u!f?’PXAT"I--'—-f----#-—-*#----+---~Q----'
&2‘3 FOR 1:6 70 36 STEP 4

€ LEY GIAT(G(1)/.34,5)451

aME‘ FOR 11:0 TO 20

458 LET i2:6-3a])

4168 FF 12<0 THED 4260

4176 15 [2»2 THEN 4260

418¢ IF 12<2 THEYW 4210

4198 PRIGT™ 9%y

4268 G0 T0 4378

&ie 17 12«1 THEW 4248

@228 PRINT® » g

&38 G0 Y0 4370

4248 FRINT"s =3

“25¢ 60 T0 as7e

268 IF 18T(1/6)<1/6 THEN 4308

278 IF 1T+ /18) = IAT(1I+T) /10 THEN 4320

@85 IF INT(11/18)=11/10 THEN 4340

4295 1F IAT(CII+3)/18)INT(1143)/18 THEN 4360

HUMBER OF POLES ="jN

PASSBAHD RIPPLE (DB) =R

Trrcironic DEstoN 13 June 21, 196Y

1, yw) [ —R O K ow)-
+ (B +RS Cw)]r e
For a two-pole high-pass section, the muagnitude

of the gain is H' (jw).
. 1 )+
Gor = [(1- zerew)

Ci+C ]" :
CR.C.»

In both cases the dB gain is foungd by taking the

common logarithm of the voltage gain and multi-
“1.,&,9. 1. 20

Sample designs illustrate technique

The calculations for designing low-pass or
high sas. Thel: ot 5d B farworth RO filters
have Leen, neopordiea in the ©0 .
puter program. The program, listed in Fig. 2,
is written in BASIC for use on a time-shared
computer.

A BASIC program consists of a series of typed
lines, each beginning with a line number followed
by a command word. Unless otherwise instructed
the computer works on one line at a time in order
of increasing line number. To understand a
BASIC program, the user must first learn the
command words that make up the‘vocabulary.
Some of the command words together with their
meanings are listed in Table 3.

Let’s examine two applications of the RC FIL
program. The first example is a six-pole Butter-
worth low-pass filter with a 3-dB cut frequency
at 1 kHz and a maximum C value of 33 nano-
farads. The second is a four-pole Chebyshev
high-pass filter with a cut frequency at 1 kHz,

4300 PRINT® . °j
4318 GO TO 437@

4328 PRINT® +°;

4330 G0 TO 4379

4348 PRINT® + °;

4338 GO TO 4378

4360 PRINT™+ =

4370 NEXT 11

4380 PRINT F(I)

4350 IF R»>@ THEN 4418  *
4480 PRINT

4418 NEXT I

4420 PRINT= =, = = = = =
4430 RETURN

4420 BND

FREQUENCY (KHZ)*®

2. This BASIC program finds the component values for
the RC-active filter specifications entered as ‘‘DATA"
in line 0.



Table 3. BASIC commands

Table 5. Variables used in program

Type Word Function

Allows the insertion of remarks in the
program listing

Nonexecutable | REM
DIM Reserves extra memory room for large
variable arrays

DATA Stores numerical data to be used in the
problem solution

Obtains numerical data from DATA
statements

Input/Qutput READ

PRINT Types output statements and numerical
answers

Computes variable values according to
algebraic formulas

Computational | LET

Sequencing GO TO Alters the normal order of computation

tation

FOR...TO | Causes the intervening commands to be

NEXT repeated several times
GO SUB Routes computation to and from a sub-
RETURN routine (subsection) of the program

{F.. .THEN | Conditionally alters the order of compu-

Termination STOP Stops computation (at any point in the

program)

END Stops computation (this must be the
fast sequential command in a program)

Table 4. Program block outline

Name Definition
T Type of filter {1 = Low-pass, 2 = High-pass)
N Number cf poles
F Cut frequency (in kHz)
R Chebyshev passband ripple (in dB)
C Maximum circuit capacitance (in nanofarads)
Q¢ 27 (phase conversion constant from radians to degrees)
Q1 1n 10 (gain conversion constant from natural ogs to
common logs)
| Iteration index (i = 1 to N/2) for the 2-pole sections
F (37) Frequency values (independent variable)
G (37) Gain values (dependent variabie)
C (29) Standard capacitance values per decade
X1 Minor Chebyshev ellipse radius
X2 Major Chebyshev ellipse radius
R Chebyshev ripple factor
D intermediate Chebyshev parameter
P Root location phase angle
S Real component (o) of pole location
W Imaginary component {w) of pole location
A Squared magnitude of pole location
Ro Nominal resistance level
R1,R2,C1,C2 | Component values (kilohms and nanofarads)
M Ratio of C1/C2 in low-pass sections
K6 Number of standard capacitance values per decade
K,N1,1 Iteration loop indices
N2,K7 Normalization constants
G,12 Intermediate variables used in graph routine

Line numbers What is accomplished
0-90 Data input and instructions to user
100 — 120 Constant definition and variable dimensioning

130 - 170 Heading print-out {using subroutine 2000 — 2230)

180 - 670 Calculations for each 2-pole section
220 - 410 Calculation of root pair locations
420 - 620 Calculation of low-pass component values
630 — 670 Calculation of high-pass component values

680 —- 750 Component value print-out

770 — 930 Selection of frequency values and calculations of gain
values for graph

940 — 950 Graph print-out (using subroutine 4000 — 4440)

2000 — 2230 Print subroutine for page headings

4000 — 4440 Print subroutine for graph

a passband ripple of 2.4 dB and a maximum C
value of 10 nF.

To solve the first filter design, we must retype
line 0 as follows:

0 DATA 1, 6, 1, 0, 33.

The remark (“REM”) statements in Fig. 2
explain how the desired filter gpecifications are
entered into the program (see Table 4). The
variables used are listed in Table 5. When the
program is run with this “DATA” line, a two-
page print-out (Fig. 3) is generated. Each page
begins with a descriptive heading. Figure 3A
shows the first page, which gives the component
values, and Fig. 3B the second page, containing
a graph of gain versus frequency.

For low-pass designs, the C, value in each of
the sections is set equal to the maximum C value
specified in the DATA line. In this case C, is 33
nF in each of the three sections. The C. value
is then chosen as the largest value that can be
realized from a standard decade list of C values

Frectronie NDEsieN 130 Tnne 21 Tvay




HuTTERUORTH L ywPASS KT FILLTLR

MURBER OF POLES - 8

L0l FRES TKMTY =

JOAPORE® ! VALULS (€ IM NAROFARADS, R 18 l_lLONHS)I
SLuTion o -
Ci= 33 R1: 20.8192
cz2= 2.2 R2: 17,4284

SECTION 2
Cl: 33 Riz 9,76477
cz= 13 R2:= 3.240%)
SECTION 3
Ciz 33 RY1= 18,7214
2z ?22. n2: 3,2%4217
W

NUMDER OF POLES = 6
3-DB FREQ (KWZ) = § '

IRSERTION GAIN [DD)

=13 -1 =L 8 -3 8
B T R . -4 e - =4 -

¥+ > + + + '0 AL}
° 12

|
® .2

|
+ + “ + + T + .28
EY 36

|
® .44

|
4 + * + T 4+ .52
'- o6
» 68

/
& & Py Y + °e + T8
./ B4
c/ 92
+ + + + n/- + +

+ + + + + + + l.48

FREQUENCY (KHZ)

107k 3.25k Eour

+1

3. Computer printout of component values (A) and fre-
auency response curve (B) for six-pole Butterworth low-
pass filter (C) is shown above.

{contained in line 450 of the program, Fig. 2).
The list may be changed, as required, to reflect
available C values. The first number in the list
(in this case, 6) is the number of values in the
list. The following numbers, are the C values

ELLcTrRONIC DEsIGN 13, June 21, 1969

CHEBYSHEV. HIGHPASS RC FILTILR

WUBRBER OF POLES - 4
CUT FREQ (XHZ) = |
PASSBAND RIPPLE (DB) = 2,4

COMPOREWNT VALUES [C I8 WANMOFARADS ; R 1B KILOWMS )3

SECYIONW

SECTION 2
Ciz
ce:

HUMBER OF POLES = 4
CUT FREQ (HHZ} =
PASSBAND RIPPLE (DB) = 2.4

~k2 il - 3 - v
§ o e m e en e e e, e e e ow B Y

+ 2
FREQUENCY [KKZ)

1OnF 10nF 10nF {OnF Eout

e 0 > 0 e

GL 4‘
| 53k:: 152k SSBK:: 14.4k

©

4. Computer printout of component values (A) and fre-
quency response (B) for four-pole Chebyshev high-pass
filter (C) is shown above.

arranged in increasing order of magnitude. In
the print-out (Fig. 3A) the values of C, for the
three sections are 2.2 nF, 15 nF and 22 nF. The
R values, which are computed from these C
values and the filter specifications, are non-

&



Deriving the fundamental filter equations

Modern filter design thecery is based upon an
analysis of the filter transfer function, the ratio
of- output to input in the complex frequency
plane, the s-plane. Attention is centered on the
location of the ‘“‘poles” of the transfer function.
The poles are the values of s for which the
denominator of the transfer function vanishes,
or is equal to zero.

The poles of the normalized Butterworth low-
pass function are equally spaced on a unit circle
centered at the origin of the s-plane.”'* For an
N-pole function, the phase angles, P;, of the pole
locations are:

™
Po= o+,

5 (21 - 1),7=1to N. (1)

™
N

The real (o,) and imaginary (jw;) Cartesian
coordinates of the pole locations are therefore:

o, = cos (P,) (2a)
Jw, = j sin (P.) (2b)

The poles of the normalized Chebyshev low-
pass function are unequally spaced on an ellipse
centered at the origin of the s-plane.®1? The
minor radius X1 of the ellipse is parallel to the
real (o) axis, and the major radius X2 is parallel
to the imaginary (j») axis of the s-plane. The
values of X1 and X2 depend on the peak-to-peak
ripple R (in dB) of the voltage waveform in the
passband, and on the number of poles, N. It is
convenient to define a ripple factor, ¢, in terms
of R according to the following convention:

e;i (10710 — 1).173, 3)

If we use this definition then X1 and X2, the
radii of the ellipse, are:

i I oon-i(d :
X1 = sinh [N-smh ( . )} (4a)
X 1 on—i(L
2 = cosh [—N—smh ( ; )jl (4b)

Since it is inconvenient to work with hyperbolic
functions, the standard mathematical relations!®

sinhz = (e — ¢7%) /2 (ba)
coshz = (e +¢77) /2 (5b)
sinh~lz = In [z + (x2 + 1)172] (5¢)

will be used to obtain the more convenient form:

X1 =([D - (1/D)] /2 16a)
X2 = [D + (1/D)] /2, (6b;

D [%4(_:; N 1>1/2]LN o

where

The real and imaginary components of the pole
locations for both types of filters can therefore be
expressed in terms of ONE set of equations:

g, = X1 cos(P,) (8a)

Jw, = 7X2 sin(P,) (8b)

where P; is defined in Eq. 1.

If the number of poles is even, an N-pole func-
tion may be factored into N/2 conjugate pairs,
since each pole, s;, has a conjugate pole sy .;;. Let

A2 (o, 4 jw) (00 — jw) = a2 + wd. (9)

The normalized transfer function L;(s) of a low-
pass pole pair is then:

1
A-I
L) = 5 S (10)
E-,' §? — A'—“ s + 1

standard.

The second page of the print-out (Fig. 3B) is
a plot of the logarithmic gain in decibels versus
linear frequency in kilohertz. Plus signs are used
to form the graph grid, and asterisks indicate
the data points. The lines connecting the aster-
iskg were drawn in after the print-out was com-
pleted to make the response curve more legible.
The curve in Fig. 3B agrees with the standard
six-pole Butterworth characteristic.”

The complete circuit schematic for the six-pole
low-pass filter is shown in Fig. 3C. Three basic
low-pass circuits have been cascaded (Fig. 1),
with the component values of each section deter-
mined from Fig. 8A. A laboratory model of the
circuit was built using the last active element

shown in Table 1. Tests showed that it did have
the frequency response predicted in Fig. 3B.

In the example of the four-pole Chebyshev
high-pass filter, line 0 in the computer program
(Fig. 2) is in the correct format for solving the
filter design. The solution is shown in Fig. 4.
Figure 4A gives the component values, Fig. 4B
the frequency response, and Fig. 4C the complete
circuit schematic.

The headings provided in the computer print-
out (Figs. 4A and 4B) for the Chebyshev filter
are similar to those for the Butterworth case,
but they include the definition of an additional
parameter—the passband ripple. The plot of Fig.
4B shows every data point (rather than every
other point as in Fig. 3B), to more clearly define
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where the constant factor 1/4, in Eq. 10 normal-
izes the maximum value of L;(s) to unity gain.
Since the low-pass seotion (Fig. 1) must have
unity gain at dc, the factor 1/4; cannot be
aceommodated by Eq. 12 for the Chebyshev case.
Chebyshev filters designed in this way will have
unity gain ripple minimums rather than the more
rescrlotion also bolds for hiy.a-pass desigu.

The normalized transfer function H;(s) of a
high-pass pole pair is obtained by replacing the
variable < in (10) by 1/s:

L
oo Ay
d:8) = ————— (11)
A_l__ ?Lol + 1
44,'82 A,‘S
The iransfer function L’(s) of the two-pole

tow-pass RC flter section (Fig. 1) is

1

L (8) = fzcleczsz + (R1 -+ Rz) Css + 1

(12)

To realize L;(s) with L’(s), Egs. 10 and 12 must
be equated. term by term. If the constant factor
is neglected, this leads to two equations in four
unknowns, R, B,, C; and C,:

RjCl‘R2CQ = 1/A| (133.)

(R\ + Rz) Cz = -2 J;‘/A.‘. (13b)
If €y and C; are selected as standard values,

C,=C (14a)

Cy, = C/M, M > 1 for realizability, (14Db)

then the normalized values of R, and R, are

determined from
yan A o]
Rx = ":4‘2:—' Ll -+ (1 - (}}ﬂ ] (153)
[
|

R,

4

From Eq. 15 it can be scen that the value of M
selected in Eq. 14b must satisfy the inequality

M > A, /o> . 16y

The o ‘ g ccaward valae o y Ma
be found by first choosing C,> C and then trying
successively smaller standard values for C, until
Fq. 16 is satisfied.

The transfer functicn H'(s) of the two-pole
high-pass RC filler (Fig, 1) scetion is

1
1 C+C
R.CR.Cost " CiRiCos +

H'(s) =

(17)

Asg in the low-pass case, H;(s) may be realized
with H'(s) by selecting standard C values and
then computing the normalized R values. The
latter are derived by equating the denominators
of Egs. 11 and 17:

C,=C (18a)

C.=C (18b)

R, = _C“" (192)
_ A‘

B, = —% (19b)

The component value formulas are summarized
in Table 2.

the faster-moving Chebyshev response.

The standard decade list of C values is not
utilized in the high-pass design (Fig. 4A) since
both C, and C, are set equal to the maximum C
value gpecified in the DATA line. The high-pass
graph (Fig. 4B) uses an inverse-linear frequency
scale to emphasize the inverse symmetry of the
high-pass design with respect to its low-pass
prototype. The two filter sections of the complete
schematic (Fig. 4C) use the basic high-pass
rather than the low-pass circuit. ==
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*C  RC ACTIVE FILTER PROGRAM BY KINCAID AND SHIRLEY
*C  MODIFIED FOR FOCCAL BY TOM BEAN & WILLIAM ROMANS

T: TYPE OF FILTER (ENTER L FOR LOWPASS;H FOR HIGHPASS)

N: NUMBER OF POLES (MUST BE EVEN NUMBER)

H: CUTOFF FREQUENCY IN KHZ

R: ALLOWABLE RIPPLE IN PASSBAND(d FOR BUTTERWORTH DESIGN)
C: MAXIMUM CAPACITANCE VALUE IN NANOFARADS

*C  R1,R2 GIVEN IN KOHMS

*C-FOCAL, 1969
*

*g1 .42
*#1 .04
*@1. 06

*@3. 48
*@3.16
“#3.18
*@3. 20
*@3. 28
*@3. 30
*#3.32
*#3.34
*#3.36

4. 4

*@5.02
*@5. 04
*@5.08
*#5.12
*@5.16

06 . B4
*26. 06
06 .08
“06.10

*0f7 . 4
*37 .86

Ak 12 TNHRCT ?,':S:PI=3.14159;S.C(6)=1;5-C(@)=10
Ser C(1)=6.8;5:C(2)=4.7;5.C(3)=3.3;5:C(4)=2.2;S:C(5)=1.5
For I=1,N/2;D.3

I
S
S
S
S
S
S
S
I

S

-

IR R Vo
%

AR 4

PN

(-R)3.16;S:X1=1;5:X2=1;G-3. 28

.+ E=FSQT(FEXP(R*2.30259/10)-1)

D=FEXP(FLOG(1/E+FSQT(1/ET2+1))/N)
X1=(D-1/D)/2;SX2=(D+1/D)/2
S=X1*FCOS(Pl/2+PI*(2*1-1)/2* N)
W=X2*FSIN(PI/2+PI1%2*1-1)/2* N)
A=ST2+Wt2

X3=2*PI*H*C]

(1-12/7)7 .f4;E-N1=-1,9;D.4

P=FITR(FLOG(C1)/2.30259)-N1;F.K=1,6;D-5
-P)5.48

C2=C(K)/18T(-P); S:C3=C(K-1)/181(-P); G-5.12
C2=C(K)*1gTP;S«C3=C(K-1)*14TP

M=C1/C2;1 (M-A/ST2)5.16;D:6

-+ R1=(=S*1873/(X3))*(M/A)* (1+FSQT(1-A/(ST2*M) ) )
© R2=(=S*18713/(X3))*(M/A)*(1-FSQT(1-A/(ST2*M) ) )
(A/S‘F2—C1/C§)6. 10;D.8

+ C2=C1;S:R1==S*1873/(X3);S:R2=(~S* 183/ (X3) )*A/ST2;D.8
v R2=(-S*1813/(X3))*A/ST2;D-8



“PsL i e PO, UL, R RET T Yot 00, WL, CL, R e, v
g5, 14 1 (N/2-1)9.01,9.01,8.16 ‘ : -
*ng - .’é‘ Rﬁ'w" uee

T LN 6 H :1 R C:33

SEC.= 1 ‘

C1,C2,R1,R2= 33.7M0dd=  2.20000= “25*}7”2 17.42958
SEC.= 2

Cl,C2,R1,R2= 33.00000= 15.00080=  9.76469=  5.24055
SEC.= 3

C1,C2.R1,R2=  33.00000=  22.00000= 10.72140=  3.25429
.

T:H N4 H:1 R 2.4 Cl 10

k 7 overs ,E:u.:”'- {~“

SEC.= 1 *

C1,C2,R1,R2= 10.00008= 10.00000=  1.52734=  151.98800

SEC.=2

C1,C2,R1,R2= 14.00000 19.00000=  3.68732=  14.38040

*E A - . ' - T

" QEEEREELEEELREEEREALLERLRRLEERELEAALRRRARRLLLRECECLLAEREAR
*C GAIN VERSUS FREQUENCY PLOT FOR RC FILTER

*C RC ACTIVE FILTER PROGRAM BY KINCAID AND SHIRLEY
*C MODIFIED FOR FOCAL BY TOM BEAN & WILLIAM E ROMANS
*C INPUT: T IS TYPE OF FILTER (ENTER L FOR LOWPASS;H FOR HIGHPASS)

*C N IS NO. OF POLES (MUST BE EVEN)

*C H IS CUTOFF FREQUENCY IN KHZ

*C R IS PASSBAND RIPPLE IN DB (8 FOR BUTTERWORTH)
*C C1 IS MAXIMUM CAPACITANCE IN NANOFARADS

*C RE-ENTER VALUES FOR THE ABOVE WHICH WERE USED IN CALCULATING
*C R1 R2 Cl1 C2 AND ENTER THE CALCULATED VALUES FOR C2 R1 AND R2

*
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SLoFOCAL, 1969

“g1.65 At 2T NH R C1 2,058 =N/2EF =1, ;A2?2C2 R R2 ?,%;D: 1.15
0110 G. 1.20

#4115 Ser T=12/T;S0 X()=R1*R2*C1*C2; S+ Y(1)=(R1+R2)*C2;S-+ Z(1)=R2*C]1

“f1.20 To. '%;T"INSERTION GAIN (DB)",:"

£01.25 F.o KX=f,6;T,%2,-15+3*KX;T,»* "
01,30 T GEKZ=1,6T,0 + - - = ="
*@1.35 Too "+",L '
*01.40 F- K=@,36;D-2;D-4
01,45 Qv
*

*2.02 16 (1-T)2.06;S:HK=H*(1+K)/25;G. 2.14
@206 S0 HK=25%H/(37-K) |
S‘,

*F2.14 S B=2*3.14159*HK;F.I=1, J;D-3

*#3.65 1+ (1-T)3.15;

#63.10 5. GX()=(1-X(1)*BT2/18T6)T2+(Y(1)*B/1813)12;G.3. 20
03,15 S GX(I)=(1-18T6/(X()*BT2))T2+(2*18T3/(Z(1)*B)) T2
“03.28 S G{)=-1*FLOG(GX(l) )/2.30259

"4, 04 S G=FITR((G(1)+G(+GBHG(4)+G(5))/.3+.51+51;E11=H, 20;D.5
“34.06 Do 6

5. 04 S 12=G=3%11;14(12)5. 22;1¢(12-2)5.12,5.08,5. 22

*E5.08 T.. " *Reri

#05.12 10 (12=1)5.18;T." * "Rovues

*}255.]8 T ME I Return

*#5.22 |- (FITR(K/6)-K/6)5.30;

«g5.24 |- (FITR((11+7)/10)-FITR(11+7)/10)5.26,5.32;

*@5.26 1+ (FITR(I1/18)-11/10)5.28,5.34;

05,28 | (FITR((11+3)/10)-FITR(11+3)/10)5.38,5.36;

*@5.30 T " "Rewws

“05.32 T " +"Roters

*05.34 T " + "R

*#15.36 T "™ Re

*06.02 T %4.03, HK, '

T L N % H:1 R:# Cl :33

2 :2.2 Rl :20.6177 R2 :17.4298
2 :15 Rl :9.764 R2 :5.24
2 122 R1 :18.7214 R2 :3.25429

O OO
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INSERTION GAIN (DB)

=15 =12 =9 =6 =3 =f =3
t - - B i A I A i o

+ + + + + * +

* % % %

E I I R T R I

160

.320
.360
. 400
1.440
1.480

P e T R P B |
&
=

*

I T (| (| | | | | | (A (A O | B B
=X
288;

+ + + N . ) +
*

* E ;'fi? &7

*G Yy

THN4H1R:2.4C1:]I)

2 :18 R1 :1.527 R2 :151.98
2 18 R1 :3.68 R2 :14.38
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INSERTION GAIN (DB)

=15 =12 =9 =6 =3 =g =3
e T I A I
+ + + + + + +

R R B e e e |
.
w
(0]
0

N

=
3]
w

+
+
+
+
+
*
+
TR T (| (T T T (O (T | | | (| {1 (I | | AU | | B | 1
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