AN9.1
APPLICATION NOTE 9

DESIGN OF SWITCHED-CAPACITOR FILTERS
1. Introduction.

As described in Section 8 of this manual, the switched-capacitor filter design capability is built
into the active-RC segment of the program. The main reason for this was our desire to be able to
offer not only the cascaded second order block implementation of these filters, but also the
“leapfrog” and the “follow-the-leader” type feedback structures as well. These implementations
yield a substantial sensitivity improvements over the cascaded case.

This arrangement however, created another problem, that of having to perform the prewarping of
the analog design manually, so that after applying the bilinear Z-transformation, the transformed
transfer function should have the proper behavior. Naturally, it would be highly desirable to have
the program perform this prewarping step instead.

In this application note we shall describe two methods for doing this, one for the case where we
wish to use the leapfrog structure and another, somewhat simpler, method for the case when the

cascaded second order block implementation is acceptable.

2. Leapfrog bandpass filter.

If we need a leapfrog structure, the design must go through as an essentially analog one and we
convert it to a sampled-data format only at the very end. Therefore, we have to find the pre-
warped equivalents of all critical frequencies before commencing the design, and this can be
done by a preliminary run through the digital option of the SFILSYN root segment. Note that the
DIGITAL segment is not required here at all.

Consider a bandpass filter with passband from 10 kHz to 15 kHz with a 0.1 dB passband ripple, a
lower stopband below 9.5 kHz and 45 dB minimum loss and an upper stopband from 16 kHz
with a 35 dB loss. The sampling frequency is assumed to be 64 kHz, a low enough value, which
makes it impossible to neglect the warping effect.

This data is entered into SFILSYN in the usual manner:;

C:>sfilsyn

* % K K % S/FILSYN * kK ok x
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
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> S-C filter

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

ENTER SAMPLING FREQUENCY IN HZ

> -64k ! PLACER will display frequencies in nonwarped form

This last item needs an explanation. The PLACER segment will display the frequencies during
the iterations in normal (not prewarped) forms. In order to request the display of these values in
pre- warped form, we enter the sampling frequency as a negative value. This only changes this
display, otherwise has no effect.

Continuing:

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

> 4

ENTER LOWER PASSBAND EDGE IN HZ

> 10k

ENTER UPPER PASSBAND EDGE IN HZ

> 15k

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

> 1

ENTER BAND EDGE LOSS IN DB

> .1

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
> 9.5k 45

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
> 1ok 35

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

> 0

BANDPASS - CONVENTIONAL: 1 OR PARAMETRIC: 2

> 1

ENTER MULTIPLICITY OF ZERO AT ZERO

> 1

ENTER MULTIPLICITY OF ZERO AT NYQUIST FREQUENCY

> 1

IF YOU WISH TO SPECIFY THEM, ENTER NO.'S OF MOVABLE ZEROS IN LOWER
AND/OR UPPER STOPBAND(S). OTHERWISE ENTER ZERO (S)
> 00

Next we show the usual PLACER header and the first iteration:

S-C filter
*x*% S/FILSYN *** PLACER PROGRAM

BANDPASS FILTER
EQUAL RIPPLE PASS BAND

PASSBAND EDGE FREQUENCY = 10.00000 kHz
PASSBAND EDGE FREQUENCY = 15.00000 kHz
SAMPLING FREQUENCY = 64.00000 kHz
BANDEDGE LOSS = .10000 DB.
MULTIPLICITY OF ZERO AT ZERO = 1
MULTIPLICITY OF ZERO AT INFINITY = 1
PRESHIFTED LOWER PASSBAND EDGE =  8.84613 kHz
NUMBER OF MOVABLE TRANSMISSION ZEROS = 5
OVERALL FILTER DEGREE =12

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

8.3305E+03 47.7148 2.7148

8.1202E+03 49.8106 4.8106
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7.2866E+03 55.6286 10.6286
4.1690E+03 49.8270 4.8270
2.7122E+04 42.5449 7.5449
1.7428E+04 41.1588 6.1588
1.6550E+04 44.1844 9.1844
ITERATION NO. 1
TRANSMISSION ZEROS MULTIPLICITY
9.4581810E+03 1
9.0169620E+03 1
7.4248090E+03 1
1.7895990E+04 1
1.6113800E+04 1
FMIN (HZ) AMIN (DB) DMIN (DB)
8.3305E+03 50.4612 5.4612
8.1457E+03 50.6879 5.6879
7.3141E+03 51.9618 6.9618
4.0630E+03 50.6138 5.6138
2.7948E+04 43.6645 8.6645
1.7518E+04 40.7872 5.7872
1.6550E+04 41.5817 6.5817
ITERATION NO. 2
TRANSMISSION ZEROS MULTIPLICITY
9.4595920E+03 1
9.0366400E+03 1
7.3528350E+03 1
1.7902440E+04 1
1.6121000E+04 1
FMIN (HZ) AMIN (DB) DMIN (DB)
8.3305E+03 50.8953 5.8953
8.1504E+03 50.9292 5.9292
7.3156E+03 51.1440 6.1440
4.0195E+03 50.9167 5.9167
2.7979E+04 43.7591 8.7591
1.7532E+04 40.9389 5.9389
1.6550E+04 41.0779 6.0779

AN9.3

It is simple to read off the prewarped frequencies from this output. The lower passband edge is
specifically indicated (8.84613 kHz), while the upper edge remains unchanged, due to our
method of internal normalization.

The prewarped equivalents of the specified breakpoints are those of the tabulated FMIN values
above, that do not change from iteration to iteration. These are obviously 8.3305 kHz (corre-
sponding to the 9.5 kHz breakpoint) and 16.55 kHz (corresponding to the 16 kHz value we

entered).

We note these values and restart the whole procedure as follows:

OPTIMIZE: 1, PROCEED WITH DESIGN:

> 2

2, MODIFY:

ENTER TITLE. IF NO MORE DESIGN, ENTER: END

> S-C filter

FILTER KIND - LUMPED:

> 0

0,

FILTER TYPE - LOWPASS: 1,

> 4

BILINEAR DIGITAL:

HIGHPASS: 2,

ENTER LOWER PASSBAND EDGE IN HZ
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BANDPASS :

3 OR RESTART: 4

1 OR MICROWAVE: 2

4
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> 8.846133k ! Prewarped
ENTER UPPER PASSBAND EDGE IN HZ

> 15k

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

> 1

ENTER BAND EDGE LOSS IN DB

> .1

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
> 8.3305k 45 ! Prewarped

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
> 16.55k 35 ! Prewarped

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

> 0

BANDPASS - CONVENTIONAL: 1 OR PARAMETRIC: 2

> 1

ENTER MULTIPLICITY OF ZERO AT ZERO

> 1

ENTER MULTIPLICITY OF ZERO AT INFINITY

> 1

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

>0 0

ENTER INPUT TERMINATION IN OHMS

> 1

ENTER OUTPUT TERMINATION (0. INDICATES OPEN OR SHORT)

> 0

ENTER VALUE OF AVERAGE Q. IF NO PREDISTORTION, ENTER O.

> 0

The rest is routine, we proceed to the ACTIVE segment and obtain the leapfrog structure of this
filter. After that, we can perform the BZT (Bilinear Z-Transform) and get the sampled-data
function that can be implemented by a switched-capacitor circuit.

LEAPFROG SYNTHESIS
LAST BLOCK RESONANT FREQUENCY = 8.6511181D+03 HZ
S-C filter

RESULTS OF THE LEAP SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

NUMERATOR DENOMINATOR

SECTION NO. 1
2.6693219D+09 4.6885536D+09 TRANSMISSION ZERO
0.0000000D+00 .8368924D+04 1.9968555D+04 HZ
1.6956958D-01 1.0000000D+00

w

SECTION NO. 2
2.8283685D+09 4.5488326D+09 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 7.8677373D+03 HZ
1.1573815D+00 1.0000000D+00

FEEDBACK COEFFICIENT = -1.1499324D+00

SECTION NO. 3
5.2648895D+09 7.2815973D+09 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 1.6750203D+04 HZ
4.7532359D-01 1.0000000D+00

FEEDBACK COEFFICIENT = -5.7916662D-01

SECTION NO. 4
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4.7505772D+08 5.5813800D+09 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 6.2331929D+03 HZ

3.0971733D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -2.7450295D-01

SECTION NO. 5

-2.2454456D+09 4.2398671D+09 TRANSMISSION ZERO
0.0000000D+00 0.0000000D+00 8.2896563D+03 HZ

-8.2769391D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -1.3101624D+00

SECTION NO. 6
0.0000000D+00 2.9546376D+09
-6.2606812D+04 6.3895051D+03
0.0000000D+00 1.0000000D+00
FEEDBACK COEFFICIENT = -3.4161352D-01
COMMAND:
> bzt
ENTER SAMPLING FREQUENCY
> 64k

FOLLOWING FILTER IS OF SAMPLED DATA TYPE

NYQUIST RATE = 3.2000000D+04 HZ.
S-C filter

RESULTS OF THE LEAP SYNTHESIS
BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

NUMERATOR DENOMINATOR

SECTION NO. 1
2.3101816D-01 1.0000000D+00
8.5753676D-02 -6.2843757D-01
2.3101816D-01 5.9060804D-01

SECTION NO. 2
9.9878463D-01 1.0000000D+00
-1.2611111D+00 -8.1556272D-01
9.9878463D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -1.1499324D+00

SECTION NO. 3
5.7500845D-01 1.0000000D+00
1.3830962D-02 -3.9034201D-01
5.7500845D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -5.7916662D-01

SECTION NO. 4
2.3325337D-01 1.0000000D+00
-3.5060049D-01 -6.3823539D-01
2.3325337D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -2.7450295D-01

SECTION NO. 5
-7.4373301D-01 1.0000000D+00
8.9079032D-01 -8.7335250D-01
-7.4373301D-01 1.0000000D+00
FEEDBACK COEFFICIENT = -1.3101624D+00

SECTION NO. 6

-4.5109153D-01 1.0000000D+00
0.0000000D+00 -1.0890255D+00
4.5109153D-01 9.0792530D-01

FEEDBACK COEFFICIENT = -3.4161352D-01

Finally, the circuit implementation:
S/FILSYN Manual
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COMMAND :

> des

WISH TO WRITE "SCASY" FILE: 1, "SWITCAP"

> 0

S-C filter

SECTION NO. 1 OUTPUT = OUT2

CA = 2.55654 CB = 2.55654 CC =

CE = .00000 CF = 1.77212 CG =

CI = 1.00000 CJ = 1.00000 CK =

SECTION NO. 2 OUTPUT = OUT1

CA = 1.47798 CB = 1.47798 CcC =

CE = 1.00000 CF = 1.59225 CG =

CI = 4.60387 CJ = 1.47618 CK =

FEEDBACK TO PREVIOUS SECTION: CGG =
CII = 1.14993 CJJ = 1.14993

SECTION NO. 3 OUTPUT = OUT2

CA = 1.73910 CB = 1.73910 Ccc =

CE = .00000 CF = .00000 CG =

CI = 1.00000 CJ = 1.00000 CK =

FEEDBACK TO PREVIOUS SECTION: CGG =
CII = 2.66641 CJJ = .85495

SECTION NO. 4 OUTPUT = OUT1

CA = 4.28718 CB = 4.28718 cc =

CE = 1.00000 CF = 5.07395 CG =

CI = 3.04650 CJ = 1.00000 CK =

FEEDBACK TO PREVIOUS SECTION: CGG =
CII = .27450 CJJ = .27450

SECTION NO. 5 OUTPUT = OUT1

CA = 1.46879 CB = 1.46879 CC =

CE = 1.00000 CF = 1.53059 CG =

CI = 3.42689 CJ = 1.09239 CK =

FEEDBACK TO PREVIOUS SECTION: CGG =
CII = 3.99142 CJJ = 1.31016

SECTION NO. 6 OUTPUT = OUT2

CA = 9.86075 CB = 9.86075 CcC =

CE = .00000 CF = 1.00000 CG =

CI = 4.89919 CJ = .00000 CK =

FEEDBACK TO PREVIOUS SECTION: CGG =
CII = 1.17067 CJJ = .37317

FILE:

1.75646
1.00000
.00000

3.66247
6.51068
1.00000

.14993

1.60966
1.16385
.00000

77077

4.06389
1.54118
2.85059

.31948

3.52996
4.81143
1.00000

.01919

1.81537
1.00000
.00000

.64365

CD

CH =

CD =

CH

CHH

CD
CH

CHH

CD =

CH

CHH

CD

CH =

CHH

CD
CH

CHH

2 OR NO FILE: O

1.0781
.0000

2.0000
.0000

.00000

1.0000
.0000

.00000

2.0000
.0000

.00000

2.0000
.0000

.00000

2.0127
1.0000

.00000

An analysis in the frequency domain confirms the correctness of this design.
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The only disadvantage of this procedure is that if we wish to delay equalize this filter, it must be
done before the BZT command is used and therefore a warping effect will be seen on the final
results; in this particular case showing about a 10% slope superimposed on the flat delay. A solu-

tion to this problem will be suggested in the summary below.

3. Cascaded design.

We shall consider the exact same filter specification, but assume that a cascaded second-order
block implementation will be acceptable, and further assume that the DIGITAL segment of the

program is available.

In this case we start out exactly the same way we have done above, starting the design as a digital
filter. The prewarping will be done automatically and we proceed to the DIGITAL segment for

the cascade synthesis:

C:>digital
* K K K % S/FILSYN * Kk kK Kk
RELEASE 3.2 VERSION 1 4/1/94

** DIGITAL SEGMENT **

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

SYNTHESIS: S, ANALYSIS: A OR END: E
> s

ENTER FILE NAME

> a:an%b

*** S/FILSYN *** FILTER PROGRAM

S-C filter (version 2)
BAND-PASS FILTER
DIGITAL FILTER
SAMPLING FREQUENCY
EQUAL-RIPPLE PASS BAND
BANDEDGE LOSS

S/FILSYN Manual

= 64.000000 kHz
= .100000 DB.
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LOWER PASSBAND EDGE FREQUENCY = 10.000000 kHz
UPPER PASSBAND EDGE FREQUENCY = 15.000000 kHz
SPECIFIED STOPBAND TYPE

MULTIPLICITY OF ZERO AT ZERO =
MULTIPLICITY OF ZERO AT NYQUIST FREQUEN.
NUMBER OF FINITE TRANSMISSION ZEROS
OVERALL FILTER DEGREE = 1
TRANSMISSION ZEROS

Il
N O

REAL PART IMAGINARY PART
0.0000000D+00 9.4598577D+03
0.0000000D+00 9.0405653D+03
0.0000000D+00 7.3376394D+03
0.0000000D+00 1.7901652D+04
0.0000000D+00 1.6122516D+04

**IIR** DIGITAL FILTER TRANSFER FUNCTION
Z TRANSFORM USED : BILINEAR WITH PREWARP
FILTER TYPE : BANDPASS

***xx H(zZ) IN FACTORED (CASCADE) FORM ***x

COEFFICIENTS OF Z**(-1) AND Z**(-2) PRINTED

***x* NUMERATOR **** MULTIPLIER = 7.0638743D-03
0.0000000D+00 -1.0000000D+00
-1.5031220D+00 1.0000000D+00
3.7122322D-01 1.0000000D+00
-1.2626195D+00 1.0000000D+00
2.4055358D-02 1.0000000D+00
-1.1977202D+00 1.0000000D+00
** %% DENOMINATOR ****
-5.3809958D-01 7.4550437D-01
-8.5873696D-01 8.1818011D-01
-2.6401236D-01 8.3382744D-01
-1.0383905D+00 9.2091514D-01
-1.6374963D-01 9.5293934D-01
-1.1099535D+00 9.7968938D-01

In this case the delay equalization step can also be used without any warping effects:

COMMAND :

> freq

ENTER FREQ:

> 10k 15k .1k

ENTER FREQ:

>

CASCADE: 1, PARALLEL: 2, DIRECT: 3 OR LATTICE: 4> 1
TABULATE: Y/N

>y

S-C filter (version 2)

Frkxxx* COMPUTED PERFORMANCE ****%x% CASCADE
FREQUENCY LOSS PHASE DELAY
IN HZ IN DB IN DEGREES IN SECONDS
1.00000D+04 .1000 1.0932 1.5567D-03
1.01000D+04 .0754 44.2337 9.3836D-04
1.02000D+04 .0788 73.5587 7.2456D-04
1.03000D+04 .0128 97.5712 6.1623D-04
1.04000D+04 .0048 118.1938 5.3203D-04
1.05000D+04 .0432 136.0631 4.6342D-04
1.06000D+04 .0832 151.7581 4.1117D-04
1.07000D+04 .0999 165.8393 3.7320D-04
1.08000D+04 .0907 178.7549 3.4575D-04
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1.09000D+04 .0650 190.8149 3.2512D-04
1.10000D+04 .0355 202.2112 3.0848D-04
1.11000D+04 .0121 213.0511 2.9398D-04
1.12000D+04 .0008 223.3912 2.8061D-04
1.13000D+04 .0028 233.2640 2.6799D-04
1.14000D+04 .0159 242.6958 2.5614D-04
1.15000D+04 .0359 251.7174 2.4524D-04
1.16000D+04 .0581 260.3672 2.3552D-04
1.17000D+04 .0781 268.6909 2.2714D-04
1.18000D+04 .0925 276.7382 2.2018D-04
1.19000D+04 .0995 284.5605 2.1462D-04
1.20000D+04 .0984 292.2069 2.1039D-04
1.21000D+04 .0898 299.7226 2.0733D-04
1.22000D+04 .0753 307.1465 2.0526D-04
1.23000D+04 .0573 314.5105 2.0397D-04
1.24000D+04 .0384 321.8390 2.0325D-04
1.25000D+04 .0212 329.1488 2.0290D-04
1.26000D+04 .0081 336.4499 2.0274D-04
1.27000D+04 .0010 343.7468 2.0265D-04
1.28000D+04 .0008 351.0404 2.0255D-04
1.29000D+04 .0076 358.3303 2.0244D-04

WISH TO WRITE ANALYSIS DATA ON FILE: Y/N

> n

PLOT - WIDE: W, NARROW: N, GRAPHICS: G OR END: E

> e

We will use a two-section delay equalizer to correct the delay:

COMMAND :

> equ

NO. OF ITERATIONS? (DEFAULT IS 50)

>

ENTER NO.'S OF 2ND AND 1ST ORDER EQUALIZER SECTIONS (I,J)

> 20

USE ANALYSIS RESULTS: 1 OR NATURAL MODES: 2 TO CALCULATE DELAY

> 1

ENTER STARTING AND ENDING FREQUENCIES OF APPROXIMATION BAND
> 10.5k 14.5k

S-C filter (version 2)

*** S§/FILSYN *** DELAY EQUALIZER PROGRAM
LEAST SQUARE ERROR APPROXIMATION - 50 ITERATIONS MAXIMUM
EQUALIZATION FREQUENCY RANGE OF 41 POINTS

1.050000D+04 HERTZ TO 1.450000D+04 HERTZ
6.597345D+04 RAD/SEC TO 9.110619D+04 RAD/SEC

EQUALIZER SECTION POLES - INITIAL VALUES
HERTZ
-2.000000D+03 +J 1.150000D+04
-2.000000D+03 +J 1.350000D+04
SYSTEM NORMALIZED FOR OPTIMIZATION BY SCALE FACTOR = 1.000D+05

ITER NO. RMS ERROR
.638526D+00
.864392D+00
.780709D+00
.471365D+00
.380780D+00
.380692D+00
.380691D+00

AU WN RO
N = = SV

TABULATE RESULTS: Y/N
> y FREQUENCY ORIG. NET. EQUALIZER TOTAL DEVIATION
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HERTZ
5
X 10

.100000
.101000
.102000
.103000
.104000

.105000
.106000
.107000
.108000
.109000
.110000
.111000
.112000
.113000
.114000
.115000
.116000
.117000
.118000
.119000
.120000
.121000
.122000
.123000
.124000
.125000
.126000
.127000
.128000
.129000

WISH TO SEE DEVIATION PLOT: Y/N

> n

EQUALIZER SECTION POLES - FINAL VALUES

-9.668452D-02 + J 7.230659D-01
-1.110414D-01 + J 8.699018D-01

DIGITAL EQUALIZER COEFFICIENTS

NUMERATOR

-8.920499D-01
-5.148580D-01

INCORPORATE: 1,
> 1

**S/FILSYN ***

S-C filter (version 2)

BAND-PASS FILTER

DIGITAL FILTER

SAMPLING FREQUENCY

EQUAL-RIPPLE PASS BAND
BANDEDGE LOSS

SPECIFIED STOPBAND TYPE

SEC SEC SEC SEC
-5 -5 -5 -5
X 10 X 10 X 10 X 10
155.671302 10.849554 166.520856 111.638254
93.836413 11.594540 105.430953 50.548351
72.456151 12.410046 84.866198 29.983596
61.623176 13.302526 74.925701 20.043099
53.203339 14.278383 67.481722 12.599120
46.342352 15.343607 61.685959 6.803357
41.116675 16.503218 57.619893 2.737291
37.320436 17.760501 55.080937 .198335
34.575121 19.115969 53.691090 -1.191512
32.512244 20.566034 53.078278 -1.804324
30.848492 22.101425 52.949917 -1.932685
29.398274 23.705478 53.103752 -1.778850
28.061052 25.352550 53.413601 -1.469001
26.799183 27.007030 53.806213 -1.076389
25.613839 28.623553 54.237391 -.645211
24.524060 30.149071 54.673131 -.209471
23.551864 31.527272 55.079136 .196534
22.713807 32.705220 55.419026 .536424
22.017665 33.641275 55.658940 .776338
21.462269 34.312525 55.774794 .892192
21.038848 34.719610 55.758457 .875855
20.732846 34.887391 55.620237 .737635
20.525762 34.861156 55.386918 .504316
20.396867 34.699453 55.096320 .213718
20.324884 34.465519 54.790403 -.092199
20.289668 34.219210 54.508879 -.373723
20.273909 34.010684 54.284592 -.598010
20.264734 33.876199 54.140933 -.741669
20.255041 33.835781 54.090822 -.791780
20.244345 33.892245 54.136590 -.746012
NORMALIZED
DENOMINATOR
1.277771D+00 -6.981298D-01 7.826129D-01
1.281424D+00 -4.017858D-01 7.803817D-01
MODIFY: 2, OPTIMIZE: 3 OR END: 4
FILTER PROGRAM
= 64.000000 kHz
= .100000 DB.
LOWER PASSBAND EDGE FREQUENCY = 10.000000 kHz
UPPER PASSBAND EDGE FREQUENCY = 15.000000 kHz
MULTIPLICITY OF ZERO AT ZERO = 1
MULTIPLICITY OF ZERO AT NYQUIST FREQUEN. = 1
NUMBER OF FINITE TRANSMISSION ZEROS = 5
S/FILSYN Manual
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OVERALL FILTER DEGREE
TRANSMISSION ZEROS

O O OO

REAL PART

.0000000D+00
.0000000D+00
.0000000D+00
.0000000D+00
0.

0000000D+00

IMAGINARY PART

9.4598538D+03
9.0405040D+03
7.3378632D+03
1.7901660D+04
1.6122493D+04

**IIR** DIGITAL FILTER TRANSFER FUNCTION

Zz TRANSFORM USED

BILINEAR WITH PREWARP

BANDPASS

= 4.31426854876D-03

Z** (=1)
000000000D+00
503093025D+00
712247325D-01
262628839D+00
405092805D-02
197720769D+00
920490375D-01

FILTER TYPE
FRONT-END MULTIPLIER
DECIMAL: D OR HEXADECIMAL: X
> d NUMERATOR COEFFICIENTS
Z** (0)
1.000000000D+00 0.
1.000000000D+00 -1.
1.000000000D+00 3.
1.000000000D+00 -1.
1.000000000D+00 2.
1.000000000D+00 -1.
1.000000000D+00 -8.
1.000000000D+00 -5.

e = = =S Sy

148575237D-01

DENOMINATOR COEFFICIENTS

Z**(0)
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00

-5.
-8.
-2.
-1.
-1.
-1.
-6.
-4.

Z** (=1)
380994326D-01
587367106D-01
640118687D-01
038390021D+00
637497378D-01
109953497D+00
981293243D-01
017856105D-01

e = = W =SSy

N J 0 WWYWOowow-J

gx* (=2)

.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.277770474D+00
.281423501D+00

ZH* (=2)

.455042183D-01
.181803352D-01
.338275712D-01
.209148688D-01
.529396068D-01
.796892048D-01
.826131692D-01
.803821289D-01

AN9I.1N

This filter performance is now very satisfactory, including the delay and since all computations

were performed in the sampled-data domain, there will be no warping effects.

It only remains to take this transfer function and transfer it into the ACTIVE segment of the pro-
gram, in order to implement it in a switched-capacitor structure. This step is facilitated by a new
command SWC, that writes the transfer function data to a disk file in a format, that is readable by

the ACTIVE program segment:

COMMAND :

> SwcC

ENTER FILE NAME
> a:an%b
* % DONE * %

Now we have a data file on drive A called AN9B.DAT, that we will use in the sequel.

Next we call the ACTIVE segment and read this data in. We wish to point out, that a batch file
by the name of SWC.BAT, is available in the personal computer version of our program to
simplify this step, but we shall perform these steps here manually, so that our workstation and
mainframe users can also see the procedure:

S/FILSYN Manual
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AN9.12

C:>active

* Kk Kk k Kk S/FILSYN * %k % Kk %
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

> n

INCORRECT, PLEASE REPEAT

SYNTHESIS: S, ANALYSIS: A OR END: E

> a

READ DATA FROM FILE? ENTER FILE NAME OR: N

> n

ENTER TITLE. IF END, ENTER: END

> S-C filter (version 2)

DELAY EQUALIZER DESIGN? (Y/N)

> n

FILTER TYPE - LOWPASS: 1, HIGHPASS: 2, BANDPASS: 4 OR BAND-REJECT: 5
> 4

ENTER (UPPER) PASSBAND EDGE FREQUENCY IN HZ

> 15k

ENTER SAMPLING RATE IN HZ. ANALOG FILTER, ENTER O.
> 64k

IS TRANSFER FUNCTION GIVEN BY ROOTS: R OR IN FACTORED FORM: F
> f

NOTE THAT THESE MUST BE PROPERLY DIMENSIONED!

HOW MANY NUMERATOR FACTORS

> 8

ENTER 8 CONSTANT COEFFICIENTS

> r ! Read it from the file

ENTER FILE NAME

> a:an%b

ENTER 8 LINEAR COEFFICIENTS
EN;ER 8 QUADRATIC COEFFICIENTS
;O; MANY DENOMINATOR FACTORS
EN?ER 8 CONSTANT COEFFICIENTS
EN;ER 8 LINEAR COEFFICIENTS
EN;ER 8 QUADRATIC COEFFICIENTS
ZAECADE: 1, FLF: 2 OR LEAPFROG: 3
> 1

That is all there is to it; the filter, including the delay equalizer, is now in the active segment, and
we can proceed to generate its switched-capacitor implementation, analyze it or do whatever else
we need to do:

FOLLOWING FILTER IS OF SAMPLED DATA TYPE
NYQUIST RATE = 3.2000000D+04 HZ.

S-C filter (version 2)
RESULTS OF THE CASC SYNTHESIS

BIQUADRATIC BLOCK COEFFICIENTS
IN ASCENDING ORDER

Design of switched-capacitor filters S/FILSYN Manual



NUMERATOR
SECTION NO. 1
4.3141679D-03
0.0000000D+00
-4.3141679D-03

SECTION NO. 2
1.0000000D+00
-1.5031220D+00
1.0000000D+00

SECTION NO. 3
1.0000000D+00
3.7122322D-01
1.0000000D+00

SECTION NO. 4
1.0000000D+00
-1.2626195D+00
1.0000000D+00

SECTION NO. 5
1.0000000D+00
2.4055358D-02
1.0000000D+00

SECTION NO. 6
1.0000000D+00
-1.1977202D+00
1.0000000D+00

SECTION NO. 7
1.0000000D+00
-8.9204990D-01
1.2777709D+00

SECTION NO. 8
1.0000000D+00

-5.1485804D-01
1.2814242D+00

COMMAND :

> freqg

ENTER FREQ:

> 5k 25k max

ENTER FREQ:

>

TABULATE? (Y/N)

> n

WISH TO WRITE ANALYSIS DATA ON FILE?

DENOMINATOR

.0000000D+00
.3809958D-01
.4550437D-01

.0000000D+00
.5873696D-01
.1818011D-01

.0000000D+00
.6401236D-01
.3382744D-01

.0000000D+00
.0383905D+00
.2091514D-01

.0000000D+00
.6374963D-01
.5293934D-01

.0000000D+00
.1099535D+00
.7968938D-01

.0000000D+00
.9812978D-01
.8261293D-01

.0000000D+00
.0178579D-01
.8038168D-01

AN9.13

>y

ENTER FILE NAME

> a:an%b

* % DONE * %

PLOT - WIDE: W, NARROW: N, GRAPHICS: G OR END: E
> n

PLOT - NO: N, LOSS: L, PHASE: P, DELAY: D

> n

The analysis results are shown below:
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Finally, the implementation:

iz.8
Frusy CHe SxEd

16.8

COMMAND :

> des

WISH TO WRITE "SCASY" FILE: 1, "SWITCAP" FILE:

> 1

ENTER FILE NAME

> b a:an9%

S-C filter (version 2)

E TYPE: 1, F TYPE: 2, E' TYPE: -1, F' TYPE: -2,
ENTER 8 INDICATORS

>00000O0O0O

SECTION NO. 1 OUTPUT = OQUT2

CA = 172.80370 CB = 172.80370 CC = 279.86970
CE = .00000 CF = 58.99066 CG = 1.00000
CI = 1.00000 CJ = .00000 CK = .00000
SECTION NO. 2 OUTPUT = OUT2

CA = 4.49995 CB = 4.49995 CC = 1.93094
CE = .00000 CF = 1.00000 CG = 1.00000
CI = 5.49995 CJ = 5.49995 CK = .00000
SECTION NO. 3 OUTPUT = OUT2

CA = 5.01784 CB = 5.01784 CC = 1.88266
CE = .00000 CF = 1.00000 CG = 2.84378
CI = 6.01784 CJ = 6.01784 CK = .00000
SECTION NO. 4 OUTPUT = OQUT2

CA = 1.00000 CB = 1.00000 CC = 11.15921
CE = 1.00000 CF = .00000 CG = 9.32391
CI = 1.00000 CJ = 1.00000 CK = .00000
SECTION NO. 5 OUTPUT = OUT2

CA = 1.00000 CB = 1.00000 CC = 38.01879
CE = 1.00000 CF = .00000 CG = 43.00949
CI = 1.00000 CJ = 1.00000 CK = .00000
SECTION NO. 6 OUTPUT = OUT2

CA = 1.00000 CB = 1.00000 CC = 42.82169
CE = 1.00000 CF = .00000 CG = 39.50047
CI = 1.00000 CJ = 1.00000 CK = .00000

Design of switched-capacitor filters

OR DON'T CARE:

CD =
CH =

CD
CH

CD
CH

CD
CH

CD
CH

CD
CH

2 OR NO FILE:

172.

d layd e a1

0

0

80370

.00000

.64664

.00000

.00000

.00000

12.

64464

.00000

21.

24917

.00000

49.

23528

.00000
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SECTION NO. 7 OUTPUT = OUT2

CA = 3.60009 CB = 3.60009 cc = 1.38572 CDh = 1.00000
CE = .00000 CF = 1.00000 CG = 1.77063 CH = .00000
CI = 4.60009 CJ = 5.87786 CK = .00000

SECTION NO. 8 OUTPUT = OUT2

CA = 3.55335 CB = 3.55335 cc = 1.76657 CDh = 1.00000
CE = .00000 CF = 1.00000 CG = 2.26372 CH = .00000
CI = 4.55335 CJ = 5.83478 CK = .00000

Note that the resulting capacitance ratios are substantially higher than in the leapfrog case, al-
though rearranging the factors might reduce that.

4. Summary.

Two methods leading to the exact synthesis of (sampled-data) switched-capacitor filters are de-
scribed in this application note. The first is to be used when the DIGITAL program segment is
not available, or when leapfrog, or follow-the-leader type feedback structure is required. The
second method works when the cascaded biquadratic block implementation is acceptable and the
DIGITAL segment is available.

Finally, note that the two filter functions (without the delay equalizer sections) generated above,
are in fact, identical. Therefore, if we wish, we could use the delay sections used for version 2 of
the filter (sections 7 and 8 on page 14 above). These could be simply transferred (using the ADD
command) to the first version of the filter, yielding the correct equalization and no warping
effect.

Notes:
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Notes:
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