ANBS.1

APPLICATION NOTE &
USE OF COMPLEX TRANSMISSION ZEROS
1. Introduction.

As have mentioned in Section 4.6, complex transmission zeros can be used to equalize filter
delay and also add to the discrimination properties of the filter; thus they are more effective than
delay equalizers. An example was shown to illustrate this effect. However, the example used
manual iterations to find the quasi-optimal location of the transmission zeros and this is a tedious
proce- dure, which becomes impossible for more than two pairs of zeros.

In this application note we show, that the delay equalizer command can be used to obtain excel-
lent locations for the complex transmission zeros. We illustrate this by a lowpass example, but
the method is applicable to bandpass filters too.

2. Original lowpass.

We start with a nearly elliptic lowpass filter. We know, that by adding a few complex
transmission zeros to an elliptic lowpass, the stopband will deviate from the equal minima
behavior. Instead, the loss minima will increase with frequency. We cannot compensate for this
effect exactly, but can do so partially. We request the program to compensate for the influence of
lossy elements in the stopband (see Appendix F), which will have roughly the opposite effect.
Hence we will use the PLACER segment and we proceed as shown (the requirements are
arbitrary, but represent a filter of reasonable complexity):

C:>sfilsyn
* % K K % S/FILSYN * Kk k 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

> modified original

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

> 0

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

> 1

ENTER UPPER PASSBAND EDGE IN HZ

> 1k

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

> 1

ENTER BAND EDGE LOSS IN DB

> .1

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
> 1050 30

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

> 0
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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)

> 3

ENTER 3 MULTIPLICITIES, ALL ON ONE LINE (DEFAULT: ALL 1'S)
>

WISH TO ENTER GUESSES FOR ZEROS? (Y/N)

> n

ENTER INPUT TERMINATION IN OHMS

> 1k

ENTER OUTPUT TERMINATION (0. INDICATES OPEN OR SHORT)

> 1k

ENTER VALUE OF AVERAGE Q. IF NO PREDISTORTION, ENTER O.
> 50

WISH TO TAKE THIS INTO ACCOUNT HERE? (Y/N)

>y

We show the last iteration after forcing one more:

ITERATION NO. 2

TRANSMISSION ZEROS MULTIPLICITY

1.5885100E+03 1
1.1210970E+03 1
1.0505100E+03 1
FMIN (HZ) AMIN (DB) DMIN (DB)
2.8035E+03 28.0686 -1.9314
1.2487E+03 28.0689 -1.9311
1.0648E+03 28.1134 -1.8866
1.0500E+03 26.7683 -3.2317

These results are not quite equal minima, but our procedure is approximate anyway. The require-
ments are not met, but the complex quads of zeros we add later, will improve the stopband con-

siderably.

A true elliptic design would barely meet these requirements. Proceeding with the synthesis, we

reach the configuration as usual:

OPTIMIZE: 1, PROCEED WITH DESIGN: 2, MODIFY: 3 OR RESTART: 4

> 2
WISH TO PERFORM PREDISTORTION? (Y/N)
> n

*** S/FILSYN *** FILTER PROGRAM

modified original
LOW-PASS FILTER

EQUAL RIPPLE PASS BAND
BANDEDGE LOSS
UPPER PASSBAND EDGE FREQUENCY

SPECIFIED STOP BAND
MULTIPLICITY OF ZERO AT INFINITY
NUMBER OF FINITE TRANSMISSION ZERO PAIRS
OVERALL FILTER DEGREE
TRANSMISSION ZEROS

REAL PART IMAGINARY PART
0.0000000D+00 1.5885098D+03
0.0000000D+00 1.1210974D+03
0.0000000D+00 1.0505096D+03

INPUT TERMINATION

Use of complex transmission zeros

.100000 DB.
1.000000 kHz

w =

1.000000 kohm
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OUTPUT TERMINATION = 1.000000 kohm
REQUESTED TERMINATION RATIO = 1.0000000D+00
NEAREST AVAILABLE TERMINATION RATIO = 1.0000000D+00
COMMAND:
> syn

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

> p

WISH TO SEE IMMITTANCE POLYNOMIALS? (Y/N)
> n

EXISTING POLYNOMIALS ARE: ES 0OS OD
ENTER FILE NAME

> testl

FOR SYNTHESIS, TYPE "END" TO EXIT TO DOS
THEN CALL PROGRAM "PASSIVE"

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

C:>passive
* % K Kk S/FILSYN * kK kX

RELEASE 3.2 VERSION 1 4/1/94
** PASSIVE/MICROWAVE SEGMENT **

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

SYNTHESIS: S, ANALYSIS: A OR END: E

> s

ENTER FILE NAME

> testl

LATTICE: L, COMPUTER CONFIG.: C, INPUT SIDE: IN, OUTPUT SIDE: OUT OR END: END
> c

WISH TO SEE INTERMEDIATE RESULTS? (Y/N)

> n

** EVEN NUMBERED BRANCHES ARE SERIES, ODD ONES SHUNT **

modified original

1 R 1.000000 kohm
3 C 142.350811 nF
1
4 L C 166.099882 mH RES.FREQUENCY
L 60.435367 nF 1.588510 kHz
5 C 168.905114 nF
1
6 L C 59.910916 mH RES.FREQUENCY
- 383.119461 nF 1.050510 kHz
7 C 128.028295 nF
1
8 L C 70.889170 mH RES.FREQUENCY
- 284.297913 nF 1.121097 kHz
9 C 55.377836 nF
11 R 1000.000000 ohm
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Next we wish to design a delay equalizer, therefore we first perform an analysis, followed by the
delay equalization step:

COMMAND:

> freqg

ENTER FREQ:

> 0 1000 50

ENTER FREQ:

> 900 1000 10

ENTER FREQ:

>

ENTER QL AND QC AT (UPPER) CUTOFF (LOSSLESS: ENTER ZEROS)
> 00

TABULATE? (Y/N)

> n

WISH TO WRITE ANALYSIS DATA ON FILE? (Y/N)

> n

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

COMMAND :

> equ

NO. OF ITERATIONS? (DEFAULT IS 50)

>

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

> 30

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

ENTER STARTING AND ENDING FREQUENCIES OF APPROXIMATION BAND

> 0 1000

modified original
*** S/FILSYN *** DELAY EQUALIZER PROGRAM

LEAST SQUARE ERROR APPROXIMATION - 50 ITERATIONS MAXIMUM
EQUALIZATION FREQUENCY RANGE OF 29 POINTS

0.000000D+00 HERTZ TO 1.000000D+03 HERTZ
0.000000D+00 RAD/SEC TO 6.283185D+03 RAD/SEC

IMPEDANCE LEVEL = 1000.0000 OHMS
EQUALIZER SECTION POLES - INITIAL VALUES

HERTZ RAD/SEC
-3.333333D+02 +J 1.666667D+02 -2.094395D+03 +J 1.047198D+03
-3.333333D+02 +J 5.000000D+02 -2.094395D+03 +J 3.141593D+03
-3.333333D+02 +J 8.333333D+02 -2.094395D+03 +J 5.235988D+03

SYSTEM NORMALIZED FOR OPTIMIZATION BY SCALE FACTOR = 1.000D+03

ITER NO. RMS ERROR
.596160D+00
.527016D+00
.542404D+00
.452427D+00
.384139D+00
.354383D+00
.294188D+00
.268572D+00
.261987D+00
.260855D+00
.260718D+00
.260695D+00
.260690D+00
.260689D+00
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TABULATE RESULTS? (Y/N)

> n

WISH TO SEE DEVIATION PLOT? (Y/N)
> n

ANBS8.5

All we need now are the delay equalizer poles (in Hz), since these are the values to be used as
complex zeros at the next round. For comparison purposes however, we obtained the complete

filter-equalizer combination:

EQUALIZER SECTION POLES - FINAL VALUES

HERTZ
-1.525140D+02 + J 1.062255D+02
-1.347302D+02 + J 4.071292D+02
-1.192943D+02 + J 7.042884D+02

EQUALIZER SECTION ELEMENT VALUES

RES FREQ Cl C2
1.8586D+02 2.6089D-07 2.8107D-06
4.2884D+02 2.9532D-07 4.6639D-07
7.1432D+02 3.3353D-07 1.4884D-07

INCORPORATE: 1, MODIFY: 2, OPTIMIZE:

> 1

modified original
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I
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74.

148.
296.
333.

74.

233.
466.
178.

295.
233.

142.

166.

.435367

168.

59.
383.

.000000

419018

838036
324810
534319
419018

194407

388813
724381
321584
194407

.405344

260.
-441.
.810687
.405344

885760

786109

350811

099882

905114

910916
119461

kohm

nk

mH
nk
mH
nk

nk

mH
nk
mH
nk

nk
mH
ul

nk

mH

nk

nk

mH
nk

RAD/SEC

-9.582738D+02 + J 6.674342D+02
-8.465348D+02 + J 2.558068D+03
-7.495481D+02 + J 4.425175D+03

Ll L2 Cl-C2/4 TYPE
2.8107D+00 2.6089D-01 -4.4179D-07 3
4.6639D-01 2.9532D-01 1.7872D-07 1
1.4884D-01 3.3353D-01 2.9632D-07 1

3 OR END: 4
RES.FREQUENCY
1.588510 kHz
RES.FREQUENCY
1.050510 kHz
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11 C 128.028295 nF
1
12 L C 70.889170 mH RES.FREQUENCY
- 284.297913 nF 1.121097 kHz
13 C 55.377836 nF
15 R 1000.000000 ohm

Next we performed a detailed analysis. The stopband loss and the passband delay are the charac-
teristics of interest and they are displayed in graphical form below. The loss is as expected, the
delay is reasonable and is close to equal ripple in 95% of the passband.
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3. Combined Design.

Next we redesign this filter using the SPECIFIED option, and combine the zeros of the original
lowpass with the complex quads obtained from the delay equalization step, as follows:

C:>sfilsyn
* Kk Kk k Kk S/FILSYN * %k % Kk %
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

> s

ENTER TITLE

> combined

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

FILTER TYPE - LOWPASS: 1, HIGHPASS: 2, LIN.-PHASE LOWPASS: 3, BANDPASS: 4
> 1

UPPER EDGE OF THE PASSBAND IN HZ

> 1k

PASSBAND - MAX.-FLAT: 0, EQUAL-RIPPLE: 1, FUNCTIONAL INPUT: 2
>
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> 1

WHAT IS THE BAND EDGE LOSS IN DB
> .1

STOPBAND - MONOTONIC: O,
> 2

ENTER MULTIPLICITY OF TRANSMISSION ZERO AT INFINITY

> 1

ENTER NO. OF FINITE TRANSMISSION ZEROS

> 6

ENTER REAL PARTS OF TRANSMISSION ZEROS IN HZ

>0 0 0 152.5140 134.7302 119.2943

ENTER IMAGINARY PARTS OF TRANSMISSION ZEROS IN HZ

> 1050.5096 1121.0974 1588.5098 106.2255 407.1292 704.2884

EQUAL-MINIMA: 1 OR SPECIFIED: 2

The first three items in both of the last two entry lines are the filter transmission zeros, the last
three are the natural modes of the delay equalizer. To continue:

ENTER INPUT TERMINATION IN OHMS
> 1k
ENTER OUTPUT TERMINATION (O.
> 1k
ENTER VALUE OF AVERAGE Q.
> 0
k%% S/FILSYN ***
combined
LOW-PASS FILTER
EQUAL RIPPLE PASS BAND
BANDEDGE LOSS =
UPPER PASSBAND EDGE FREQUENCY =
SPECIFIED STOP BAND

INDICATES OPEN OR SHORT)
IF NO PREDISTORTION, ENTER O.

FILTER PROGRAM

.100000 DB.
1.000000 kHz

MULTIPLICITY OF ZERO AT INFINITY = 1
NUMBER OF FINITE TRANSMISSION ZERO PAIRS = 9
OVERALL FILTER DEGREE = 19

TRANSMISSION ZEROS

COMMAND :
> syn

REAL PART IMAGINARY PART
0.0000000D+00 1.0505096D+03
0.0000000D+00 1.1210974D+03
0.0000000D+00 1.5885098D+03
1.5251400D+02 1.0622550D+02

-1.5251400D+02 1.0622550D+02
1.3473020D+02 4.0712920D+02
-1.3473020D+02 4.0712920D+02
1.1929430D+02 7.0428840D+02
-1.1929430D+02 7.0428840D+02

INPUT TERMINATION
OUTPUT TERMINATION

REQUESTED TERMINATION RATIO
NEAREST AVAILABLE TERMINATION RATIO

REALIZATION - ACTIVE: A, PASSIVE:

> p

WISH TO SEE IMMITTANCE POLYNOMIALS?

> n

EXISTING POLYNOMIALS ARE:
ENTER FILE NAME

> test2

FOR SYNTHESIS,
THEN CALL PROGRAM

COMMAND :
> end

TYPE

**% S/FILSYN *** SIGNING OFF ***

S/FILSYN Manual

P, DIGITAL:
(Y/N)

oD

"END" TO EXIT TO DOS
"PASSIVE"

.000000 kohm
.000000 kohm
.0000000D+00
.0000000D+00

e e

D, NO SYNTHESIS: E
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C:>passive
* Kk Kk k Kk S/FILSYN * %k Kk %
RELEASE 3.2 VERSION 1 4/1/94
** PASSIVE/MICROWAVE SEGMENT **

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

SYNTHESIS: S, ANALYSIS: A OR END: E

> s
ENTER FILE NAME
> test2
LATTICE: L, COMPUTER CONFIG.: C, INPUT SIDE: IN, OUTPUT SIDE:
> C
WISH TO SEE INTERMEDIATE RESULTS? (Y/N)
> n
** EVEN NUMBERED BRANCHES ARE SERIES, ODD ONES SHUNT **
combined
1 R 1.000000 kohm
3 C 142.715871 nF
i
4 L C 167.281236 mH RES.FREQUENCY
e 60.008564 nF 1.588510 kHz
5 C 201.476329 nF
i
6 L C 108.940402 mH RES.FREQUENCY
e 184.996963 nF 1.121097 kHz
7 C 127.164925 nF
i
8 L C 62.185689 mH RES.FREQUENCY
e 369.104856 nF 1.050510 kHz
9 C 85.358698 nF
—
C 66.100798 nF
|
| = c 168.576716 mH
| 249.174794 nF
11— 387.744830 mH
C 67.342438 nF
10  I—
13 C 83.733926 nF
—
C 252.698640 nF
|
| = ¢ 430.035443 mH
e 184.095633 nF
11— 279.942059 mH
C 254.270969 nF
14  I—
17 C 68.828416 nF
—
L 1.220012 H
| ¢ 292.898661 nF
—1—C -377.217422 mH
| 3.241034 uF

Use of complex transmission zeros
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L 1.218104 H
18 | —
21 C 76.207685 nF
23 R 1000.000000 ohm

The rest of the synthesis was uneventful. We show the passive implementation again, although
the same procedure could be used in the active RC or in the digital case. We also performed an
analy- sis to check the filter performance and show it below for comparison.
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The stopband is considerably better, although not quite equal minima. The lowest minimum is
about 38 dB, much better than the exact degree 7 elliptic design (30.4 dB). The surprise is the
passband delay, which is very close to that of the original equalized lowpass.

The circuit configuration is similar. The second design contains 3 additional capacitors, which is
a small price to pay for the substantially better stopband.
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Notes:
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