AN3.1

APPLICATION NOTE 3

DIPLEXER AND MULTIPLEXER DESIGN
1. Introduction

The design of diplexers and multiplexers is a more difficult problem than that of single-input
single-output filters. However, the S/FILSYN program greatly eases the design of multiplexers.

There are exact and approximate methods of diplexer design, but this is not the case for typical
n-output multiplexers; here, only an approximate method is available. However, the exact
method of diplexer design is used only infrequently. Both methods can best be explained by
considering the behavior of filters terminated by a short-circuit at one end.

2. Short-Circuited Filters

We design filters short-circuited at one end (see Fig. AN3.1) for a prescribed voltage loss given
by:

a' [dB] =20 10g1() | E/V, | (1)

where E is the source voltage of the ideal voltage source at the short-circuited end and V, is the
voltage across the load at the terminated end.
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Fig. AN3.1 Voltage-Driven (Short-Circuited) Filter
We denote the input admittance of the circuit facing the voltage source by:
Y=G+jB (2)

A close connection exists between the real part G and the voltage loss a'. This relationship is due
to the fact that the filter itself is lossless and any power absorbed by the load, must come from the
source. The source delivers this power into the conductance G and therefore:

Pinz‘E|2G=P0ut=|V2|2/Ro (3)
or using equation (1):
-a’/10
R,G=|V,/E|*=10 4)
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This equation indicates that in the passband where a' is small, G is approximately equal to 1/R,
and in the stopband, where a' is large, G becomes very small.

3. Exact Constant Resistance Filter Pairs

Using the previous derivation, we can design an exact constant resistance diplexer by designing
two filters, a lowpass and a highpass, both short-circuited at their input and with voltage losses
a'L and a'y respectively. If these loss functions satisfy the relationship:

Y10 -a'/10
10 +10 =1 (5)

then the filters are called complementary. If both filters are terminated by the same load resis-
tance (see ref.[54]), then paralleling them at their short-circuited end will result in an input
conductance:

GZGL+GH = l/Ro (6)

at all frequencies. If the input admittances of the individual filters were of the minimum-suscep-
tance types (which is the only type the program can generate), equation (6) forces the imaginary
parts of these admittances to cancel each other exactly and therefore, yield an input admittance,
that is real, constant, and is equal to the common load of the individual filters. As a result, we can
replace the voltage source by a source with an arbitrary resistance. In particular, we use a resis-
tance equal to R,, yielding an arrangement with an ideally perfect match at the common input
port.

o0—0 r LOW PASS

o—or HIGH PASS

Fig. AN3.2 Paralleled Voltage-Driven Filter Pair

The final transducer loss can be evaluated under these conditions by substituting the admittances
Y. and Y for the filters and recognizing that their imaginary parts cancel and the circuit will
look like Fig. AN3.3 below.
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Fig. AN3.3 Terminated Filter Pair and its Equivalent
It is easy to show that the transducer loss through, say, the lowpass filter is given by:
ap = - 10 10g10 GLRO = a'L (7)

and similarly, the loss through the highpass is the same as the voltage loss the highpass filter was
designed for. Also, the loop loss (the loss from the output of the lowpass to the output of the
highpass) is just the sum of the losses of the two filters.

Equation (5) poses severe restrictions on the filters however. One possibility to meet them is to
select both filters to be of the Butterworth types of equal degree and with coincident 3 dB loss
points. But this is not a very useful filter combination. A better one is if both filters are of the
elliptic type, again of the same degree and designed such that where one has a passband, the other
has its stopband and vice versa. If, in addition, one filter has a passband ripple a, and the other a
minimum stopband loss a, such that they satisfy equation (5), then again all requirements are met
and they form an exact diplexer.

Even this is not a very satisfactory filter since any reasonable stopband requirements, say, 30 dB
minimum, will correspond to a very low (in this case 0.0045 dB) passband ripple in the other
filter, leading to an overdesign and possibly, to nonrealizable elements. In the even-degree filter
cases one must also pay attention to the ZS parameter, which was one of the reasons we made
this parameter available in the program.

4. Approximately Constant-Resistance Filter Pair

Satisfactory diplexers and multiplexers may be obtained by using the same argument used above,
but completely ignoring the requirements imposed by equation (5) (see ref. [48]-[49]). This
enables us to design the two (or more) filters we intend to parallel, completely independently of
each other, except that the passbands may not overlap. Consequently, equation (6) will not be
satisfied and neither will the transducer loss values be exactly the same as the voltage loss the
filters were designed for.
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We must therefore find the transducer loss and the common impedance of the overall structure
under fairly general assumptions.

The structure used is shown in Fig. AN3.4 below, where the shunt branch Y. is added for the

following reason. Because the conditions of equation (5) are not satisfied, the filter susceptances
will cancel approximately, but not exactly.
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Fig. AN3.4 Paralleled Filters with Susceptance Corrector

The leftover susceptance may then be cancelled more accurately by this additional branch, which
is usually nothing more than a single resonant branch. For multiplexers, this may contain several
series resonant branches in parallel, each resonating in one of the transition regions. The actual
design of these susceptance correctors can be done by trial and error methods, or by iterative op-
timization techniques, using a program such as TOUCHSTONE. Often an elementary, two-point
matching will suffice. This branch will also increase the loop loss in the transition regions -- a
desirable feature.

Assuming that these susceptance correctors perform accurately and therefore the input admit-
tance at the common port is essentially real, the situation will be that shown in Fig. AN3-4
above, where

Brem = BL +BH +Bcorr (8)

is the uncancelled susceptance remainder and:

-a'/10
GR, = 10
9)
-a'/10
GuR, = 10
In the passband of the lowpass, G. varies between
'a'Lmax/10
10 < GiR, <1 (10)
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We assume that B, and Gy are approximately zero. For instance, if the highpass has a
minimum loss of 30 dB in the stopband, then:

R.Gu < 0.001
which is always negligible, even in comparison with the ripple of Gi.

In the passband of the lowpass, the circuit therefore consists of a source of resistance R, facing a
load of value G.. Using equation 10 we can evaluate the maximum transducer loss ripple as fol-
lows:
A'Lma/20  -2'Lmax/20
armax = 20 logio [(10 + 10 )/2] (11)

It is noteworthy that apm. is substantially lower than a'tm.. That is to say, the short-circuited
filters may be designed with a much easier set of requirements. Allowances can be made for the
neglect- ed residual susceptance, based on experience.

In the stop band, the residual susceptance can still be neglected but the conductance of the high-
pass does enter the picture (see Fig. AN3.5). Nevertheless, since the input conductance of the
lowpass is low, the transducer loss can be shown to be about the same as the voltage loss of the
lowpass.The only region (or regions) we cannot estimate the loss is the transition region between
passbands. In this case a detailed analysis must be performed to get an accurate picture.

O RS 3%

Fig. AN3.5 Stopband Equivalent

5. Example

The procedure will be illustrated by a lowpass-highpass diplexer design. An even-degree lowpass
and an odd-degree highpass are used to minimize the number of inductors needed, but they can
still be paralleled.

We select an 8th order elliptic lowpass with transition band from 1 kHz to 1.1 kHz and a 0.5 dB
passband ripple, which will be reduced, according to equation 12 above, to about 0.0144 dB. The
highpass will be a 7th order elliptic one and have the same pass-band ripple and transition band.

The data input session for the lowpass is shown below, followed by the computer-generated
realization. The output termination is absent and the fact that the last branch is a series one,
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indicates that the termination is a short-circuit because otherwise the series branch would have no
role to play.

C:>sfilsyn
* % kK % 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

> s

ENTER TITLE

> diplexer lowpass

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

> 1000

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

WHAT IS THE BAND EDGE LOSS IN DB

> .5

STOPBAND - MONOTONIC: 0, EQUAL-MINIMA: 1 OR SPECIFIED: 2
> 1

WISH TO SPECIFY MINIMUM REQUIRED STOPBAND LOSS? (Y/N)

> n

ENTER OVERALL FILTER DEGREE

> 8

ENTER EDGE FREQUENCY OF UPPER STOPBAND IN HZ

> 1100

ENTER INPUT TERMINATION IN OHMS

> 1000

ENTER OUTPUT TERMINATION (0. INDICATES OPEN OR SHORT)

> 0

ENTER ZS (-1,0 OR 1). FOR DEFAULT, ENTER: O

> 1

ENTER VALUE OF AVERAGE Q. IF NO PREDISTORTION, ENTER O.
> 0

SYNTHESIS: S, ANALYSIS: A OR END: E

> s

ENTER FILE NAME

> test

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

WISH TO SEE INTERMEDIATE RESULTS? (Y/N)

> n

*xKk% TERMINATION IS EXTREME ****
** EVEN NUMBERED BRANCHES ARE SERIES, ODD ONES SHUNT **
diplexer lowpass

1 R 1.000000 kohm
3 C 2.909750 nF
1
4 L C 80.264743 mH RES.FREQUENCY
e 217.976564 nF 1.203242 kHz
|
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5 C 142.269065 nF
1
6 L C 116.304264 mH RES.FREQUENCY
L 177.195603 nF 1.108654 kHz
7 C 177.884925 nF
1
8 L C 245.469017 mH RES.FREQUENCY
- 39.588556 nF 1.614496 kHz
9 C 253.760629 nF
10 L 259.730137 mH
|

We also generate a file for the SUPER-COMPACT program by the following data entry and
show it below for later reference.

COMMAND :

> file

ASCII: 1, S/COMPACT: 2, TOUCHSTONE: 3, SPICE: 4 OR SUPERSTAR: 5
> 2

ENTER STARTING NODE NUMBER

> 1

ENTER FILE NAME

> testa

* % DONE * %

Making use of the ability to exit to DOS temporarily, we can list the content of this file:

COMMAND :
> dos

Microsoft (R) MS-DOS (R) Version 6.20
(C)Copyright Microsoft Corp 1981-1993.

C:>type testa.ckt
* diplexer lowpass

LAD
* RES 1 0 R= 1.0000000E+03
CAP 1 0 C= 2.9097500E-09
PLC 2 1 = 8.0264740E-02 C= 2.1797660E-07
CAP 2 0 = 1.4226910E-07
PLC 3 2 = 1.1630430E-01 C= 1.7719560E-07
CAP 3 0 = 1.7788490E-07
PLC 4 3 = 2.4546900E-01 C= 3.9588560E-08
CAP 4 0 = 2.5376060E-07
IND 5 4 = 2.5973010E-01
A: 2POR 1 5
END
FREQ

* PUT FREQUENCIES HERE
STEP 2.5000000E+01 1.2500000E+03 2.4500000E+01
END

ouT

PRI A Rl = 1.0000000E+03 R2 = 0.0000000E+00 S
END

The highpass specification is similar, for that reason it will be skipped. The circuit itself is shown
below:

S/FILSYN Manual Diplexer & multiplexer design



AN3.8

***xx TERMINATION IS EXTREME ***x*
** EVEN NUMBERED BRANCHES ARE SERIES, ODD ONES SHUNT **

diplexer highpass

1 R 1.000000 kohm
2 C 623.678251 nF
3 —L—C— 240.733837 mH RES. FREQUENCY
132.521582 nF 891.062684 Hz
4 C 153.578536 nF
5 —L—C— 212.364467 mH RES. FREQUENCY
121.655894 nF 990.176530 Hz
6 C 115.339825 nF
7 —L—C— 98.178057 mH RES. FREQUENCY
749.440725 nF 586.738074 Hz
8 C 98.712909 nF
|

This was also written in a disk file in a form readable by SUPER-COMPACT, but it is not shown
here.

Analyzing the two filters separately, they behave as expected. The real parts of their input
conductances are shown below in Fig. AN3.6. The values of the admittances in the stopbands are
about 5 orders of magnitude smaller; therefore they are not visible on this scale. The highpass has
46.5 dB minimum stopband loss, while the lowpass has a 53.5 dB minimum rejection.

The input susceptances are more interesting and their sum is shown below in Fig. AN3.7. Except
for the transition region and its immediate vicinity, these susceptances cancel quite accurately.
The sum is shown by the dotted line and is close to zero everywhere except near the edges of the
passband. We can reduce this sum further by adding a shunt susceptance corrector branch
consisting of a series LC resonant circuit. The element values may be determined such that they
cancel the susceptance at the passband edge frequencies and this leads to a 2.2557 H inductor and
a 10.2471 nF capacitor. Adding the susceptance of this branch to the sum, we get the residual,
shown in solid line in the same figure. The remainder is less than about 0.12 mmhos in magni-
tude in both passbands, which will cause an additional passband loss of less than 0.0156 dB.
Therefore the overall passband ripple will be less than 0.03 dB for both filters. The susceptance
corrector has the further advantage of increasing the loop loss in the transition band.
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Fig. AN3.7 Input Susceptances, Their Sum and Residual

To check the correctness of these approximate calculations, the two SUPER-COMPACT files
have been combined into a single file, using a text editor. The file describes the complete
diplexer, including the susceptance corrector, and is shown below for reference.
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* diplexer lowpass

BLK

* RES 1 0 R= 1.0000000E+03
CAP 1 0 C= 2.9097500E-09
PLC 2 1 = 8.0264740E-02 C= 2.1797660E-07
CAP 2 0 = 1.4226910E-07
PLC 3 2 = 1.1630430E-01 C= 1.7719560E-07
CAP 3 0 = 1.7788490E-07
PLC 4 3 = 2.4546900E-01 C= 3.9588560E-08
CAP 4 0 = 2.5376060E-07
IND 5 4 = 2.5973010E-01

* diplexer highpass

* RES 6 0 = 1.0000000E+03
CAP 7 6 = 6.2367830E-07
SLC 7 0 = 2.4073380E-01 C= 1.3252160E-07
CAP 8 7 = 1.5357850E-07
SLC 8 0 = 2.1236450E-01 C= 1.2165590E-07
CAP 9 8 = 1.1533980E-07
SLC 9 0 = 9.8178060E-02 C= 7.4944070E-07
CAP 10 9 = 9.8712910E-08

* compensating branch

SLC 5 0 L= 2.25570E-00 C= 1.02471E-08
A: 3POR 1 6 5

END

FREQ
* PUT FREQUENCIES HERE

STEP 2.50000E+01 2.50000E+03 2.50000E+01
END

ouT
PRI A Rl = 1.0000E+03 R2 = 1.0000E403 R3 = 1.0000E+03 S
END

We used the SUPER-COMPACT program for a frequency domain analysis with the following
results:

* The lowpass path has a 0.021 dB maximum passband loss, while the stopband has a mini-
mum of 53.3 dB, both very close to expected values.

* In the highpass path we compute a minimum of 46.1 dB stopband loss and a maximum of
0.032 dB in the passband, again very close to expected values.

The TOUCHSTONE or any other general purpose analysis program can equally well be used for
this purpose, with identical results.

6. Multiplexers

If more than two bands are to be separated or combined, at least one of the filters will necessarily
be a bandpass. Such a bandpass can be designed as a short-circuited filter in a manner similar to
the lowpass and highpass designs presented above. One problem, specific to this bandpass, is the
impedance level seen at the shorted end of the filter.

It was pointed out several times in this manual, that bandpass filter structures have an inherent
impedance transforming property, and the output termination is usually not equal to the specified
value. In a doubly-terminated case where both terminations are finite, the actual value is clearly
indicated and may be modified at will using the TR (Norton transformation) command. However,
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in the extreme terminated case, the impedance looking into the filter is not apparent, but is of
great importance and must be adjusted to the correct value. The TR command is still available to
perform the transformation but the value before the transformation must first be established by an
analysis of the bandpass.

The method is illustrated by a simple bandpass of parametric type. To get a short-circuited output
for paralleling, we must specify an even number of zeros (two in this case) at infinite frequency,
and, for parametric filters, an odd number of zeros (one in this case) at zero frequency. Assuming
a passband from 1000 Hz to 2000 Hz and 1000 ohms termination, but an otherwise arbitrary fil-
ter, the program may yield the following circuit as an example:

***xx TERMINATION IS EXTREME ***x*
** EVEN NUMBERED BRANCHES ARE SERIES, ODD ONES SHUNT **

multiplexer bandpass

1 R 1.000000 kohm
2 C 570.714051 nF
3 b—1-Cc— 222.529671 mH RES. FREQUENCY
202.362395 nF 750.000000 Hz
5 C 34.528710 nF
1
6 L C 59.916665 mH RES . FREQUENCY
(- 67.641404 nF 2.500000 kHz
|
8 C 96.309705 nF
|
9  pb—c— 206.173182 nF
|
10 L 45.071454 mH
|

At this point we have no idea what the impedance, or rather the admittance looking into the filter
is at the shorted output. We must perform an analysis in the passband first:

COMMAND :

> freg

ENTER FREQ:

> 1k 2k 50

ENTER FREQ:

>

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

TABULATE? (Y/N)

>y

multiplexer bandpass

*xxxxxx COMPUTED PERFORMANCE *****x*xx*

FREQUENCY VOLTAGE LOSS PHASE DELAY OUTPUT ADMITTANCE RETL
IN HZ IN DB IN DEG IN SEC REAL IMAGINARY IN DB
1.00000D+03 -6.5823 264.310 1.949D-03 4.5522D-03 4.5471D-03 .0000
1.05000D+03 -7.0751 294.517 1.387D-03 5.0993D-03 2.8386D-03 .0000
1.10000D+03 -6.8362 315.272 9.626D-04 4.8264D-03 1.9140D-03 .0000
1.15000D+03 -6.6330 330.460 7.514D-04 4.6057D-03 1.5138D-03 .0000
1.20000D+03 -6.5838 342.998 6.547D-04 4.5538D-03 1.2926D-03 .0000
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1.25000D+03 -6.6531 354.363 6.146D-04 4.6272D-03 1.0964D-03 .0000
1.30000D+03 -6.7842 5.285 6.020D-04 4.7689D-03 8.5904D-04 .0000
1.35000D+03 -6.9245 16.102 6.009D-04 4.9255D-03 5.5530D-04 .0000
1.40000D+03 -7.0325 26.927 6.015D-04 5.0495D-03 1.8755D-04 .0000
1.45000D+03 -7.0809 37.728 5.976D-04 5.1061D-03 =-2.1975D-04 .0000
1.50000D+03 -7.0599 48.402 5.872D-04 5.0815D-03 -6.2882D-04 .0000
1.55000D+03 -6.9774 58.837 5.716D-04 4.9858D-03 -1.0019D-03 .0000
1.60000D+03 -6.8554 68.972 5.547D-04 4.8477D-03 -1.3137D-03 .0000
1.65000D+03 -6.7255 78.834 5.423D-04 4.7048D-03 -1.5573D-03 .0000
1.70000D+03 -6.6229 88.562 5.411D-04 4.5950D-03 -1.7443D-03 .0000
1.75000D+03 -6.5823 98.432 5.596D-04 4.5522D-03 -1.9029D-03 .0000
1.80000D+03 -6.6321 108.894 6.094D-04 4.6048D-03 -2.0819D-03 .0000
1.85000D+03 -6.7826 120.663 7.082D-04 4.7672D-03 -2.3634D-03 .0000
1.90000D+03 -6.9904 134.821 8.785D-04 5.0008D-03 -2.8861D-03 .0000
1.95000D+03 -7.0710 152.751 1.123D-03 5.0945D-03 -3.8196D-03 .0000
2.00000D+03 -6.5823 175.090 1.337D-03 4.5522D-03 -5.0704D-03 .0000

We must find one of the pure real admittance points and make the real part of the admittance at
that frequency equal to 1.E-3, i.e. 1000 ohms. The tabulation above, including a more detailed
analysis between 1.4kHz and 1.5kHz, shows that at 1460 Hz the gain is the highest and the real
part of the admittance is 5.1077E-3. To change that to 1.E-3 we proceed as follows:

COMMAND:

> tr 5.1077

ENTER SERIAL NO.'S OF BRANCHES TO BE USED
ENTER TWO ZEROS FOR COMPUTER SELECTION

> 00
LARGEST TRANSFORMATION RATIO: 9.8641920D+00
TRANSFORMATION RATIO USED: 5.1077000D+00
7 C 53.695208 nF
8 C 42.614496 nF
9 C 16.606462 nF
10 L 230.211464 mH
COMMAND :
> pri

multiplexer bandpass

1 R 1.000000 kohm
2 C 570.714051 nF
3 —L—C— 222.529671 mH RES. FREQUENCY
202.362395 nF 750.000000 Hz
5 C 34.528710 nF
1
6 L C 59.916665 mH RES.FREQUENCY
L 67.641404 nF 2.500000 kHz
7 C 53.695208 nF
8 C 42.614496 nF
9 C 16.606462 nF
10 L 230.211464 mH
|
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A subsequent analysis, not shown, confirms that the passband behavior of this bandpass is
perfect and its input admittance is as expected.

This filter may now be paralleled with a lowpass and a highpass, all of 1000 ohms impedance, to
provide a 3-way multiplexer. The design of an optional susceptance corrector would need the
analysis of the complete circuit and will contain two resonators, one resonating in the transition
region between the lowpass and the bandpass, the other in the region between the bandpass and
the highpass filters. Additional bandpasses may be added for, say, a 4-way multiplexer in a
similar manner.

7. Summary

In summary, diplexers and multiplexers can be designed by the use of the short-circuited option
of S/FILSYN. A certain amount of additional calculations must be performed outside of the
program to calculate the susceptance sum and the appropriate corrector, but these represent a
minor effort. By submitting the results to SUPER-COMPACT, or any other analysis and optimi-
zation program, we may use that optimization capability to eliminate the need for this effort.

Essentially the same technique may be used for microwave diplexer and multiplexer designs [2],
but we may encounter cases, where a touch-up optimization will become necessary. In this case

the line length is also available as a variable.

Predistortion must not be used in multiplexer design, because this will interfere with the constant
conductance property of these short-circuited filters.

Notes:
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Notes:
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