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ABSTRACT The objective of this paper is to describe the design of an innovative and low-cost diplexer for
Ka-band multi-beam satellite applications. The device is based on the use of two quadruplets to implement a
number of transmission zeros (TZs) thus obtaining high-selectivity quasi-elliptic transfer functions. The
resulting diplexer structure is particularly flexible in terms of layout, does not require tuning and has
an excellent high-power behavior. In addition to theory, we compare the results of our simulations with
the measurements obtained with a manufactured breadboard. The comparison shows excellent agreement
thereby fully validating both the design procedure, and the new diplexer structure.

INDEX TERMS Design, diplexer, elliptic response, microwave filter, multipactor, quadruplet, rectangular

waveguide, satellite communications.

I. INTRODUCTION

Modern satellite communication systems are evolving from
the classical bent-pipe configuration toward multi-beam pay-
loads and antennas. This evolution is required to increase
the bandwidth of the system and the total radiated power
(see [1] and [2]). As a consequence, new more selective and
compact passive components need to be developed to fit the
new requirements [3], [4].

The diplexer is one of the key elements of multi-beam
satellite payloads [5]. Diplexers are used to split or combine
two different frequency channels that use the same antenna.
The need for high power handling and low losses makes
rectangular waveguide diplexers a very attractive solution for
this application. In most cases, diplexer structures consist
of a 3-port waveguide junction connecting two band-pass
filters to a common port [6]. Many different solutions have
been discussed in the technical literature [7]-[11]. Typi-
cally, each filter is connected to the common port with a
length of waveguide that is adjusted to optimize the perfor-
mance of the diplexer. Many different solutions have also
been discussed with the objective of reducing the footprint
of the diplexer (see for instance [12]-[14]). More recently,
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alternative designs have also been presented, in [15] and [16],
implementing TZs in the filter performances to increase the
selectivity and reduce the diplexer footprint.

In this context, therefore, the objective of this paper is to
significantly extend the initial results presented in [17] by
discussing the detailed design of a very compact, low-loss
rectangular waveguide diplexer.

The additional material with respect to [17], is as follows:

1) An in-depth investigation providing a physical justifi-
cation for the presence of additional TZs implemented
with capacitive inter-resonator couplings.

2) The complete design procedure of the diplexer struc-
ture.

3) The theoretical verification of the full diplexer design
through a comparison with commercial EM simulators.

4) The prediction of the high-power multipactor discharge
behavior.

5) The validation of the new structure diplexer through
a comparison with the measurement of a prototype
fabricated using aluminum.

Il. DIPLEXER SPECIFICATIONS
The specifications that we have chosen as a target for our

diplexer design are as follows:
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FIGURE 1. Quadruplet filter structure.

o 1/O interface: WR-42
o Center frequency 1 (CF1): 19.820 GHz
o Center frequency 2 (CF3): 20.082 GHz
o Useful channel bandwidth (BW): 245 MHz
o In-band return loss (RL): > 20 dB
o Insertion loss at CF,: < 0.3 dB
o Narrow band isolation:
- Contiguous edge:
>20dB @ CF =+ 144 MHz
>40dB @ CF 4+ 381 MHz
- Non-contiguous edge:
>20dB @ CF £ 192 MHz
o Maximum operating RF input power: < 200 W
o Maximum dimensions: < 130 x 130 mm
o Maximum mass: < 500 g

These specifications are inspired by the requirements for
actual space applications for multi-beam payloads [18]. It is
important to note, however, that the above specifications are
not exactly identical to the ones indicated in [18]. This is
because we realized, after significant efforts, that it was not
possible to satisfy all the original requirements at the same
time with a reasonable diplexer structure.

Our effort has, therefore, been devoted to the develop-
ment of a compact structure that could give the best possible
response with the smallest volume and a low fabrication cost.
This situation is very common in the initial development
activities for new payload configurations, where the main
objective is to establish a proof of concept and not to deliver
flight hardware.

Furthermore, following the design steps for the single
quadruplet filter in [17], we have increased the return loss to
25 dB in the design process of the diplexer in order to have a
margin to account for possible dimensional errors due to the
fabrication process.

Ill. OUT OF BAND RESPONSE

Before going any further with the description of the design

procedure for the diplexer, it is now appropriate to discuss the

out-of-band behavior of the quadruplet filter shown in Fig. 1.
In Fig. 2 we recall the in-band response of the filter

from [17].
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FIGURE 2. In-band response of the quadruplet filter.
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FIGURE 3. Out-of-band response of the quadruplet filter.

Fig. 3 shows the out-of-band response of the same filter.
As we can see, in the frequency range that we have simulated,
there are four replicas of the filter pass band. The one we
are interested in is the third. This is because the filter is
designed to operate with the TE o3 resonance. This choice,
will produce larger cavities structures, however, as pointed
outin [17], it will increase significantly the quality factor, and
will eliminate the need for post-manufacturing adjustments
(tuning screws).

As we mentioned already, the response of interest is the one
centered at 20 GHz. However, if we look carefully at the S»;
curve in Fig. 3, we can see that, in addition to the transmission
zeros (TZs) near the pass-band, there are also two additional
TZs.

The first additional TZ is located at about 17 GHz, that
is inside the second pass band, whereas the second one is
located at approximately 22 GHz.

In order to better understand the origin of the two addi-
tional TZs, we now focus our attention on the E-plane
T-junction shown in Fig. 4. The performance of the
T-junction was computed with CST Microwave Studio from
CST (Computer Simulation Technology, now with Dassault
Systeémes).

As we can see, this structure produces an alternating
sequence of TZs and points of adaptation. Fig. 5 show the
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FIGURE 4. T-junction E-plane structure and performance in CST.
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FIGURE 5. Electric fields distribution at the first TZ (a), frequency
adaptation point (b) and second TZ (c).

electric field inside the T-junction at the frequencies of the
first TZ, at the frequency of adaptation (511 less than -20 dB),
and at the frequency of the second TZ, respectively.

As we can clearly see, the electric field has a maximum
just at the location of the T-junction when a TZ is produced.
This is because the electric field has an even distribution
with respect to the branch of the T-junction, so that the
fundamental mode in the branch waveguide is not excited,
hence the TZ.

At the frequency of adaptation, on the other hand, we can
clearly see in Fig. 5 that the electric field has a strong odd
component at the same location, thereby generating a point
of adaptation for the fundamental mode of the branch waveg-
uide.

This behavior is due to the interference between the
E-plane T-Junction and the short-circuited end of the man-
ifold. This is indeed well-known, and has been exploited
in the past to define the optimum manifold configu-
ration in manifold multiplexers [5] and, more recently,
to generate transmission zeros in rectangular waveguide
filters [19]. Our investigations indicate that this interfer-
ence phenomenon is indeed the cause of the additional
TZs that can be observed in the wide-band response
in Fig. 3.

To further investigate this point, we now look at a simpli-
fied version of the quadruplet filter, namely, a two-pole filter
with a capacitive inter-resonator coupling.

Fig. 6 shows the basic structure of the two-pole fil-
ter and the simulated wide-band performance. As we can
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FIGURE 6. Structure and wide-band response of the two-pole filter with

capacitive inter-resonator coupling.
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FIGURE 7. Two-pole filter with an additional TZ in the lower rejection
band (continuous line) and an additional TZ in the higher rejection band
(dashed line).

clearly see, this two-pole filer produces two TZs in the same
approximate location as the one produced by the original
quadruplet filter.

If we now change the distance of the capacitive iris from
the end of the cavity to 18.0 mm, and to 12.0 mm, we obtain
the results shown in Fig. 7.

As we can clearly see, changing the distance of the capac-
itive inter-resonator iris, we can effectively change the loca-
tion of the additional TZs generated by the T-junction, while
maintaining (via optimization) the same basic filter in-band
response.

One last detail that is important to note is that since
we actually need two T-junctions to implement a capacitive
inter-resonator coupling, each one of the TZs is actually a
double TZ.

This is clearly shown in Fig. 8, where we have introduced
a slight asymmetry in the structure of the two-pole filter with
the TZ in the lower rejection band (the continuous line in
Fig.7).

This feature of the filter structure described in this paper
can be very effectively exploited to design a diplexer, as will
be shown in the reminder of this paper.

IV. DISTRIBUTED MODEL
To start the design of the diplexer, we first need to design
two separate filters centered at the frequencies given in the
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FIGURE 8. Two-pole filter with a double TZ in the lower rejection band.
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FIGURE 9. Lumped element circuit of a quadruplet.

specifications. Both filters are based on the basic rectangular
waveguide quadruplet filter proposed in [17].

In this section, we are going to analyze and explain the
behaviour of the quadruplet filter in terms of an equivalent
distributed model.

A typical quadruplet topology with lumped elements for
a 4-2 filter is the simple, well-known folded configuration
shown in Fig. 9. Since the circuit is symmetric, we can write
Mg = My, and My = M34. For an in-band RL > 20 dB and
rejection higher than 40 dB, we obtain the following values:

Mg = My, = 1.074145

M1y = M34 = 0.935874

M3 = 0.766639

My = —0.106916 ()

To convert the lumped element circuit into a distributed
one, we can replace the resonators with transmission lines.
Instead of resonators 2 and 3, we now have transmission lines
of a length that is an integer number of half-wavelengths
(nAg/2). Furthermore, in the lumped element circuit, res-
onators 1 and 4 are connected through an inverter, we there-
fore need to decide what kind of connection we are going to
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FIGURE 10. Distributed model of the 4-2 filter.

use, namely, series or parallel. Since we want to use in the real
prototype an E-plane T-junction, we must use a series connec-
tion (see [20]). Therefore, the resulting equivalent distributed
network is the one shown in Fig. 10 where ¢ = n x 180° and
0+ 6" =nx 180°.

The expressions for the inverters are:

nim
Ks1 = K, = M5,/ —W M4L,/ 4%

Kip = K34 = M12—W M34—

2
ni
Ky = M237W
nim
Kig4 = M147W ()

where W is the fractional bandwidth (in terms of frequency
if we use TEM lines or in terms of wavelength if we use
waveguides).

We still have to determine the individual values for 6’
and 0”. The derivation for the values of the network elements,
following the procedure described in [21], results in two
possible equivalent solutions 8’ = 0° and 8’ = n x 180°. For
the time being, we will use the solution 8 = 0°. The in-band
response that we obtain with this choice is shown in Fig. 11
with n = 1, a center frequency fy = 20 GHz, and bandwidth
BW = 200 MHz.

As we expect, there is a pair of TZs close to the pass band
of the filter due to the negative 1-4 coupling. The agreement
of the distributed model with the lumped model response is
extremely good, even though we have used the dispersion of
the TEjo mode of the WR-42 waveguide (¢ = 10.668 mm,
b = 4.318 mm) in the distributed resonators.

It is interesting now look at the out-of-band response
shown in Fig. 12. As we can see, there are two pairs of TZs
far away below and above the pass band. This behavior is,
in fact, identical to the one discussed in Section III.

It is important to note that in these simulations, we have
used n = 1 simply to obtain a single filter response so that
the additional TZs could be seen more clearly. Using n = 3
would have still produced the additional TZs, but would have
also produced additional pass bands, just as in Figs. 7 and 8,
and the additional TZs would have not been so clearly visible.
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FIGURE 11. In-band response of the distributed model compared with
the lumped model response given by the coupling matrix.
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FIGURE 12. Out-of-band transmission response of the distributed model
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FIGURE 13. Filter performance for several values of the parameter ¢'.

As already discussed in Section III, we can indeed change
the frequency location of the extra zeros by simply increasing
0’. That will, of course, degrade the in-band performance,
but this degradation can be compensated with a small opti-
mization of the inverter values in order to recover the desired
in-band return loss level.

An example of the influence of 8" in the location of the
transmission zeros can be observed in Fig. 13, where the
only parameter changed is 6’. It is important to note that,
to obtain the result shown in Fig. 13 we have used again the
real dispersion of the TEjo mode in a WR-42 waveguide.

The electrical response of Fig. 13 shows a typical
near-band asymmetry when the additional TZs approach the
passband. We can, however, still maintain the near-band
TZs and the in-band performance with a rapid optimization
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FIGURE 14. Filter performance for several values of the parameter 6’ but
enforcing the near-band transmission zeros at fixed frequency locations.

of the inverter values. There are, however, some limitations.
If the extra TZs approach the near-band zeros, it will be
difficult to maintain the TZs at the same positions and,
consequently, the rejection lobe levels. It is still possible
to move the parameter 6’ in Fig. 13 while keeping the
TZs in the same positions, through optimization of the
inverter values, obtaining the result shown in Fig. 14. As we
can see, the near-band TZs are now kept in their original
positions.

Furthermore, it is interesting to observe that if ' > 90°
the additional transmission zeros in the higher rejection band
can be moved closer to the filter pass band, as it is shown
in Fig. 14.

Once we decide the location of the transmission zeros,
the remaining dimensions can be extracted using the dis-
tributed model as described in [21]. It is important to note
that this specific feature of the basic filter structure we are
discussing can be very effectively exploited in the diplexer
design.

Finally, the resonators have been designed using the TE (3
mode in order to increase the quality factor (using n = 3
in (2)). To summarize, the features of the structure that we
propose are:

o The number of TZs implemented is Nyz = 4. Two
are given by the coupling matrix, and are placed one
below and one above the pass band. The other two can
be located either to the left (9’ < 90°) or to the right
(6’ > 90°) of the pass band.

o The extra TZs can be moved together by changing 6’.
However, the convergence of the optimization process
becomes slower as the extra TZs are closer to the pass-
band.

o The extra TZs can only be moved together and cannot
be allocated separately. This is because we have at our
disposal only two geometrical parameters, namely the
length &', and the strength of the capacitive coupling.

V. LOW-ACCURACY DIPLEXER DESIGN

To continue with the diplexer design, we now use the structure
just described to design the two separate ideal waveguide
filters that fit the specifications of the two channels of the
diplexers. The design has been carried out using FEST3D
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FIGURE 15. Response of the quadruplet filter for the diplexer with three
TZs in the lower band. Solid lines correspond to the EM response and
dashed lines correspond to the distributed model response.
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FIGURE 16. Response of the quadruplet filter for the diplexer with three
TZs in the upper band. Solid lines correspond to the EM response and
dashed lines correspond to the distributed model response.

(from AuroraSat, now with CST and Dassault Systémes). The
procedure is as follows:

1) Start with the coupling matrix giving the in-band per-
formance and the near-band TZs.

2) Use the distributed model to increase 6’ until the extra
TZs are located where desired.

3) Optimize the inverter values to retrieve the in-band
response and the near-band TZs where desired. This
stage is very fast since we work only with the dis-
tributed model. No EM optimization is required at this
point.

4) The initial physical dimensions of the structure are then
obtained following the standard procedure described
in [21]. At this point the EM simulations are performed
over individual parts of the filter. Therefore, this step is
also very fast.

5) We can now assemble the whole filter and perform a
full-wave simulation. This will give a very good initial
point for the EM optimization. With a few iterations,
the optimization will now produce a response that is
very close to the one given by the ideal distributed
model.

At the end of the design process, we obtain two separate
filters. Fig. 15 and Fig. 16 show the performance of the two
separate filters compared with the distributed model. To
continue with the design process, we now need to join the
two filters in order to obtain a diplexer. After exploring a
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FIGURE 17. E-field T-junction implemented. AOT and AOB are the design
dimensions.
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FIGURE 18. Structure of the diplexer with the T-junction.

number of possible solutions, we decided to use an E-field
T-junction, as shown in Fig. 17. Fig. 18 shows the complete
structure. Fig. 19 shows the initial response of the diplexer.
As expected, the diplexer is not tuned correctly.

The next step is to use the procedure described in [24]
to obtain the performance shown in Fig. 20. The procedure
essentially consists of recovering the ideal response by opti-
mizing the structure cavity-by-cavity.

At this point, we have a diplexer structure that satis-
fies all the specifications. However, all simulations per-
formed so far have been carried out with FEST3D using a
set of parameters allowing fast computations with reduced
accuracy. We now need to move from a low-accuracy
design to a high-accuracy design that can be successfully
manufactured.

Furthermore, the diplexer we just designed uses 90° cor-
ners, and the effects of material losses have not been included.
For the sake of manufacturing, it is now convenient to
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FIGURE 21. Extraction of top filter in FEST3D (coarse space).

introduce rounded corners in the structure, and to include in 2)
the simulations the losses (due to the use of aluminum in this
case).

110122

corners.

VI. HIGH-ACCURACY DIPLEXER DESIGN
The software used to carry out the high-accuracy design is
CST. One possible approach could be a direct optimization

CST.

This approach, however, is extremely time-consuming due
to the complexity of the hardware. A much more efficient
procedure is as follows:

The first step consists in separating the individual filters
of the diplexer shown in Fig. 18. After the separation,
each filter becomes a 2-port network that can be treated
independently. The 2-port structures are then simulated
with the high-accuracy simulator. Naturally, the CST
response will differ from the ideal one. The ASM-based
procedure described in [25] is now applied to recover
the ideal response,. The coarse space in this case is
the one shown in Fig. 21, the fine space is the model
in CST. After three iterations, the desired performance
is obtained in the high-accuracy simulator. Fig. 22
shows the final response obtained with CST as com-
pared to the ideal low-accuracy result obtained with
FEST3D.

The following step is to add round corners to the
cavities and simulate again each filter with the
high-accuracy simulator. In this case, three iterations of
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FIGURE 25. Initial response of the diplexer in CST after assembly of the
separate components.

the procedure described in [25] are sufficient to recover
the ideal performance. The final response of one of the
filters is shown in Fig. 23.

3) Following a similar procedure, the T-junction shown
in Fig. 18 is now extracted and treated as an isolated
3-port network (see Fig. 17). After adding the round
corners, the T-junction is simulated in CST. The same
procedure described before is used to recover the ideal
T-junction response. Fig. 24 shows the final response
in CST as compared to the ideal performance obtained
with FEST3D.

4) After the two filters and the T-junction have been
designed separately, the three parts are combined and
simulated with CST. Fig. 25 shows the initial response
after assembling the diplexer. This last high-accuracy
result includes also the losses due to aluminum. Only
one more ASM iteration is now enough to obtain the
final response.

As a final verification of our design, we now simulate the
final diplexer structure with HFSS (from Ansys).

As we can see in Fig. 26, the CST and HFSS simulations
are almost exactly coincident. Therefore, we can conclude
that we have obtained a diplexer structure that is ready to be
manufactured.
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FIGURE 26. Comparison of the response of the final diplexer produced by
CST and HFSS.

FIGURE 27. Final structure of the diplexer. Dimensions (symmetric) refer
to the bottom filter, namely XXB.

Finally, one last modification has been introduced, that is
to extend the output waveguide from the two filters of the
diplexer in opposite directions. This has been done in order
to have enough space for the connection of the waveguide
flanges needed to measure the device. This modification,
however, does not affect the performance of the diplexer.
Fig. 27, Table 1 and Table 2, show the final structure and the
dimensions of the diplexer, respectively.

To conclude this section, we show in Fig. 28 broadband
performance of the device computed with CST. As we can
see, the diplexer does have a very good out-of-band rejection
between 18 and 22 GHz.

VIi. MULTIPACTOR BREAKDOWN PREDICTION
The multipactor effect is one of the main problems that affects
high power satellite devices [26]. A multipactor analysis it
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TABLE 1. Dimensions of the top filter of the diplexer in millimeters.

Structure! Height | Width | Length
Aperture AOT 0 10.668 2.448
Input L1T 4318 10.668 7.471
Inductive aperture A1T 4318 6.442 1
Cavity 1 L2T 4318 10.668 6.648
Cavity 1 L3T 29.537 | 10.668 | 4.318
Capacity aperture” 0.7 10.668 2
Inductive aperture A2T 1 4.509 4318
Cavity 2 LAT 6.318 10.668 | 4.318
Cavity 2 L5T 4318 10.668 | 15.193
Cavity 2 L6T 10.636 | 10.668 | 4.318
Inductive aperture A3T 4318 5.074 2
Inductive aperture A4T 1 4.727 4318
Cavity 4 L7T 29.502 | 10.668 | 4.318
Cavity 4 L8T 4318 10.668 6.833
Inductive aperture AST 4318 6.332 1
Output LOT 4318 6.332 17.05
Output L10T? 4318 | 6.332 14

! The diplexer has XY-plane symmetric dimension in L4T,
L5T and L6T. All the corners are 2 mm rounded.

2 The capacitive aperture is placed in the filter at 16.959 mm
from the center axis of the diplexer.

3 The curve C1T is a 10 mm length of rectangular waveguide
with 10 mm of radius.

TABLE 2. Dimensions of the bottom filter of the diplexer in millimeters.

Structure! Height | Width | Length
Aperture AOB 0 10.668 4.321
Input L1B 4318 10.668 8.377
Inductive aperture A1B 4318 5.871 1
Cavity 1 L2B 4318 10.668 6.755
Cavity 1 L3B 28.801 | 10.668 | 4.318
Capacity aperture” 0.5 10.668 2
Inductive aperture A2B 1 4.643 4.318
Cavity 2 L4B 6.318 10.668 | 4.318
Cavity 2 L5B 4318 10.668 | 14.666
Cavity 2 L6B 10.636 | 10.668 | 4.318
Inductive aperture A3B 4318 4.979 2
Inductive aperture A4B 1 4.629 4318
Cavity 4 L7B 28.807 | 10.668 | 4.318
Cavity 4 L8B 4318 10.668 6.927
Inductive aperture ASB 4318 6.006 1
Output L9B 4318 6.332 17.05
Output L10B? 4318 | 6.332 14

! The diplexer has XY-plane symmetric dimension in L4B,
L5B and L6B. All the corners are 2 mm rounded.

2 The capacitive aperture is placed in the filter at 14.321 mm
from the center axis of the diplexer.

3 The curve C1B is a 10 mm length of rectangular waveguide
with 10 mm of radius.

therefore mandatory [27]. To carry out this analysis we will
use SPARK3D (from AuroraSat, now with Dassault Sys-
temes). For the sake of efficiency, the usual procedure is to
focus the simulations in the areas where the multipactor effect
can be expected. In order to identify these areas we need to
know two key data, namely, the frequencies where the group
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FIGURE 29. Group delay response of the diplexer.

delay is maximum for both filters, and where the E-field
maximum is located at those frequencies. This information
will give us and idea of where the multipactor effect may be
expected.

The critical frequencies for the diplexer are 19.69 GHz,
19.95 GHz and 20.24 GHz, as shown in Fig. 29.

We now simulate the behavior of the diplexer at each
frequency, and identify the locations of the E-field maxima.
Fig. 30 shows one of the simulations performed with CST. As
we can see, the critical areas are the corners of the filters and
the capacitive windows between cavities 1 and 4.

Now that we have all the information we need, we can
perform several simulations with SPARK3D to obtain
the multipactor power thresholds that can initiate mul-
tipactor effects in the device. Several different simula-
tions have been performed to obtain the thresholds for
the different areas identified. The parameters used are as
follows:

« Initial number of electrons: 10000

« Multipactor criterion growth factor: 102

« Initial power: 100 W, 5000 W and 10000 W

o Maximum power: 5000 W, 20000 W and 30000 W

The initial number of electrons and the multipactor crite-
rion increase factor are typical values for multipactor analysis
based on multiple past simulations.
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FIGURE 30. Representation of the E-field and the critical zones in the
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FIGURE 31. Multipactor simulation with discharges for the bottom
capacitive window at 19.95 GHz.

The initial and maximum power of the analysis is usually
defined by the requirements for the specific device under
test. In particular, the diplexer we have designed is intended
to be used as multiplexer in the satellite, with a maximum
of 200 W of RF power in each channel. After each simulation,
we have recorded the values for which the multipactor effect
can be produced. Fig. 31 shows the result of one simulation
for the capacitive window. The different lines in the graphic
represents the evolution of the number of electrons in time for
each different RF power level. When we have no discharges,
the number of electron decreases. When the multipactor
effect appears, the electron density increases in time. If the
growth factor becomes greater than the multipactor growth
criterion, we consider that a multipactor discharge has taken
place.

Finally, Table 3 shows the power thresholds obtained with
the different simulations, and the areas of the diplexer that
are affected. As expected, the multipactor effect has a lower
power threshold at low frequency. In addition, the multipactor
effect is first generated in the capacitive window of the
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TABLE 3. Power threshold of multipactor effect (in Watts).

Structure 19.69 GHz  19.95GHz 24.24 GHz
Capacitive aperture Top >30000 5810 7640
Capacitive aperture Bottom >30000 3300 5820
First corner Top >30000 >30000 >30000
Second corner Top 27185 >30000 >30000
First corner Bottom >30000 >30000 >30000
Second corner Bottom >30000 28750 >30000

bottom filter where the waveguide height is smaller (0.5 mm).
Furthermore, the simulations indicates that we do not have
any multipactor effects in the corners of the cavity filters as
far as the power is below &~ 30000 W. From the data we have
collected, we can see that the lowest power threshold we have
identified is 3300 W. This power level is definitely far above
any current requirement. The diplexer can therefore be safely
considered to be multipactor-free. Additionally, the diplexer
has low insertion losses and has been designed following the
low PIM design guidelines discussed in [28].

To conclude this section, and in order to validate the results
obtained, we have performed another multipactor discharge
simulation with a different simulation tool, namely, CST
Particle Studio (from Dassault Systemes). This code uses
time-domain simulations to predict the multipactor thresh-
olds. The results obtained are virtually coincident with the
previous simulations and verify the results, showing a mul-
tipactor discharge in the bottom capacitive aperture around
3500 W, and at about 6600 W for the top capacitive aperture
at 19.95 GHz.

VIil. MEASUREMENTS AND DISCUSSION

Finally, in order to fully validate the diplexer structure,
we have manufactured a prototype. The diplexer has been
fabricated in aluminum with E-plane cut in order to reduce the
insertion losses. The maximum error guaranteed by the man-
ufacturer was less than 20 microns. Fig. 32 shows the inside
of the two parts of the diplexer. The final dimensions of the
diplexer are 104 x 85 x 24 mm with a total mass of 432 g, thus
satisfying all specifications on physical dimensions and mass.
It is important to mention that, we have not made any effort
to produce low-weight hardware, as it is customarily done for
flight hardware. The use of light-weight manufacture could,
in fact, further reduce very significantly the final weight of
the diplexer.

In Fig. 33 and Fig. 34 we show the breadboard of the
diplexer, and the comparison between the measurements and
the ideal response of the diplexer, respectively.

As we can see, the responses are practically coincident.
We can, however, observe that there is a small frequency
shift in the response towards lower frequencies. To further
understand this aspect, we have recovered by simulation the
response that we have measured with the real hardware.

The results of this analysis indicates that there is a maxi-
mum error of 17 microns. This is indeed inside the declared
tolerance of 20 microns.
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TABLE 4. Compared features of the referenced diplexers.

Reference | Band | Tuning screws (c?()zsii?uillt;rg) Insertion loss (in %(f)l;fgazz:gli BW) Fabrication
[8] Ka No None 1dB 189% Clam-shell
[10] Ka No None 2dB 81% Clam-shell
[11] Ka No 2 TZs (doublet) Not provided 40% Not fabricated
[12] X No 1 TZ (doublet) 0.35dB 88% Body and lid
[13] Ku Yes 1 TZ (triplet) 0.48 dB 190% Body and lid
[14] Ku No None 0.2 dB 323% ! Clam-shell
[15] X No 2 TZs (triplet) Not provided 27% Clam-shell

This work K No 4 TZs (quadruplet) 0.38 dB 7% Clam-shell

! Guard band calculated using the BW of the RX-band channel filter.

-

FIGURE 32. Fabricated prototype of the diplexer.

FIGURE 33. Diplexer breadboard.

Moreover, as we can observe, the S1; is always below
20 dB in the whole in-band response of the diplexer,
as required by the specifications. The measured insertion
losses, on the other hand, are 0.389 dB and 0.374 dB for the
lower and higher filter, respectively. These results are close to
the required specifications but are not compliant. A compliant
insertion loss can, however, be easily obtained silver-plating
the device.
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Finally, the isolation requirements have been achieved for
both, the contiguous edge (> 26 dB @ CF + 144 MHz and
> 52 dB @ CF + 381 MHz) and the non-contiguous edge (>
20 dB @ CF + 192 MHz).

Table 4 provides a comprehensive comparison between the
proposed diplexer and the recently reported prototypes given
in the references.

The comparison clearly shows that our structure has the
smallest guard band between channels, provides more TZs
with low order, has low insertion losses (even without silver
plating), and its high-power behavior (in terms of multipactor
effect) has been successfully proven with two well-known
commercial software tools.

All these characteristics make this diplexer an ideal candi-
date for satellite applications.

IX. CONCLUSION

In this paper, we have discussed the detailed design pro-
cedure for a diplexer structure based on the use of an
E-plane T-junction together with two rectangular waveguide
filters implementing quadruplets. The structure allows for
the implementation of a number of TZs in the performance
of the filters thus resulting in a highly selective response.
The final structure is simple and very easy to manufacture.
In addition, a multipactor study of the device has been carried
out, indicating no multipactor problems up to 3300 W.
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Finally, the performance of the diplexer has been verified
successfully with several commercial simulation tools of well
known accuracy, and by measurements of a prototype man-
ufactured in aluminum. The results obtained are compliant
with all of the initial specifications, except for the insertion
losses (0.389/0.374 dB). However, this can be easily com-
pensated by silver-plating the device. In conclusion, we have
successfully proven that the diplexer structure we developed
can be built to be fully compliant with the requirements of
modern multi-beam satellite payloads.
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