DECUS

PROGRAM LIBRARY

DECUS NO. FOCAL8-50

TITLE FOCAL VERSION OF RC ACTIVE FILTER

AUTHOR Bean & Romans
e University of Texas
Southwestern Medical School
Deoilas, Texas
DATE

September 9, 1969

SOURCE LANGUAGE FOCAL

Although this program hos been tested by the contributor, no warranty, express or implied, is made by the contributor,
Digital Equipment Computer Users Society or Digital Equipment Corporation as to the accuracy or functioning of the
program or related program material, and no responsibility is assumed by these parties in connection therewith .






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
move than free the engineer from the tedium of
routine caiculations in filter design.' A single
aregram in BASIC. derived from two funda-
mental equations, can be used to design Butter-
worth or Chebyshev fiiters, and either low-pass or
high-pass versions of each.

The program, written in a language resembling
dimpie Bnglish, determines the component values

Y -pole filters. The design uses two-pole active
sections with anly Rs and Cs, no Ls, as the basic
building bhiceks for higher-order filters. N-pole
fiiters are created by cascading N 2 two-pole sec-
tions. 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
rilters are shown in Fig. 1. Two capacitors, two
resisters 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
discrete civeuits or hybrid microcarecuits and for
either commercial or military use.

As hybrid microcircuit designs they possess
the following advantages:

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

®= The Cs can be chosen as standard vajues.
Lven 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:

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

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

» Has low sensitivity to parameter changes.

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

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

follower elements is their current gain g8 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, f=«. 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 B is significantly decreased.

Align sectinns by adjusting only resistors

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

o, = X1 cos (P;)

jw; = jX2 sin (P;).

Lt I cz2
o o e

RIS R2$
4

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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1, N2 1. for Batterworth flters,
Y ioand X2 depend on the passband rippie
imber of poles for Chebyshev filters. The

Amtions 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.
1ree cases occur: ‘
hoeo the [0 ' i
(lon. are tairly clese to the design values, the
filter alignment can be improved by nearly an
order of magnitude by adjusting only one of the
two resistors 8o that the desired response is ob-
tained at the cat frequency. Tor thick-film or
potted scections, the adjustiient may be made ex-
ternally by adding a series trim resistor either
to R, of the low-pass circuit or to K. of the high-
pass circuit (Fig. 1).

2. When both < values arve out of tolerance by
_omparable large percentages, -the section may
e aligned Ly 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 modily the section impedance level to ac-
commodate the varied C values. Second, trim the
response of the section at the cut frequency by
adjusting one of the two resistors, as previously
described. It is 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
Hs 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 trimmed, if desired.

Sensitivity influences filter response

It 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

oain Afz/G with component value variation

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

It § — 1, the equation shows that a component
variation of 1% 1is equivalent to 20 log,, (1-0.01),
resulting in a gain variation of only 1 dB. For a
faige value of S—say, S = 100—the same equa-
tion shows that a component variation of 1%
is equivalent to 100 3¢ (0.01) == 1 (or a 100%
increase). As the component varies by 1% . G

AV
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Table 1. Unity gain active elements

t

Approximate
Circuit element current gain (0)
(at low frequencies)
+V

-v
Integrated circuit follower

2N2222
100
R
i
-v
Simple emitter follower
4000
. -v
Darlington emitter follower
+V
3R
2N2907
2N222
4000
R
-V
Compound transistor follower
>100,900
-V 4V
Opa}ational amplifier follower
+v
l\ 7
3] N\ LmI02
6
l/.,/ >100,000
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‘able 2. Filter component value formulas”

Low-pass section High-pass section
Eg. Nos. Eg. Nos.
Formula I Formula (see box)
Cy=C 14a ¢, =C 184
C,=CM 14b C,=¢C 18b
_1_ =
—Gx 1 1 ' : —GI 19
R = + - 15 =7 a
" amf o M/ ’ 'anFC
19
—oM f A )2 -A,
=—1— 11—~ [1- 15h Ry=—"— 19b
2n FAC L o? M B 2m Fo C
M > A fo? 16

fiesistor values are scaled to cut trequency F.

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

Since a sensitivity factor is associated with
each component, the worst-case variation for the
complete section occurs when each component has
a4 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

8 DATA 2,4,1,2.4,18

i@
28
pL]
e
b ]
8
™
38
98

REN RC ACTIVE FILTER PROGRAM BY R, KINCAID AND F, SHIRLEY
REM SANDERS ASSOC. 1¥C, NASHUA, N.H. 11/5/68
REM LINE ® SHOULD BE: @ DATA T,N,F,R,C -- WHERE T IS TNE TYPE

REM  (1:LOYPASS, CHIGHPASS); X IS THE WO, OF POLES (MUST BE EVEN)j
REM F IS THE CUT FREQ IN XHZ}y R 1S THE PASSBAND RIPPLE IN DB (8
REM FOR BUTTERWORTH)§ AND C IS THE MAX C 18 WANOFARADS.

READ T,N,F,R,C

LET Q0:6.28318%31

LET 01:2,38258509
DImM F(37),6¢(37),C(29)
PRINT

PRINT

PRINT

PRINT

GOosuB 2829

RER “17 ITERATION LOOP -- CALCULATIONS FOR EACH 2-POLE SECTION
FOR 1=t T0O N/2
1F R>3 THEW 298

REM BUTTERWORTH CIRCLE
LET X1}
LET x2:1
GO T0 358

CHEBYSHEV ELLIPSE
EzSQRCIBT(R/18)-1)
D=CL/E+SQRUL/ZE/E+1)) 2 C1/N)
Xi=(D-i/D)/2
T X2:=(D+1/D) /2

ROGT PAIR LOCATIONS
PRB/4+QB/4/Ne (28] =)
5:=X1=COS(P)
VX2=SIK(P)

, v AzSeS+usy

356 LET RO=-SMRB/F/CeikE3
498 LET C1C

ate LF T»1 THEK 8§50

28

432 RER LOWPASS C2 vaLUE

248 1F 1-i THEW 5086

459 DATA €, 1.8, 1.5, 2.2, 3.3, 4.7, 6.8
468 READ K§

47¢ FOR K=1 TO X6

A3@ READ Cux)

498 NEXT X

C components (Fig. 1) is:

Q S
1 0.01
100 0.3

and for variations in gain of the active element is

668
678
638
690
700
Tie
o 720
® 738
© 7408
® 750
760
770
780
190
8ee
818
82e
838
342
858
862
872
888
890
909
91e
928
930
940
958

Q S

1 0.02
5 1.0
8 100.0

The high-gain sensitivity factor is not harm-

LET R :=INT(LOG(C)/Q1)
FOR Niz-1 TO 99

FOR X=X 6 TO | STEP -1

LET. C2:=C(K)*IDT(N2-N1)
LET n=C/C2

1F M»A/S/S THEW 688

NEXT X

NEXT NI

REM LOWPASS R1,R2 VALUES

LET RIR@sM/A=(1+SQR(1-A/S/S/M))
LET R2RBsN/A®(1-SQRCI-A/S/S/M))
GO To 788

REM  HIGHPASS C2,R1,R2 VALUES
LET C2

LET RI=R®

LET R2R@eA/S/S

REM PRINTOUT

IF 1>1 THEN 728 R
PRINT" COMPONENT VALUES (C IN NANOFARADS, R IN KILOHMS):
PRINT

PRINT® SECTION"3I

PRINT™ “,"C1="3Ci, R1="gR|

PRINT™  =,"C2:"3C2,"R2:"jR2

REM FREQ AND GAIW VALUES FOR GRAPH

FOR k=@ TO 36

IF 1>1 THEN 878

IF T»>1 THEM 830

LET F(X)z2F/25e(14K)

GO TO Bae

LET F(K)=F®25/¢37-x)

LET XK7=2-INT(LOG(F(X))/Q1)

LET FUO)ZINT(F(K)=iB1KT+.5) /181K

LET G(X):=8

IF T»>1 THEN %88

LET G=(1=R12C[eR2eC2% (QBsF(K))t2/1E6) t2+((RI1+R2)sC2sQ@eF(X)/I1E3) T2
GO TO 918

LET G=(1=1/R1/C1/R2/C2/(QBeF(K)) 12s1E6) 12+ (2/R2/C1/QB/F(K)*IE3) 12
LET G(XK):=G(K)=182L0G(G) AR

NEXT K

NEXT 1

GOSuB 4@2@

STOP

2080

2019 REM HEADING SUBROUTINE
2820 IF R=8 THEN 2858

2838 PRINT™ " ,"BUTTERWORTH “y

3
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STatde uniy-gam  acrnve

i cany 1o obtain and most practical
crs do onot recuire 2 high Q (the highest Q
o Hiopole Butterworth filter is less than 5).

fnoaddition the active element is a low-pass
alone  will limit the filter response,
ns;u:cmil.\f in high-Q sections. An active element
cute{l frequency 50 times the section resonant
‘requency can shift the frequency of the peak re-
ponse by as much as 5% even for a Q as low

fror. I

Synthesize complete fiiter from sections

N 2 tilter secticns must be cascaded to synthe-
size o even-pole 1 e component values of
Cach section arve « Coroa different conji-
pole pair iu the desired transfer function.
e sections can be assembled in any order pro-
vided . only that cach section 1s driven from a
low-irpecance source. Odd-pole tilters may also

3 csized™ but single-pole sections are ineffi-
cat and three-pole sections are difficult to de-
Tre "2C FIL” computer program therefore
swaers only even-pole filters.

RS TECRE G ¥

Crieck by calculating gain vs frequency

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

GO T0 2068

PRINT" = “CMEBYSHEV "j

IF T»i THEN 2858

PH1&T"LOWPASS RAC FILTER"

GO 10 2108

PRIBRT*HIGUPASS RC FILTER"

FRINT

Y PRINT

Z FRINT

PRIRT™  WUMBER OF POLES ="M

i PRINT

 IF R>3 THER Z:88

6 PRINT"  5-DB FREQ (KHZ) ="3F
GO T0 2zi8

PRIAT™  CUT FREQ (KHZ) :"¢F

PRINY

PRINT®  PASSBAMD RIPPLE (DB) :="jR

PRINT

PRINT

S RETURY

GHAPH SUBROUTINE
+ Y0 33-2eK

P GOSUB 28280

Aen LET lazy

79 1F ReB THER 4292

4888 LET {432

M:g):?ﬁrn e 3 INSERTION GAlW (DB)*"

4 - -1 -9 - -

4 RInY +--—-0----¢---~;‘----;‘----3----’5

FOR 1:@ 70 36 STEP 14

LEY GIINT(G(I) /. 3+.5)+51

FO¢ 1i:8 TO 28

] T 126-32])

4168 IF [2<8 THEN 42680

A4iTE 1V 12,2 THEN 4268

488 IF 1242 THEYW 4210

4158 PREIGY™ oy

=cG& GO Y0 4378

<Zid IF 12«1 THER 424@

@20 PRINT" » =y

€33 66 10 4378

4248 PRIKNT e =

2% G TOo 4378

4260 IF [8T(1/6)<1/6 THEW 43082

@78 IF 1111+ /1B)=INT(11+7) /18 THENR 4320
488 IF IMTCI1/1@):11/1@ THEN 4348

4Z98 IF INT(CI1+5)/718)zINT(11+3)/18 THEN 4360

o
-
e

Procrgonic brsias 130 June 21, 1969

1, vjw) Lol w )
+ ((R, 4R Cw)]re
For a two-pole high-pass section, the magnitude
of the gain is H' (jw). '

’ ~ 1 : _r
H (jw) = [(1" R;C,}?“:(Z.;.Q»')

(,,CJ + (‘ 2 ] -y @
C.RC.0

In both cases the dB gain is foung by taking the

common logarithm of the voltage gain and multi-
-t ;‘,» h S (2[\

Sample designs illustrate technique

The calculations for designing low-pass or
high sas “hels sd Boeofaaworth R7 filters
have Leen, w0t poracea an the
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. Uniess 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 mnano-
farads. The second is a four-pole Chebyshev
high-pass filter with a cut frequency at 1 kHz,

4300 PRINT™ . =}

4318 GO TO 4370

4320 PRINT® +°;
4330 GO TO 4379

4348 PRINT"™ & °;

4338 GO TO 4379

4368 PRINT"+ =,
4378 NEXT 11

4388 PRINT F(1)

4390 IF R»>8 THEN 4410
4488 PRINT

4418 NEXT I

4420 PRINT® =, = = = = =
4438 RETURN

4448 END

FRECUENCY (XHZ)*"

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



fable 3. BASIC commands

Variables used in program

Type Word Function Name Definition
Nonexecotable | REM Allows the insertion of remarks in the T Type of filter {1 = Low-pass, 2 = High-pass)
program listing N Number of poles
DIM Reserves extra memory room for large F Cut frequency (in kHz)
variable arrays R Chebyshev passband ripple (in dB)
DATA Stores numerical data to be used in the c Maximum circuit capacitance (in nanofarads)
problem solution Q¢ 27 (phase conversion constant from radians to degrees)
] _ Qi 1n 10 (gain conversion constant from natural logs to
Input/Output READ Obtains numerical data from DATA common logs)
statements o )
| Iteration index (i = 1 to N/2) for the 2-pole sections
PRINT Types output statements and numerical F (37) Frequency values {independent variable)
answers
G (37) Gain values (dependent variable)
Computational | LET Computes variable values according to C (25) Standard capacitance values per decade
algebraic formulas X1 Minor Chebyshev ellipse radius
. - . X2 Major Chebyshev eliipse radius
Sequencing GO TO Alters the normal order of computation l y ¥
R Chebyshev rippie factor
iF. . . THEN C?r:qomonany alters the order of compu- D intermediate Chebyshev parameter
ation
P Root location phase angle
FOR...TO | Causes the intervening commands to be S R " :
. eal component f pole location
NEXT repeated several times P o} oy l
) w Imaginary component {w) of pole location
GO SuB Routes computation to and from a sub- . :
S A Squared magnitude of pole location
RETURN routine (subsection) of the program b i B
Ro Nominal resistance level
Termination STOP Stops computation (at any point in the R1,R2,C1,C2 | Component values (kilohms and nanofarads)
program) M Ratio of C1/C2 in low-pass sections
END Stops computation (this must be the K6 Number of standard capacitance values per decade
last sequential comn]and in a program) KNI Iteration loop indices
N2,K7 Normalization constants
G,12 Intermediate variables used in graph routine

Table 4. Program block outline

Line numbers

What is accomplished

0-90 Data input and instructions to user
41070 -120 Constant definition and variable dimensioning
130 - 170 Heading print-out {using subroutine 2000 — 2230)
180 — 6777[A]H Calculation;fcrlrrieach_Z-pole section
220 - 410 Calcutation of root pair locations
420 - 620 Calculation of low-pass component values
630 - 670 Calculation of high-pass component values
%880 - 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 specifications 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. 8) 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

FiectroNnie Desian 13 Tune 21 vy



TYFAWORTH L uwPRSS RT SILTER

sUMBER OF POLES . &

& PREC {KMT) =

COMPCREN S LALUES (C IN NAWOFARADS, R I X JLOWAS !

SLLTiom 1
Ciz 32 R1: 20.08192
cz= 2,2 R2:z 17,4284
SECTION 2
Cl=z 38 Ri:z 9.76477
cz: 13 R2: 5.2403)
SECTION 3
1z 38 Ri:z 18.72i4
tZs 72 R2: 3,2%427

NUMGER OF YOLES = 6
3-DB FREQ {KHZ) = i

IRSERTION GAiN ([DD)
-8 -3

......... - - B

+ £ 4 + +

B @ e B o e i e @ e B D

.68

-

.76

+
+
*
+
.
.
.
-

.84

* .92

o 1.32
o
1.4
+ + + + * + + 1.48
FREQUENCY (KNZ)
Ein i7ax 976k 107k 3.25k Eour
Arv»i:I——w +1i r-AAr1 ——0
2 2nF A~ L// I I
33nF,-E . 3n?ft =

e lﬂ\
s
I

©

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

33nF

(contained in line 450 of the program, Fig. 2).
The list may be changed, as required, to reflect
available € 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

Ericironic Diesion 13, June 21, 1969

CHEBYSHEV. HIGHPASS RC FILTeK

WUMBER OF POLES - &
CUT FREQ (XHZ) = |
PASSBAND RIPPLE iDB) = 2,4

COMPOWENT VALUES (C IM WANOFARADS , R 1N XiLOKMS):

SECTION |
Ciz 13 Riz
cz= 10 R2:

31.987

SECTION 2
ci= 18 Riz 5.68733
cz: 18 R2: 14,3882

MUMBER OF POLES := 4
CUT FREQ (RNWZ) = i
PASSBAND RiPPLE (DB) = 2.4

+

4 e - e o

+ * + + + + + L6768

+
FREQUENCY (XKHZI)

4_;.‘% >+ﬁll D>

< <
15383 152k 569\‘%: 14 ak

©

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. 8A) the values of C. for the
three sections are 2.2 nF, 15 nF and 22 nF. The
R wvalues, which are computed from these C
values and the filter specifications, are non-



A Y

Deriving the fundamental filter equations

Modern tilter design theery is based upon an
analysis of the filter transfer function. the ratio
of output to input in the complex frequency
platie, the s-plane. Attention is centered on the
tocation of the “poles” of the transfer function.
The poles are the values of s for which the
denominator of the transfer function vanishes,
or 1s 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:

n m
P, = ..
2 TN

(20 = 1),7=1toN. (1)
The real (o,) and imaginary (ju;) Cartesian
coordinates of the pole locations are therefore:

o, = cos (P,) (2a)

Jw, = jsin (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.® ' The
minor radius X1 of the ellipse is parallel to the
real () axis, and the major radius X2 is parallel
to the imaginary (jw) axis of the s-plane. The
values of X7 and X2 depend on the peak-to-peak
ripple B (in dB) of the voltage waveform in the
passhand, and on the number of poles, N. It is
convenient to define a ripple factor, ¢ in terms
of R according to the following convention:

@2 (1010 — 1).1n, 3)

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

: 1. = | 1, 5

X1 = sinh |:N4smh (:»)J (4a)
-y \

XZ = COSh ["A‘]'Slnh ( P )} (4b)

Since it is inconvenient to work with hyperholic
functions, the standard mathematical relations!?

sinh z = (ex — e7*) /2 (baj
cosh z = (e + e7%) /2 (5b)
sinh=tz = In [z + (x2 + 1)17] (5¢)

will be used to obtain the more convenient form:
X1 =D — (1/D)} /2 (6a)
X2 =|D + (1/D)] /2, (6b;

where

B [_}4(% N 1)1/2}wv o

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:

X1 cos(P,) (8a)

g,

jX2 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 s, _, ;. Let

Jw,

A2 (00 + jw) (00 — jw) = 02 + w2 (9)

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

£
L.(s) = A, (10)
i 3 — 20'_ s+ 1
Ais A|

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-
isks 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. 3A. 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. 38B), to more clearly define
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where the constant factor 1/4, in Eq. 10 normal-
izve the maximum value of L;(s) to unity gain.
Aince the low-pass section (Fig. 1) must have
unity gain at de, the factor 1/4; cannot be
qceommodated by Eq. 12 for the Chebyshev case.
(nebyshev filters designed in this way will have
unity gain ripple minimums rather than the more

Clotion aleu holds 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

A;
1 20,
A2 As T

di(s) = (11)

o9

The :rousfer function L'(s) of the two-pole
low-pass RO filter scetion (Fig. 1) is

, 1
M = RORGS T R T RICo 71

.(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, Ry, R,, €, and C,:

R.C.R.C, = 1/A; (13a)

(Rl + R'_’) Cz = - 2 a',-/A.'. (13b)
If €, and C, are selected as standard values,

C,=¢C (14a)

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

then the normalized values of R; and R, are

determined from

B o il {_x g f—%‘v,\m'! (15h)

From Eq. 15 1t can be scen that the value of M
selected in Eq. 14b must satisfy the inequality

M > A/od (6}

Phie o, s ceaward value ol
be found by first choosing C,> C and then trying
successively amaller standard values for C, untii
Eq. 16 is satisfied.

The transfer functicn H'(s) ¢f the two-paole
high-pass RC filler (Fig. 1) scetion in

{oy Ma,

S 1
HO =3 5o,
RCR.Cist ' CiR.Cos

amn

As 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:

0= B (18a)

G = (18b)

B = “C"" (19a)
— [41

R, = — (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 specified in the DATA line. The high-pass
graph (Fig. 4B) uses an inverse-linear frequency
scale to emphasize the inverse symmetry of the
nigh-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. =m
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*C  RC ACTIVE FILTER PROGRAM BY KINCAID AND SHIRLEY
*C  MODIFIED FOR FOCAL BY TOM BEAN & WILLIAM ROMANS

*C
e
*C
*C
"G

*

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(@ FOR BUTTERWORTH DESIGN)
C: MAXIMUM CAPACITANCE VALUE IN NANOFARADS
*C  RI1,R2 GIVEN IN KOHMS

*C-FOCAL, 1969

*31.82
*@1 .04
@1 .06
*

*33. 48
*#3.16
*7#3.18
*B33.20
*@#3.28
*@3. 30
*(3.32
*@#3.34
*3#3.36

*B4. 04

*@5. 02
*@5. 04
*@5.08
*35.12
*35.16

*06 .04
*26. 06
06 .08
*B6.10

07 . B4
07 .06

A
S
F

bl ¥ B 2 TN ¥ B 90 T 0 B 0 I 70 Bl

wm »n

2 TNHRCI ?,'%;S PI=3.14159;S C(6)=1;S C(@)=
C(1)=6.8;S C(2)=4.7;S C(3)=3.3;S C(4)=2.2;S C(5)=1

I=1,N/2;D 3

(-R)3.14;S X1=1;S 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;S X2=(D+1/D)/2
S=X1*FCOS(PI/2+PI*(2*1-1)/2*N)
W=X2*FSIN(PI/2+PI1%2*1-1)/2* N)
A=ST2+W1t2

X3=2*PI*H*C]

(1-12/T)7.04;F N1=-1,9;D 4

P=FITR(FLOG(CT1)/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)*18TP;S C3=C(K-1)*1g4TP

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

R1=(-S*18T3/(X3))*(M/A)*(1+FSQT(1-A/(ST2*M) ) )
R2=(-S*18T3/(X3))*(M/A)*(1-FSQT(1-A/(ST2*M) ) )

(A/ST2-C1/C3)6.16;D 8

19
5

C2=Cl1;S R1=-S*1873/(X3);S R2=(~S*10%3/(X3) )*A/S*2;D 8

R2=(-S*1013/(X3))*A/ST2;D 8



Wo .l T, CZ, KL, KL s B0, it CL, R, 54, 0
P8 14 1 (N/2-1)9.01,9.81,8.16

“#8.16 R

T LN 6 H 1 R @ Ct :33

SEC.= 1

C1,C2,R1,R2= 33 .77gdd=  2.288d0- 0% i7v- 1740 A
SEC.= 2

Ci,C2,R1,R2= 33.00000= 15.00000=  9.76469=  5.24855
SEC.= 3

Ci,C2,R1,R2=  33.00800=  22.00000= 10.72140=  3.25429
*[

T :H N 4 H 1R :2.4 Cl1 :18

SEC,s - |

Cl1,C2,R1,R2= 10.00000= 10.00000= 1.52734=  151.988¢0
SEC.=2

C1,C2,R1,R2= 10.00000 10.00000=  3.68732=  14.3804f

"
*E A

" gEREREEAEERELRARLRLELALLALRALELERLIALLLLAELERARERRRERERRE
*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)

e H IS CUTOFF FREQUENCY IN KHZ

o & R IS PASSBAND RIPPLE IN DB (@ FOR BUTTERWORTH)
e C1 IS MAXIMUM CAPACITANCE IN NANOFARADS

*C RE-ENTER VALUES FOR THE ABOVE WHICH WERE USED IN CALCULATING
*C RT R2 C1 C2 AND ENTER THE CALCULATED VALUES FOR C2 R1 AND R2

*
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{

P

~—
~

\D

o

Wi.es A 0 2T N H R C1 2,055 =EN/2F I=1,5,A ?C2 R1 R2 ?,5;D 1.15
0110 G 1.28

AT 15 S T=12/T;S X(1)=R1*R2*C1*C2;S Y(I)=(R1+R2)*C2;S Z(1)=R2*CI
*#1.20 T ;T "INSERTION GAIN (DB)", !

“#1.25 F  KX=,6;T %2,-15+3*KX;T " "

W38 T LF KZ1,6T Vi = = et

*G1.35 T "+",.

*B1.40 F |<=;5,36;D 2;D 4

*01.45 Q

“02.02 1 (1-T)2.06;S HK=H*(1+K)/25;G 2.14

*@2.06 S HK=25*H/(37-K)

*@2.14 S B=2*3.14159*HK;F I=1, J;D 3

*03.05 | (1-T)3.15;

@310 S GX(N=(1-X(N*BT2/18T6)T2+(Y()*B/1813)T2;G 3.20

“03.15 S GX()=(1-18T6/(X(N*BT2))T2+(2*18T3/(Z(1)*B)) T2

*m.?ﬂ S G{)=-18*FLOG(GX(l))/2.30259

“P4.04 S G=FITR((GOI+G(2+GBHG(4)+G(5))/.3+.5)+51;F 1=0,20;D 5
“B4.86 D 6

“P5.04 S 12=G-3*11;1 (12)5.22;1 (12-2)5.12,5./08,5.22

*@5.98 7 " *"WR

“$5.12 1 (12=1)5.18;T " * "R

*#5.18 T " "R

“05.22 | (FITR(K/6)-K/6)5.38;

*05.24 | (FITR((11+7) /18)-FITR(11+7)/18)5.26,5.32;

*35.26 | (FlTR(n,/m)-n/m)s.28,5.34,-

«05.28 | (FITR((11+3)/18)-FITR(11+3)/18)5.38, 5. 36;

3.3 T " "R

*35.32 T " +"R

“#5.34 T " + "R

“@5.36 T "+ "R

%4.083, HK,"

*06.02 T

T :L N 6 H: R:f Cl :33

:2.2 R1 :20.0177 R2 :17.4298
:15 R1 :9.764 R2 :5.24
:22 R1 :10.7214 R2 :3.25429

OO
N N O
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{NSERTION GAIN (DB)

=-15 =-12 =9 =6 == 3 -
T e S T St S sl
+ + + + + * +
*
*
*
*
t + + + + * +
*
*
*
*
*
+ + + + + * +
*
*
*
*
*
+ 4 + + % * +
*
*
+ + + + +¥ —+ +
*
*
+ F: ¥ + + + + +
*
*
+ + + + + + +
*
*E
*G
T:HN:4 H: R :2.4 Cl

C2 :18 Rl :1.527 R2 :151.98
C2 :10 R1 :3.68 R2 :14.38

12
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INSERTION GAIN (DB)

=15 =12 =9 =6 =3 =g =3
R T ST e
+ + + + -+ + -+

o nn

L A | { A 1 O |

+
+
+
+
+
+
*
+
T | | [ | | | | | | | (Y [ { A | B
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