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APPLICATION NOTE 6
ACTIVE RC FILTER USING BIQUADS
1. Introduction

The design of active RC filters using biquadratic building blocks can be simple, or it may need
special discussion, especially if one of the multiple-feedback structures is to be used. This note
will illustrate the problems that may occur, and how they may be solved using the S/FILSYN
program.

2. Specification

We select a relatively simple bandpass with passband from 1 kHz to 2 kHz and stopband require-
ments below 750 Hz and above 2400 Hz. To obtain the optimum design, we specified no
extreme transmission zeros.

Using the PLACER segment, the data entry sequence is as follows:

C:>sfilsyn

* % K K % S/FILSYN * kK kX
RELEASE 3.2 VERSION 1 4/1/94

** ROOT SEGMENT **

Copyright (C) 1983-1995 Dr. George Szentirmai.
All Rights Reserved.

READ TRANSFER FUNCTION DATA FROM FILE? (Y/N)

> n

SMAIN: S, PLACER: P OR END: E

> p

ENTER TITLE. IF NO MORE DESIGN, ENTER: END

> active example

FILTER KIND - LUMPED: 0, BILINEAR DIGITAL: 1 OR MICROWAVE: 2

> 0

FILTER TYPE - LOWPASS: 1, HIGHPASS: 2, BANDPASS: 4

> 4

ENTER LOWER PASSBAND EDGE IN HZ

> 1k

ENTER UPPER PASSBAND EDGE IN HZ

> 2k

PASSBAND - MAX.FLAT: 0, OR EQUAL RIPPLE: 1

> 1

ENTER BAND EDGE LOSS IN DB

> .2

ENTER NO. OF BREAKPOINTS IN LOWER STOPBAND (AT LEAST 1)
> 1

ENTER 1 BREAKPOINTS IN HZ AND THE LOSS BELOW THEM IN DB IN PAIRS
> 750 40

ENTER NO. OF BREAKPOINTS IN UPPER STOPBAND (AT LEAST 1)
> 1

ENTER 1 BREAKPOINTS IN HZ AND THE LOSS ABOVE THEM IN DB IN PAIRS
> 2400 35

ENTER NO. OF FIXED ZEROS (NOT MORE THAN 10)

> 0

BANDPASS - CONVENTIONAL: 1 OR PARAMETRIC: 2

> 1

ENTER MULTIPLICITY OF ZERO AT ZERO
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EN%ER MULTIPLICITY OF ZERO AT INFINITY

;FOYOU WISH TO SPECIFY THEM, ENTER NO.'S OF MOVABLE ZEROS IN LOWER
AND/OR UPPER STOPBAND(S). OTHERWISE ENTER ZERO (S)

EN%EE INPUT TERMINATION IN OHMS

EN%ER OUTPUT TERMINATION (0. INDICATES OPEN OR SHORT)

EN%ER VALUE OF AVERAGE Q. IF NO PREDISTORTION, ENTER O.

> 0

The program initial estimate of three finite transmission zeros turns out to be inadequate; how-
ever, it recognizes this problem, increases the number to four and restarts automatically.

ITERATION NO. 7

TRANSMISSION ZEROS MULTIPLICITY

6.6073180E+02 1
8.6618450E+04 1
2.6495980E+03 1
FMIN (HZ) AMIN (DB) DMIN (DB)
7.5000E+02 17.0887 -22.9113
2.8191E-01 15.6646 -24.3354
2.0000E+08 83.3750 48.3750
3.2851E+03 29.3558 -5.6442
2.4000E+03 19.6782 -15.3218

*** TOO FEW ZEROS, WILL RETRY ***

active example
**x*% S/FILSYN *** PLACER PROGRAM

BANDPASS FILTER
EQUAL RIPPLE PASS BAND
PASSBAND EDGE FREQUENCY = 1.00000 kHz
PASSBAND EDGE FREQUENCY = 2.00000 kHz
BANDEDGE LOSS .20000 DB.

MULTIPLICITY OF ZERO AT ZERO = 0
MULTIPLICITY OF ZERO AT INFINITY = 0
NUMBER OF MOVABLE TRANSMISSION ZEROS = 4
OVERALL FILTER DEGREE = 8

FMIN (HZ) AMIN (DB) DMIN (DB)

7.5000E+02 52.2176 12.2176

6.7554E+02 46.5031 6.5031

2.8191E-01 31.4793 -8.5207

2.0000E+08 26.5106 -8.4894

2.6116E+03 39.7096 4.7096

2.4000E+03 45.0507 10.0507

Convergence is obtained in three iterations, and forcing one more yields the following printout.
This time everything is fine and we get a very satisfactory design:

ITERATION NO. 1

TRANSMISSION ZEROS MULTIPLICITY

7.1840740E+02 1
3.1673540E+02 1
4.0844640E+03 1
2.4721080E+03 1

FMIN (HZ) AMIN (DB) DMIN (DB)
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.5000E+02
.0260E+02
.8191E-01
.0000E+08
.7869E+03
.4000E+03

DN oY

40.
40.
45.

35

OPTIMIZE: 1, PROCEED

> 2
*** S/FILSYN *

active example
BAND-PASS F

EQUAL RIPPLE PASS BAND

** FILTER PROGRAM

ILTER

3770
3751
5778

.3678
35.
35.

3729
3793

L3770
.3751
.5778
.3678
.3729
.3793

WITH DESIGN: 2, MODIFY: 3

BANDEDGE LOSS
LOWER PASSBAND EDGE FREQUENCY
UPPER PASSBAND EDGE FREQUENCY
SPECIFIED STOP BAND
MULTIPLICITY OF ZERO AT ZERO
MULTIPLICITY OF ZERO AT INFINITY
NUMBER OF FINITE TRANSMISSION ZERO PAIRS

OVERALL FILTER DEGREE
TRANSMISSION ZEROS

0.
0.
0.

0.

INPUT TERMINATION
OUTPUT TERMINATION

REAL PART
0000000D+00
0000000D+00
0000000D+00
0000000D+00

IMAGINARY PART
7.1840741D+02
3.1673535D+02
4.0844639D+03
2.4721077D+03

REQUESTED TERMINATION RATIO

OR

ANG.3

RESTART: 4

.200000 DB.
1.000000 kHz
.000000 kHz

N

@0 > O O

1.000000 ohm
0.000000 ohm
0.0000000D+00

Proceeding to the active synthesis segment, we choose the cascade realization first. This is satis-
factory, because the wide passband yields low pole Q (below 10) values.

The results are shown on the next page, including the calculated loss vs. frequency plot. This ex-
ample was run on the personal computer version of the program. We used the standard proce-
dure to store data, exit the SFILSYN program, call the ACTIVE program and recall the data.
Using the single-executable version, the process is simpler.
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COMMAND :
> syn

REALIZATION - ACTIVE: A, PASSIVE: P, DIGITAL: D, NO SYNTHESIS: E
> a

ENTER FILE NAME

> a:noteb

FILE ALREADY EXISTS. OVERWRITE? (Y/N)

>y

FOR SYNTHESIS, TYPE "END" TO EXIT TO DOS

THEN CALL PROGRAM "ACTIVE"

COMMAND :
> end
*** S/FILSYN *** SIGNING OFF ***

C:>active
* Kk k k Kk S/FILSYN * k k Kk K
RELEASE 3.2 VERSION 1 4/1/94

** ACTIVE SEGMENT **

Copyright (C) 1983-1995 Dr. George Szentirmai.
All Rights Reserved.

SYNTHESIS: S, ANALYSIS: A OR END: E

> s

ENTER FILE NAME

> a:noteb

CASCADE: C, FOLLOW-THE-LEADER: F OR LEAPFROG: L

> C

SELECTED SEQUENCE IS:
NUMERATORS : 3 2 1 4
DENOMINATORS: 2 3 1 4

active example
RESULTS OF THE CASC SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER
NUMERATOR DENOMINATOR

SECTION NO. 1
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2.5129985D+07
0.0000000D+00
3.8155959D-02

SECTION NO. 2
4.7000792D+06
0.0000000D+00
1.1867312D+00

SECTION NO. 3
1.2381339D+07
0.0000000D+00
6.0766787D-01

SECTION NO. 4
1.4946476D+08
0.0000000D+00
6.1950429D-01

.6322295D+07
.1599562D+03
1.0000000D+00

TRANSMISSION ZERO
4.0844639D+03 HZ

w U

1.1921663D+08
4.1733844D+03
1.0000000D+00

TRANSMISSION ZERO
3.1673535D+02 HZ

3.7505056D+07
7.9656550D+02
1.0000000D+00

TRANSMISSION ZERO
7.1840741D+02 HZ

1.6495720D+08
1.3134137D+03
1.0000000D+00

TRANSMISSION ZERO
2.4721077D+03 HZ
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In the latest version of the program, using the cascade design will give us a program-selected
optimal pole-zero arrangement without asking. This can, of course, be changed later, using the
PERM (permute) command. For FLF and leapfrog structures, we also have a program-selected
sequence, but the program will first ask, if it is acceptable. If it is not, we may select our own
sequence. This is due to the fact that in these structures the PERM command may not be used,
1.e. the results very much depend on the selected sequence of transmission zeros.

3. Cascade design

First, we permute these factors to demonstrate how simple it is. We rescale the design afterwards
to maintain optimal dynamic range as much as possible:

COMMAND :

> perm n

ENTER 4 PERMUTED SERIAL NUMBERS
>4 321

* % DONE * %

COMMAND :

> perm d 3 1 2 4

ENTER 4 PERMUTED SERIAL NUMBERS
>3124

* % DONE * %

COMMAND:
> resc
*% DONE **

COMMAND :
> pri
active example

RESULTS OF THE CASC SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

NUMERATOR

SECTION NO. 1
6.4325072D+06
0.0000000D+00
2.6661574D-02

SECTION NO. 2
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DENOMINATOR

3.7505056D+07
7.9656550D+02
1.0000000D+00

TRANSMISSION ZERO
2.4721077D+03 HZ
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2.7770505D+07
0.0000000D+00
1.3629579D+00

SECTION NO. 3
9.3042979D+06
0.0000000D+00
2.3492584D+00

SECTION NO. 4
1.3150779D+08
0.0000000D+00
1.9967406D-01

.6322295D+07
.1599562D+03
1.0000000D+00

w U

1.1921663D+08
4.1733844D+03
1.0000000D+00

1.6495720D+08
1.3134137D+03
1.0000000D+00

TRANSMISSION ZERO
7.1840741D+02 HZ

TRANSMISSION ZERO
3.1673535D+02 HZ

TRANSMISSION ZERO
4.0844639D+03 HZ

Now we proceed to the actual design and Section 1 is uneventful. We use the operational ampli-
fier implementation, as opposed to the operational transconductance amplifier one. Note that
this choice is made only once, the first time the DES command is called.Also in previous
versions of the program, writing a SPICE compatible file was done during the design. We have
now simpli- fied the process and file writing is done affer the design has been completed. Note
that the circuit configurations shown below, are somewhat compressed, to save space. The
actual computer printouts may be more elongated, especially using the workstation version.

COMMAND :
> des

ACTIVE COMPONENT - OP-AMP:

> 1

ENTER SECTION NUMBER

> 1

ENTER CAPACITANCE VALUE

> 10n

SECTION NO. 1

CIRCUIT - TWIN-T:

1 OR NOT: 2

> 2

|
——
| R 99.82726
+—R—] 6.06973
| FCc— 10.00000
| C 10.00000
+—R—] 10.29265
R | 75.01433
F— —Rr—] 24.45521

FR— -—--- 2.05478

| \+ -/
R \ / 10.00000
| Y
L__+_____

|

COMMAND :
> des 2 10n
SECTION NO. 2

CIRCUIT - TWIN-T:

> 2

1 OR NOT: 2

SECTION IS NOT REALIZABLE

COMMAND :
> des 2 10n

Active RC filter using biquads

1 OR OTA: 2

kohm
kohm
nF

nkF

kohm
kohm
kohm
kohm

kohm

We find that one of the two circuits offered for the second section is not realizable and the other
does not yield the correct multiplier:
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SECTION NO. 2
CIRCUIT - TWIN-T: 1 OR NOT: 2

> 1
|
—
| c 10.00000 nF
R 22.15386 kohm
| R+ 7.38462 kohm
—+—C— 10.00000 nF
| c 10.00000 nF
R 44.30771 kohm
| I—
C 5.00000 nF
R 14.67622 kohm
—R—— 10.00000 kohm
| _____
| \= +/
R \ / 7.79728 kohm
| A\
L___F_____
|
SECTION PROVIDES EXTRA MULTIPLIER = 6.52892E-01

As a result, the output of this op-amp will not handle as high a signal level as possible, thereby
reducing the available dynamic range. A rearrangement of the pole-zero pairs might eliminate the
problem altogether. Instead, we multiplied this section transfer function by this multiplier, to
maintain correspondence between the section transfer functions and what the actual circuit is
doing, and the next section by the inverse of this multiplier, in effect asking that section to make
up for the decrease in the signal level. Next we design the third section:

COMMAND :

> mult 2 .652892

* % DONE * %

COMMAND :

> mult 3 1.53165

* % DONE * %

COMMAND :

> des 3 10n

SECTION NO. 3

CIRCUIT - TWIN-T: 1 OR NOT: 2

> 1
|
=
| ¢ 10.00000 nF
R 50.24855 kohm
| R 16.74952 kohm
—+—C— 10.00000 nF
| ¢ 10.00000 nF
R 100.49710 kohm
[
C 5.00000 nF
R 2.54628 kohm
—R—— 3.29806 kohm
| _____
| \= +/
R\ / 30.32085 kohm
| v
L+
|
SECTION PROVIDES EXTRA MULTIPLIER = 1.41646E+00

Section 3 must also have a twin-T in it and provides an additional voltage gain, which will
reduce the available dynamic range again. We perform the same compensation in sections three
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and four (not shown) and subsequently save the data in an ASCII file (using the FILE command)
that is shown below:

***k S/FILSYN ***
active example
BAND-PASS FILTER
EQUAL-RIPPLE PASS BAND
BANDEDGE LOSS
LOWER PASSBAND EDGE FREQUENCY =
UPPER PASSBAND EDGE FREQUENCY =
SPECIFIED STOPBAND TYPE
MULTIPLICITY OF ZERO AT ZERO =
MULTIPLICITY OF ZERO AT INFINITY =
NUMBER OF FINITE TRANSMISSION ZEROS =
OVERALL FILTER DEGREE =

FILTER PROGRAM

.200000 DB.
1.000000 kHz
2.000000 kHz

0 D O O

TRANSMISSION ZEROS

REAL PART IMAGINARY PART
0.0000000D+00 7.1840741D+02
0.0000000D+00 3.1673535D+02
0.0000000D+00 4.0844639D+03
0.0000000D+00 2.4721077D+03

active example

RESULTS OF THE CASC SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

NUMERATOR DENOMINATOR
SECTION NO. 1
6.4325072D+06 3.7505056D+07
0.0000000D+00 7.9656550D+02
2.6661574D-02 1.0000000D+00
SECTION NO. 2
1.8131141D+07 5.6322295D+07
0.0000000D+00 3.1599562D+03
8.8986429D-01 1.0000000D+00
SECTION NO. 3
2.0185869D+07 1.1921663D+08
0.0000000D+00 4.1733844D+03
5.0967654D+00 1.0000000D+00
SECTION NO. 4
9.2842530D+07 1.6495720D+08
0.0000000D+00 1.3134137D+03
1.4096689D-01 1.0000000D+00
I
—
| R 99.82726 kohm
—+—R—] 6.06973 kohm
| F-c— 10.00000 nF
| C 10.00000 nF
—+—R—] 10.29265 kohm
R | 75.01433 kohm
F— R 24.45521 kohm
R~ --—--- 2.05478 kohm
| \+ -/
R \ / 10.00000 kohm
| Y
[N R
I

Active RC filter using biquads
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10.
22.
.38462
10.
10.
44.

10.
50.
.74952
10.
10.
100.

N

30.

11.
.45631
.00000
10.
.10690
14.
15.
.32820

10.

00000
15386

00000
00000
30771

.00000
14.
10.

67622
00000

.79728

00000
24855

00000
00000
49710

.00000
.54628
.29806

32085

72156

00000

18773

15327

00000

*%% PARTS LIST ***

-
| ¢
R
I i
—+—C—|
| c
R
L
R
| _____
| \- +/
R \ /
| \
(S S
=
| ¢
R
| R
p—+—C—
| ¢
R
[
R
| \- +/
R \ /
| Y
[N R
—
[ R
—+—R—]
I —C—
[ C
—+—R—]
R I
= R
—-R— -—-——-
| \+ -/
R \ /
| Y
[N R
I
RESISTORS
RO1 99.82726
RO2 6.06973
RO3 10.29265
RO4 75.01433
RO5 24.45521
RO6 2.05478
RO7 10.00000
ROS 22.15386
RO9 7.38462
R10 44.30771
R11 14.67622
R12 10.00000
R13 7.79728
R14 50.24855
R15 16.74952
R16 100.49710
R17 2.54628
R18 3.29806
R19 30.32085
R20 11.72156
S/FILSYN Manual

kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm
kohm

nk
kohm
kohm
nk
nk
kohm

nk
kohm
kohm

kohm

nk
kohm
kohm
nk
nk
kohm

nk
kohm
kohm

kohm

kohm
kohm
nk

nk

kohm
kohm
kohm
kohm

kohm

ANG.9

Active RC filter using biquads



ANG.10

R21
R22
R23
R24
R25
R26

CAPACITORS
co1
co02
Cc03
co4
CO05
co6
co7
co8
co09
C10
Cl1
Cl2

3.
9.
14.
15.
2.
10.

10.
10.
10.
10.
10.

5.
10.
10.
10.

5.
10.
10.

TOTAL NUMBER OF

45631
10690
18773
15327
32820
00000

00000
00000
00000
00000
00000
00000
00000
00000
00000
00000
00000
00000

kohm
kohm
kohm
kohm
kohm
kohm

nk
nk
nk
nk
nk
nk
nk
nk
nk
nk
nk
nk

RESISTORS:

CAPACITORS:

OP. AMPS:

26
12
4

The complete structure realizes the, essentially unchanged, overall transfer function.

4. Leapfrog design

Assuming that the cascade realization is not adequate for sensitivity reasons, we repeat the design
by using the leapfrog method of synthesis. The synthesis phase of this design, using the previous
transfer file, is shown below:

C:>active

* ok kK Kk S/FILSYN * Kk kK Kk

RELEASE 3.2

VERSION 1

4/1/94

** ACTIVE SEGMENT **

Copyright (C)

SYNTHESIS: S,
> s

1983-1995 Dr.
All Rights Reserved.

ANALYSIS:

ENTER FILE NAME

> test

George Szentirmai.

A OR END: E

CASCADE: C, FOLLOW-THE-LEADER: F OR LEAPFROG: L

> 1

USE COMPUTER-SELECTED ZERO SEQUENCE? (Y/N)

> n

ENTER THE SEQUENCE OF TRANSMISSION ZEROS FOR 4 SECTIONS
EXTREME ZEROS ARE INDICATED BY 7, I, Zz, II, ZI OR IZ

>2 41 3

WISH TO SEE INTERMEDIATE RESULTS? (Y/N)

> n

LEAPFROG SYNTHESIS

active example

RESULTS OF THE LEAP SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

NUMERATOR
SECTION NO.

1

2.8758369D+06

DENOMINATOR

1.0830874D+08 TRANSMISSION ZERO

Active RC filter using biquads
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0.0000000D+00 5.2255248D+03 3.1673535D+02 HZ
7.2612509D-01 1.0000000D+00

SECTION NO. 2
7.9235621D+07 8.6052163D+07 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 2.4721077D+03 HZ
3.2841725D-01 1.0000000D+00

FEEDBACK COEFFICIENT = -8.2628085D-01

SECTION NO. 3
9.6269270D+06 7.8904925D+07 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 7.1840741D+02 HZ
4.7248316D-01 1.0000000D+00

FEEDBACK COEFFICIENT = -1.4429404D+00

SECTION NO. 4
1.4955949D+08 6.1894646D+07 TRANSMISSION ZERO
0.0000000D+00 5.2287307D+03 4.0844639D+03 HZ
2.2708274D-01 1.0000000D+00

FEEDBACK COEFFICIENT = -6.2378720D-01

During the design of the first stage, we use the operational amplifier implementation again, as
well as force the program to consider the first section a medium-Q one (the last "2" on the line).
The design itself was uneventful:

COMMAND :
> des 1 1 10n 2

SECTION NO. 1
CIRCUIT - TWIN-T: 1 OR NOT: 2

> 2
|
—
| R 73.75072 kohm
—+—R—] 17.09606 kohm
| Cc— 10.00000 nF
| C 10.00000 nF
—r—] 11.58238 kohm
R | 47.47507 kohm
F— R 2.23238 kohm
—R— ----- 125.87080 kohm
| \+ -/
R\ / 10.00000 kohm
| v
L
|

A feedback path will lead from the output of section 2 to the input of this section, and the only
way the input and the feedback signal can be combined is by using an amplifier summing stage,
which will also introduce a phase reversal (sign change).

The next, second, stage is of an infinite Q section and can be realized only by a three op-amp
biquad section. The three op-amp biquad can accept feedback signal without an extra summing
stage, so the realization is acceptable.

COMMAND :
> des 2 10n
SECTION NO. 2
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— 1
—
R 10.00000 kohm
—R—— 10.86029 kohm
—t |
\+ -/ C 10.00000 nF
\/
\%
I_T_
R 11.62086 kohm
—R_ﬁﬁ ***x OPEN ***
e B O
————— c | 10.00000 nF
\+ -/ |
\ / R *** OQPEN ***
v |
I_T___J
R 10.00000 kohm
L R—— 30.44907 kohm
—
\+ -/ R 10.00000 kohm
\ /
\%
l |
|

SECTION PROVIDES 180 DEGREES ADDITIONAL PHASE
ADD FEEDBACK PATH FROM HERE TO INPUT OF SECTION 1

The ** OPEN ** resistors represent open-circuits, i.e. the resistors are missing. The same
reasoning applies to the third sec- tion, so we used the three op-amp version again. One could
make the program use the two op-amp circuit by reducing the infinite Q values of the internal
sections to a high, but finite Q (see the FQ command).

COMMAND :
> des 3 10n
SECTION NO. 3

|
—
R 12.00000 kohm
—R—— 98.35528 kohm
— |
\+ -/ C 10.00000 nF
\ 7/
\Y4
I_'_
R 10.56123 kohm
—R—|—|—| *%* OPEN ***
== [ ]
————— C | 10.00000 nF
\+ -/ |
\ / R * % % OPEN * * x
v
I_'__I
R 12.00000 kohm
LR 25.39773 kohm
—
\+ -/ R 12.00000 kohm
\ 7/
\Y4

Active RC filter using biquads S/FILSYN Manual
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|

SECTION PROVIDES 180 DEGREES ADDITIONAL PHASE
ADD FEEDBACK PATH FROM HERE TO INPUT OF SECTION 2

Finally for the last stage, we take what we get, without forcing a medium-Q section:

COMMAND :
> des 4 10n
SECTION NO. 4

|
—T
R | 4.73570 kohm
| R *% % OPEN ***
| | R 5.65293 kohm
—R—+—+——— *Hk QPEN ***
| | ¢ 10.00000 nF
—R—+—L—}— 3.26099 kohm
—R—}— | 1.26769 kohm
| ———-- | C 10.00000 nF
| \+ -/ |
| V/ R 15.23134 kohm
R v | 10.00000 kohm
Lt 1
|
SECTION PROVIDES EXTRA MULTIPLIER = 9.29889E-01

ADD FEEDBACK PATH FROM HERE TO INPUT OF SECTION 3
This is the only stage, where we find an extra multiplier, but the difference is a mere 0.63 dB flat
loss, which is negligible. Nevertheless, we must take it into account, when the feedback resistors

are calculated.

5. Overall structure

To complete the design, we must introduce the feedback resistors and possibly additional ampli-
fiers to serve as summing stages.

The first feedback path goes from the output of the second stage to the input of the first, and
because it is negative, the loop gain of the first two stages must be negative. The first stage has
no phase inversion, but the second does. This would be acceptable, except for the summing stage
needed at the input, which introduces another phase inversion. Therefore we need one more
phase inversion between stages one and two.

The second feedback coefficient is also negative, hence we need an odd number of phase inver-
sions again. This is fine now, since stages two and three are both phase inverting and the

summing stage before stage two will provide the third phase inversion.

Finally the third feedback coefficient is also negative, but needs no additional stage, since the
third stage is phase inverting, but the last one is not.

The resistor values representing the feedback coefficients are calculated by taking the other input
resistor, and dividing its value by the (magnitude of the) feedback coefficient in question. To
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com- pensate for the lower than expected output level, the resistors leaving from the output of the
last stage are also multiplied by the same multiplier.

The complete circuit is shown below. The printout format is one of an earlier version of the pro-
gram, and one that will still be found on workstation systems. We distinguish the components
added to realize the feedback coefficients, by representing them by dashed connections.

The number of amplifiers needed for this realization is two and a half times that needed for the
cascade one, but the number of capacitors is less.

This figure can not be obtained from the program, it was prepared by editing the stored data of
the complete session on a personal computer. The printout format is also from an earlier version

of the program.

o o
| |
| R 10.00000 kohm
| |
| ———- |—m——m - R-————————— === 12.10070 kohm
| | | \ \
| - \ \
| \+ -/ R 10.00000 kohm \
| \ / \ \
| v \ \
| | \ \
- \
| | \
. \
....... \
. \
R 73.75072 kohm |
\
+..R. 17.09606 kohm |
\
C 10.00000 nF \
\
C 10.00000 nF \
\
R 11.58238 kohm \
\
R 47.47507 kohm |
\
.R. 2.23238 kohm |
. .. . . \
.R.. ————= . 125.87080 kohm |
. .N\+ -/ . \
. R \ / . 10.00000 kohm \
. \ \
. . \
e e e \
. \
| | \
| R 10.00000 kohm \
| | \
| ==== |=========== R-————————————= \ 6.92518 kohm
| | | \ | \
| - \ | \
| \+ -/ R 10.00000 kohm| |
| \ / \ | \
| v \ | \
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Rewnn.
.
\+ -/ C
\ /
v
R
.
————— c
\+ -/
\ /
v
R
Rewnn.
\+ -/ R
\ /
v
R
Rewnn.
.
\+ -/ C
\ /
v
R
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10.

10.

10.

11.

10.

10.

30.

10.

10.

10.

00000

86029

00000

62086

00000

00000

44907

00000

00000

56123

nF

kohm

nF

nkF
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146.71800 kohm
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10.

12.

10.

10.

15.
10.

00000

00000

.73570

.65293

00000

.26099

.26769

00000

23134
00000

nF

kohm

kohm

nkF

kohm

kohm

nkF

kohm
kohm

37.89510 kohm
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