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A 450-W Output Multiplexer for Direct
Broadcasting Satellites

DIETMAR J. ROSOWSKY, MEMBER, IEEE, AND DIETER WOLK

Abstruct —The development and design of high power manifold type
output multiplexer are deseribed. The results obtained on Invar mufti-

plexers with up to 450-W input power per channel are reported. The
multiplexer are equipped with heat pipes in order to remove the heat

generated in the fffters.

I. INTRODUCTION

A FEW YEARS AGO the development of an output

multiplexer (OMUX) for a direct satellite-to-home

broadcasting system was started within the framework of a

German technology program called ZKS-11 (Future Com-

munication Satellites). The OMUX combines the TV chan-

nels coming from the TWTA’S aod feeds the antenna. In

order to cover all envisaged applications, a maximum input

power of 450 W per channel was assumed. The other

requirements are identical to those of the planned German

broadcasting satellite TV-SAT. According to this concept,

five TV channels and one Telemetry (TM) channel are

combined in the OMUX. More detailed specifications are

given in Table I.

The center frequencies of the TV channels are located

between 11.746 GHz and 12.053 GHz, whereas the center

frequency of the TM channel is 12.499 GHz. The distances

between the center frequencies of the TV channels are

76.72 MHz.

First of all, it was necessary to choose an appropriate

concept for realization. After an evaluation of the different

multiplexer concepts, it was decided to use a manifold type

multiplexer in which bandpass filters for each channel are

attached to a common waveguide.

The most” critical parameters of such a multiplexer de-

sign are the dktances between the filters on the manifold.

They have to be determined by an optimization procedure.

A new design procedure has, therefore, been developed

which will be described briefly in Section II. The specifica-

tion can be met with four-section Chebychev bandpass

filters with an equiripple bandwidth of 34 MHz. In order

to obtain the required rejeetion at the I@er frequencies

(above 15 GHz), low-pass filters are necessary.
The high input power levels entail a number of prob-

lems. It is of great importance to keep the losses in the

filter as low as possible. The heat generated must be

Manuscript received December 8, 1981; revised March 26, 1982. This
work was supported in part by the BMFT (Ministry of Research and
Technology) under Contract 01 YM 078-AK/KS-WRT 5040.

The authors are with AEG-Telefuttken, Space Electronics Division,
D-7150 Backriang, West Germany.

TABLE I
SPECIFICATIONSFORMULTIPLEXER CHANNELS

Insertion 10sS s 0,8dB

Return 10ss > 23 dB

Bandwidth z 27 MHz

Input power 450 w

Temperature O“c,,, +90°c

GrouPdelay variation

at f. ~ 5 MHz ~0,5ns

at f. I 6.5 MHz 1,2 ns

at f. ~ 10 MHz 2,25 ns

at f. f 1315 MHz 4s5 ns

Attenuation

at f. : 38 MHz ~ 15 dB

at f. : 62 MHz
~ 35 dB

at f. : 125 MHz
~ 60 dB

7,8,. ,fo-200 MHz ~ 70 dB

fo+200, ,,13,0 GHz > 70 dB

17,3.,,24,4 GHz ~ 60 dB

24,4 ,,,34.8GHz ~ 20 dB

34,8,,.36,6 Gliz ~ 60 dB

transported to a place from where it can be radiated into

free space. This is achieved by means of heat pipes, which

are attached to the filters. One main problem with the use

of heat pipes is to provide a good thermal contact area and,

hence, low thermal resistance between the device to be

cooled and the heat pipe. In this context, it was necessary

to calculate the heat distribution in the filters.

Since the OMUX has to be built in Invar—an alloy

consisting of 65 percent Fe and 35 percent Ni—and the

available heat pipes are made of aluminum, it is prob-

lematic to join the two materials for thermal expansion

reasons.

It was also necessary to determine the maximum physi-

cal forces which could be tolerated by the OMUX without
adversely affecting the electrical behavior. Investigations

and tests were carried out concerning the occurrence of

multipacting and the generation of intermodulation prod-

ucts.
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As will be shown below, it was necessary for thermal

reasons to use thick irises (2 mm and 4 mm) in the

bandpass filters. Since no method of calculating the cou-

pling coefficients of thick and large irises is known, the

dimension of the coupling slots were determined experi-

mentally according to [7].

II. REALIZATION

A. Thermal Aspects

Different square and cylindrical resonator configurations

which are operated in single and dual modes were evaluated

with respect to their thermal and electrical behavior. As to

the electrical performance, the TE ~,3 dual-mode cylindrical

resonators would have been the best solution. But a de-

tailed analysis of the heat transfer from the filters to the

heat pipes showed that for 450-W input power the coupling

length provided by the filters in the TE113 dual-mode

would have been too short. Therefore, we decided to use

TE1 ,Z single-mode cylindrical cavities. This leads to slightly

heavier filters with a sufficiently high unloaded Q.

To suppress unwanted spurious passbands, for instance,

TE1 ~, mode, we used resonators with three slightly differ-

ent diameters between 23.5 h and 24.5 mm.

Assuming a realizable Q-factor of 13000, the dissipated

heat in each bandpass filter is around 60 W. This figure

and all others given below refer to an input power of 450

W. For the telemetry channel, TE ~,Z dual-mode resonators

are used, since its insertion loss is of minor importance.

In order to obtain the required rejection above 18.3

GHz, low-pass filters with 19 sections are necessary. They

are designed according to Levy [6]. Their insertion loss was

assumed to range between 0.1 and 0.2 dB which corre-

sponds to a heat dissipation of around 20 W.

Therefore, a total heat of 80 W per TV channel is

generated. Since the multiplexer is a compact device located

in the interior of the satellite, this heat must be transferred

to a location from where it can be radiated into free space.

This is achieved by means of heat pipes, which are con-

nected to the bandpass and low-pass filters.

Heat pipes are tubes closed at both ends and filled with

a special medium which transports heat from a heat source

and liberates it at a distant heat sink. This transportation is

achieved with a very small temperature gradient and

without any moving mechanical parts.

The principle of operation is based on the evaporation of

a heat carrying medium (for instance NH ~) at the heat

source, the transportation of the heat in the vapor state,

and the liberation of the heat to a heat sink by condensa-

tion. The liquified-heat-conveying medium then returns to

the evaporation zone by capillary action, which is sup-

ported by the special cross-section of the tubes (Fig. l(b)).

In addition to the electrical, thermal, and mechanical

problems, several technological difficulties in designing

and manufacturing such an OMUX in Invar had to be

overcome.

As mentioned above, we will, to some extent, explain the

design procedure in Section II. In Section III we will

(a)
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Fig. 1 (a) Invar OMUX with low-pass filters. (b) Filter-heat-pipe con-
figuration (cross section).

describe how the OMUX was realized. Section IV will

discuss the tests carried out on two multiplexer, one with

six channels and one with two channels (a diplexer). Fi-

nally, in Section V, we will present our conclusions.

III. DESIGN PROCEDUm

One aim of the theoretical work was to establish a

general design procedure for the manifold multiplexer (Fig.

2). If the guardband is sufficiently large then—in the

design of one partial filter—the input impedances of all

other partial filters may be taken as nearly frequency

independent. It is possible to use doubly terminated filters

and to vary only the distances between the filters (lm ) in

order to obtain the desired performance [1]. If the channel

separation becomes smaller, then the input impedances are

no longer frequency independent and the filter elements

have to be included in the optimization process [2]-[4].

This leads eventually to a drastic increase in the number of

optimization parameters and entails a tedious optimization

procedure. This can be avoided if the solution of the

problem is reduced to the iterative application of the

well-known and proven methods of filter synthesis.

In designing one partial filter it is possible to show that
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filters have shown that approximately 66 percent of the

heat is produced in the resonator and 34 percent is gener-

ated in the irises. In order to minimize the shift of the

center frequencies of the bandpass filters with temperature,

they have to be made of Invar. Using the above quoted

values it was found that it is not possible to use Invar

irises, since the temperature rise at the inner irises would be

la’:;I&;;&d’: around 200”C, when the main body is kept at 65 ‘C. It was,

therefore, decided to use thick irises made of pure silver,

which has a thermal conductivity 40 times better than

~

Invar. In this way, the temperature rise is restricted to a

few degrees. Whereas, for thermal reasons, a thickness of 1

mm would be sufficient, we used 4-mm thickness in order

to enable the incorporation of a thread for a coupling

Fig. 2. Equivalent circuit of a manifold multiplexer.

“1;7 n“75 118 1;85 119 1195 12 GHz 1205 121
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Fig. 3. Calculated return loss of an optimized output multiplexer.

the impedances of the other partial filters can finally be

represented by a series resonance circuit [5]. Transforma-

tion to a low-pass means that a reference low-pass has to

be synthesized which is doubly terminated but starts with a

series inductance at the manifold side. This can be achieved

by designing a so-called parametric filter, i.e., a filter which

contains an additional real zero and is one degree higher

than the partial filter. It is better to start the multiplexer

design with the filter which is near the short circuit and to

proceed until the filter at the common output is reached. It

is unlikely that the desired performance will be obtained

after the first run since every newly designed partial filter

influences the performance of all others. So far only a few

runs were required in order to obtain satisfactory results.

Fig. 3 shows the results of the application of the design

procedure for the problem at hand. The telemetry channel

is not shown. It can be seen that only three runs were

necessary to be well within the specified values. A more

detailed description is given in [5], This procedure provides

the distances between the bandpass filters and the normal-

ized low-pass prototype elements of these bandpass filters.

In the course of realizing multiplexer, it turned out to be

advisable to arrange the filters in such a way that the

channel with the lowest center frequency is at the common

output followed by the other channels ascending in center

frequencies. But different arrangements are also possible.

Calculations of the heat distribution in the bandpass

tuning screw.

The 450-W multiplexer is shown in Fig. l(a). One band-

pass filter is detached. In the 450-W version, heat pipes

were clamped into grooves, which were milled into the

bandpass filters (Fig. l(b)). This was done in order to

optimize the heat transfer between filters and heat pipes.

A. Multipacting

According to Clancy [8], who investigated the phenome-

non of muhipacting, a potential multipactm risk exists for

microwave components handling power levels above 4 W

and having gaps with fd products between 0.6 GHz” mm

and 40 GHz. mm. Here d is the gap width in millimeters

and f is the operating frequency in gigahertz.

Since all calculations concerning the multipacting are

not very reliable, one cannot proceed without tests. In the

case of filters with high Q resonators, the occurrence of

multipacting can be seen by a sudden deterioration of the

return loss, High power tests described in Section IV-B

showed $hat multipacting does not occur.

B. Technological Aspects

As explained above, the bandpass filters and the com-

mon waveguide were made of Invar, whereas the irises in

the bandpass filters consist of pure silver. In order to

provide the required mechanical stability and the lowest

thermal resistance, the bandpass filters had to be brazed. It

seemed to be impractical to braze the whole OMUX in one

piece. It was, therefore, decided to braze the low-pass,

bandpass filters and the common mainfold separately and

to screw them together. The brazing of two materials with

such different properties led to some problems. For in-

stance, a considerable change was observed in dimensions

of the coupling slots. It can be explained as follows.

Due to the different thermal expansion coefficients of

silver and Invar, the change of dimensions is also different

with increasing temperature. When the filters are ~cooled

after brazing, different shrinkage occurs, i.e., the silver

irises are kept under high tension by the surrounding Invar

and the coupling slots are widened. Since the amount of

this change cannot be predicted exactly, it is necessary to

have tunable couplings.

The coupling slots in the common manifold cannot be

tuned, but the irises are accessible after brazing and the
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slots were therefore milled into the irises after brazing. In

this way they can be given sufficiently exact dimensions.

IV. TEST RESULTS

Using the procedures described above, one six-channel

multiplexer for 450-W input power and one diplexer for

280-W input power have been manufactured and thor-

oughly tested with low and high input power.

A, Low Power Tests

The bandpass filters are first tuned on a separate tuning

fixture and then screwed to the common guide. After

assembly, only minor tuning is required to obtain the

desired performance, if the channels are arranged properly

as mentioned in Section II.

Fig. 4 shows the return loss measured at the common

guide. As can be seen, the return loss for the TV channels

is better than 26 dB. For the TM channel—centered at

12.49 GHz—which has a usable bandwidth of only 1.2

MHz, a return loss of 20 dB was required.

The insertion loss measured in one channel, including

the low-pass filter, is shown in Fig. 5. In all other channels,

the measured insertion loss ranged between 0.58 dB and

0.63 dB. These values have been obtained at room temper-

ature. If the filters are heated to 90”C (as required in the

qualification test) an increase of 0.1 dB is observed. The

out-of-band rejection and the return loss, measured in one

channel, are shown in Fig. 6.

The far out-of-band rejection has been measured in the

range from 8 GHz up to 36.6 GHz. The attenuation was as

specified in Table I. In order to obtain the required rejec-

tion above the filter passbands, we used low-pass filters

with reduced width. In this way, we obtained an excellent

performance up to the third harmonics and a excellent

return loss (26 dB) without tuning,

B. High Power Tests

The high power tests were performed using a six-channel

OMUX and a diplexer at 450-W and 280-W input power
in a vacuum chamber. The six-channel multiplexer was

equipped with heat pipes which were cooled outside the

chamber by liquid nitrogen (Fig. 7). During the diplexer

tests, the heat pipes were simulated by an Al-plate which

was cooled by a Cu-plate equipped with cooling tubes.

In this way, temperature of the test object could be

controlled to any desired temperature. We performed mea-

surements mostly in the qualification range, i.e., between

20”C and 90”C. During the tests, the temperatures were

recorded at several points of the OMUX.

Fig. 8 shows how the insertion loss changes with increas-

ing temperature if 450 W are applied. The difference in the

loss (1. 13 dB) compared to the value measured at low

power (0.6 dB), is caused by the test setup. In all these

measurements, the increase never surpassed 0.1 dB, even

within the temperature range of 20°C to 90”C. This value

is also roughly obtained if one takes into account the

increase of the surface resistance of Ag with temperature in

the calculation of the unloaded Q.

Fig. 9 shows the change of return loss under the same
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Fig. 4. Measured return loss into the common waveguide.
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Fig. 5. Measured insertion loss of one channel including low-pass filter.
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Fig. 6. Return loss and near out of band attenuation, measured into one
channel.
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Fig. 7. Six-channel OMUX with heat pipes ready for insertion into the Fig. 8. Insertion loss measured at different OMUX temperatures with
vacuum chamber. 450-W input power.
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Fig. 9. Return loss measured at different OMUX temperatures with
450-W input power.

conditions as described above. A change occurs mainly in

the shape of the curves. Another interesting feature can
also be seen at the center frequency which moves to a

higher frequency instead of to a lower one as would be

expected. This “overcompensation” can be explained by

the use of thick Ag irises.

The measurements show’ in Figs. 10 and 11 were ob-

tained with the diplexer having an input power of 230 W.

In these tests, high power was applied to both channels.

From these and similar tests performed with the six-than- -

nel OMUX, we discovered that the individual channels are

almost completely thermally decoupled. A further result is

that, at all points monitored, the temperature increased

only a few degrees over the reference level, which was

selected at the test object very close to a heat pipe.

With a simple test setup—using the Omux and only one

additional bandpass filter— we checked the device for in-

termodulation products (IMP). With art input power of 200
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Fig. 10. Return loss and near out-of-band attenuation at different tem-
peratures with 2 times 280-W input power.
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Fig. 11. Group delay of one channel at different temperatures.

W, the levels for the IMP’s of third and fifth order were absorber or by the flanges of an interconnecting waveguide

less than – 70 dBm and less than – 90 dBm, respectively. piece. The output flange of the OMUX has been modified

It is very likely that these IMP’s were caused by the in order to increase the contact pressure.
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v. s UMMARY AND CONCLUSIONS

The main problems arising in the development and

design of manifold type multiplexer have been described

and explained, including possible solutions.

At high input power levels above 150 W, heat pipes must

be used in order to remove the heat generated in the filters

by ohmic losses.
The bandpass filters have to be made of Invar in order

to minimize the shift of the center frequencies with temper-

ature. But it is advisable to use a different material for the

irises to quickly transport the heat to the walls. Invar has a

very poor thermal conductivity, which is only 1/40 of that

of Ag.

It was shown that the concept developed is suitable for

application in high power broadcasting satellites.
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