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ABSTRACT In this paper, we discuss how the use of the recently developed modified tuning pin (MTP)
can be extended to the design of filters and diplexers implemented in rectangular waveguide, that can be
reconfigured in a number of discrete states, and that can be used in high-power payloads. As an application
example, the design of two reconfigurable filters and a reconfigurable diplexer is fully described. The
high-power behavior of these components (in particular, with respect to corona and multipaction effects)
is also studied in detail, in order to demonstrate that the structures that we discuss can operate correctly
under high-power conditions. Furthermore, comparisons between simulations and measurements of several
prototypes are also included, showing an excellent agreement between simulated and experimental data,
thereby fully validating both the design approach and the filter reconfiguration strategy.

INDEX TERMS Microwave filters, microwave diplexers, passive components, reconfigurable, rectangular

waveguide, remote operation, high-power.

I. INTRODUCTION
Modern communication payloads are currently moving
toward systems with channels that can be reconfigured to
accommodate changing customer demands. As a conse-
quence, significant research effort is currently devoted to the
development of new tunable or reconfigurable filter struc-
tures. In this context, an excellent review of the most recent
techniques for designing tunable filtering devices, and the
related achievements, has recently been published in [1].
Standard bandpass filters and diplexers, are very com-
monly used in the output network of many communica-
tion satellites and in many other applications that require
high-power microwave signals. As a consequence, the
high-power behavior of the reconfigurable components under
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development needs to be studied in detail (in particular, with
respect to corona and multipaction effects), in order to ensure
that the structures can operate correctly under high-power
conditions (that is, with more than 200 Watts signals).
Furthermore, filtering devices that can be tuned or recon-
figured, can be, generally, divided into two large groups:
structures based on the use of active elements (such as var-
actors, PIN diodes, or other semiconductor devices), and
passive structures based on the use of moving parts (such as
metallic or dielectric tuners, MEMS devices, or other moving
elements). Filtering devices that include active elements in
the main path of the microwave signal are clearly not suitable
for high-power applications. The ones based on moving parts,
on the other hand, may indeed be suitable for high-power
operation. However, the use of moving parts can result in
small gaps when tuning resonators toward the lower fre-
quency end of the tuning range, or when reconfiguring the
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filter toward wider bandwidths. Smaller gaps are normally
associated with high electromagnetic fields which, in turn,
may strongly reduce the maximum allowed signal power
before corona or multipaction effects can be initiated.
The suitability for high-power applications must, therefore,
be studied in detail for each specific design.

Before describing the reconfigurable structures that are the
subject of this paper, however, we find it important to discuss
the results of our review of past relevant publications in the
context of tunable and reconfigurable filters. However, for the
reason stated above, our review will focus only on passive
tunable and reconfigurable structures.

One possibility to obtain continuous reconfigurable filters
is to physically change the size of its cavities. In [2] and [3],
for example, two adjustable end walls were used to modify
the volume of the cavities of a filter. Using the same method,
a reconfigurable output multiplexer was designed in [4].

Another common alternative to design reconfigurable fil-
ters is to use dielectric or metallic screws (or tuners) to change
the resonators electric field. In this context, a study on the
maximum tuning range of filters often employed in satellite
payloads (using circular and rectangular waveguide technol-
ogy) was carried outin [5]. Another example is [6], where the
tuning range of an inductive waveguide filter using teflon rods
was studied. Both [5] and [6] use tuning elements inside the
coupling apertures to obtain tunable coupling levels as well.
More recently, dielectric resonator filters with multiple recon-
figurable passbands are designed in [7] using tuning screws
placed in different positions, and an artificial neural network
optimization method is used in [8] for designing tunable
bandpass filters. Another recent work uses a mode-switching
concept to design band-reconfigurable bandpass filters by
means of a pair of tuning screws [9], while the work presented
in [10] focuses on the design of tunable filters and diplexers
based on in-line dual-post structures. Although these last two
papers do propose very interesting solutions, they do not dis-
cuss the behavior of the filters under high-power excitation.

Yet another approach is to use tunable, non-resonating cav-
ities to replace the classic coupling windows [11], [12]. The
cavities operate as impedance inverters since their resonance
frequencies are outside of the filter bandwidth.

Integrating mechanical switches and microwave filters
is another traditional method of implementing flexible
input/output networks for communication payloads [13]. The
switches are primarily based on rotating mechanisms [14],
semiconductor technology, or MEMS [15], [16], [17],
[18], [19].

Finally, two additional interesting approaches can also
be found in the area of tunable and reconfigurable fil-
ters, namely, [20] and [21]. In [20], a structure with a
reduced number of tuning elements is proposed to implement
microwave filters that can be tuned both in terms of center
frequency and bandwidth. However, the solution discussed is
applicable only to filters implementing a Butterworth transfer
function. In [21], a clever system is discussed where a single
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tuning mechanism can be used to control the center frequency
of a coaxial filter and a diplexer. However, the filters can
only be tuned in terms of center frequency and have a fixed
bandwidth.

At this point, however, it is important to note that, in our
review of the state-of-the-art, we have not identified any
contribution that specifically discusses the use of tunable and
(or) reconfigurable filter structures specifically developed for
high-power microwave signals.

Recently [22], anovel device that combines the capabilities
of a microwave filter and waveguide switch (F&S) has been
proposed. The key aspect of the F&S is a modified tuning pin
(MTP). The MTP can be used to activate and deactivate the
resonant cavities, and coupling apertures, to generate differ-
ent paths for the signal. One key feature of the MTP is that the
position of the pin does not need to be set with extreme accu-
racy to deactivate cavities or couplings. As a result, the pin
can be very effectively moved with computer controlled low-
accuracy actuators, thereby allowing for remote operation at
a very reasonable cost.

In this context, therefore, the main innovative contribution
of our paper is to provide a proof-of-concept for how the
use of the MTPs, first introduced in [22], can effectively
be extended to additional reconfigurable devices of practical
interest, such as filters and diplexers, that can operate in a
number of discrete states, and that are suitable for high-power
operations.

To continue, it is now important to note that, currently,
the reconfiguration of the front end of telecommunication
satellites (for instance) is achieved using rotary switches
in waveguide technology to connect waveguide filters to
each other in order to implement the desired functionality.
However, the use of a single commercial rotary switch in
WR-75 waveguide, for instance, may result in about 500 g
of additional weight, would require about 325.000 mm?> of
additional volume, and would cost several thousand dollars.
The solution that we propose, on the other hand, is based
on the use of microwave filters that include MTPs in their
structures. The MTPs are mechanically very simple, light,
and can be operated with low-cost actuators. Furthermore,
the MTPs are completely removed from the cavities when
the filters are operational, and the filters themselves do not
contain any moving parts. As a result, using the devices that
we discuss in the output network of high-power microwave
payloads, may result in very significant savings in terms of
mass, volume, and cost.

In the remainder of this paper, the design of several recon-
figurable devices (i.e., two bandpass filters and a diplexer
with three and two discrete states, respectively) is fully
discussed. Additionally, the measured results of one of the
filters and of the diplexer are also discussed in this paper.
A very good agreement between the simulated data and the
measured results is found, thus providing a very solid proof-
of-concept for both the novel reconfigurable structures and
their design procedure. Finally, a rigorous study of the corona
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FIGURE 1. Reconfigurable rectangular waveguide filter structure for
high-power applications.

and multipactor effects is also performed, with the aim of
demonstrating that the devices we discuss can operate cor-
rectly under high-power microwave signals.

The content of this paper is organized as follows.
Section II describes the topology of the reconfigurable filters.
Section III details the specifications of the filters and outlines
the design procedure. In section I'V, we then discuss in detail
the design procedure for the reconfigurable filters and the
measured response of a prototype. In section V, we demon-
strate the use of MTPs in a reconfigurable diplexer, providing
also a detailed discussion of the design procedure, as well as
the measured performance of a prototype. After that, a corona
and multipaction analysis of both reconfigurable devices is
performed in section VI. Section VII is devoted to outline
the developments needed for the further commercial use of
the proposed reconfigurable devices. The paper is concluded
with a summary of the key achievements described in the

paper.

Il. RECONFIGURABLE WAVEGUIDE FILTER STRUCTURE
The structure that we propose to use to implement reconfig-
urable rectangular waveguide filters for high-power applica-
tions is shown in Fig. 1. The key enabling technology is the
modified tuning pin (MTP) that was first introduced in [22].
For the sake of clarity, we now briefly describe how the MTPs
operate. The MTPs can provide two different states, namely,
ON and OFF (Fig. 2). The inner pin (Fig. 2 (b)) can be
removed from the hollow M4 tuning element (Fig. 2 (a))
in order to obtain the ON state. To switch from the ON to
the OFF state, the inner pin must be inserted until it makes
contact with the bottom of the device. The hollow M4 tuners
are adjusted manually to tune each filter cavity and coupling
window, and also to compensate for eventual manufacturing
inaccuracies. The M4 tuners are, therefore, adjusted only
once.

It is important to note, at this point, that the reconfigurabil-
ity is achieved using exclusively the inner pins of the MTPs.
By removing and/or inserting specific inner pins, we can
select the different filter states, thus completely modifying
the performance of the filter both in terms of bandwidth and
central frequency. Fig. 3 shows how to select each discrete
channel by changing the position of the MTPs.

Before going any further, however, we believe that it is
appropriate to clarify the difference between tunable and
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FIGURE 2. Modified Tuning Pins (MTPs): (a) Hollow M4 tuner used for a
manual tuning of cavities and coupling windows; (b) Inner pin used to
short circuit cavities or coupling windows by inserting it in the hollow M4
tuner.

reconfigurable filters. In this context, therefore, we propose
the following definition:

« A tunable filter is a device that includes tuning elements
or screws that can be used to correct the effect of man-
ufacturing errors, both in terms of center frequency and
(or) bandwidth. The tuning range is normally limited to
a few percent of the nominal value.

« A reconfigurable filter is a device that includes mechan-
ical elements that allow to change significantly the filter
behavior. Changes may affect the center frequency and
(or) the bandwidth of the filter. The changes intro-
duced, normally, go far beyond a few percentage points
resulting in completely different filter performances (or
states). Furthermore, reconfigurable filters may also
include tuning elements to be used to compensate for
manufacturing errors to obtain the desired performance
in each of the separate states.

A key aspect of the solution that we propose is that it opens
the possibility of remote, computer-controlled reconfigura-
tion of the filters by lifting or lowering the central pin of the
MTPs using a simple, low-cost linear actuator. The correct
tuning of cavities and coupling irises is, in turn, assured by the
M4 hollow tuner that is adjusted to the required penetration
and permanently fastened to the filter body. As we will show
in the reminder of this paper, once the tuners are adjusted,
the filter can be reconfigured without the need of additional
tuning.

However, it is important to note that, in this paper, we only
provide the necessary basic proof-of-concept. The inclusion
of computer-controlled linear actuators would require very
significant additional work that goes, in our opinion, well
beyond a proof-of-concept.

1Il. SPECIFICATIONS AND DESIGN PROCEDURE

Next, we will design two reconfigurable waveguide filters
(namely, Filter A and Filter B). The input and output waveg-
uide ports of the filters are implemented in WR-75 waveguide
(a =19.05 mm, b = 9.525 mm), and both filters have three
discrete states and are of order three. The return loss of Filter
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FIGURE 3. MTP configurations for selecting the different states: first
(top), second (central) and third states (bottom).

TABLE 1. Filter A: center frequency and bandwidth for each discrete state.

State Center frequency (GHz) || Bandwidth (MHz)
1 10.875 125
2 11.0 125
3 11.125 125

TABLE 2. Filter B: center frequency and bandwidth for each discrete state.

State Center frequency (GHz) || Bandwidth (MHz)
1 11.0 62.5
2 11.0 125
3 11.0 250

A should be greater than 20 dB, while the return loss of
Filter B should be better than 25 dB. The center frequencies
and bandwidths of the three discrete states of the filters are
collected in Table 1 (Filter A) and Table 2 (Filter B).

A standard milling technique will be used for manufac-
turing the body and cover of both filters. As a consequence,
rounded corners (2 mm radius) must also be included in all
the cavities. To simplify the process, we have split the design
into two steps:

1) Step 1: A low accuracy (LA) model of the filter
is obtained. This filter does not have cavities with
rounded corners and does not include the M4 tuners.

VOLUME 11, 2023

FIGURE 4. In-line filter channel.

2) Step 2: A high accuracy (HA) model of the filter is
obtained. The HA filter will include all the features
omitted in the previous step.

For the first step, we have used the commercial simulator
FEST3D from AuroraSat (now with Dassault Systemes). The
following set of computational parameters has been used
(computationally fast, low accuracy model): 10 accessible
modes, 30 basis functions and 300 terms for computing the
Green’s functions (a thorough description of these parameters
can be found in [23]). The details of the design procedure
are described in the next section. In any case, this step is
particularly simple given the computational efficiency of the
EM simulator FEST3D.

After designing the LA filter, we need to obtain the HA
model of the filter including the features we omitted in the
first step. For this stage of the design process, the full-wave
software CST Microwave Studio has been used. Despite the
fact that the HA simulations of the filter will need a substan-
tially longer computation time, we can easily go from the
LA to the HA model using the Aggressive Space Mapping
(ASM) [24], [25], [26], [27]. This is because, using the ASM
technique, most of the simulations necessary to move from
the LA to the HA space are carried out in the LA model.

It is important to note at this point that it is indeed true
that the design of 3-pole in-line filters can be carried out with
direct optimization without using ASM. However, we high-
light in this paper the use of ASM because, using the approach
we propose, the readers can indeed design significantly more
complex reconfigurable structures that will strongly benefit
from the use of ASM.

IV. RECONFIGURABLE FILTERS
In the following sections, we describe in detail the design
process for Filter A and Filter B.

A. DESIGN OF FILTER A

First of all, the independent channel filters must be designed
in the LA space. To do that, we use a filter model based on
transmission lines and ideal inverters. This model provides
us with the target Chebyshev response for each channel [13].
After that, the design procedure described in [28] is used to
derive the in-line model of each filter (Fig. 4).
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FIGURE 5. Electrical response of the separate filters. These filters
represent the three states of the reconfigurable device.

HORT HORT

PORT 1

PORT 2

FIGURE 6. Step 1: The first filter is added to the manifold.

As we can see from Fig. 1, the length of all filter channels
must be the same. In order to deal with this requirement,
we have three possibilities:

o As in [29], the filters can be coupled to the manifold
by means of stubs whose dimensions can be afterwards
optimized.

o The resonators length can be kept constant, while the
resonators widths can be used as optimization param-
eters. This approach allows us to decrease the overall
device footprint by coupling directly the channel filters
to the manifold.

o The filters can be folded along their center to avoid
completely this constraint [30].

However, since the scope of this paper is limited to provid-
ing a reconfigurability proof-of-concept, we have chosen the
second option because of the inherent simplicity.

The performance of the three separate filters is shown in
Fig. 5. Once the three independent filters (or states) have been
designed, they can be added to the manifold by following
these steps:

1) The first filter is added to the manifold (see Fig. 6).
Then, the distance to the short circuit is optimized,
as well as the widths of the first two elements of the
filter (aperture and cavity). Please note that, as a general
rule, our investigation indicates that the first filter (or
channel) should be the one with the narrowest band-
width, or the one with the highest frequency.

2) Once the first filter is designed, the state of the MTPs
is changed to the OFF state. After that, the second
filter is added to the manifold, as shown in Fig. 7
(top). It is important now to note that, after changing
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FIGURE 7. Complete (top) and reduced (bottom) structures after
addressing Step 2 (note that both of them provide the same electrical
response).

SHORTS
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FIGURE 8. Step 3: The third channel (filter) is added to the manifold.

the state of the first filter MTPs, the central cavity of
the filter (and the related adjacent apertures) will not
affect the electrical response of the second filter (active
channel). Therefore, some computation time can be
saved if the central part of the first filter is not included
in the simulations (see bottom of Fig. 7). As it was
already mentioned in Section II, note that the entire
MTP does not need to be simulated to short circuit the
inactive channel. In fact, we only need to include in the
simulations the (short circuiting) inner pin of the MTP.

3) The previous step is repeated until all the filters (chan-
nels) have been added to the manifold. In this particular
design, the MTPs of the second filter are set in the OFF
state and the third filter is added to the manifold, as in
Fig. 8. The simulated data obtained after performing
Steps 1, 2 and 3 are shown in fig. 9.

4) A further optimization of the first two states is required
after assembling the whole reconfigurable device, since
the active filter has been loaded by the filters added in
Steps 2 and 3. The final electrical response that we have
obtained is shown in Fig. 10.

Once the filter has been designed in the LA space, the HA
model shown in Fig. 1 can be easily obtained using any of
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FIGURE 9. Filter performance after completing Steps 1, 2 and 3.
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FIGURE 10. Performance of the LA filter. In order to change between the
possible states, we must set the inner pins of the MTPs as shown in Fig. 3.

the versions of the ASM technique [24], [26], [27]. The HA
filter must include rounded corners in all cavities and also
the hollow M4 tuners of the MTPs. The penetration of the
tuners has been set at 1 mm to permit future bidirectional
adjustments. After two ASM iterations per filter (where most
simulations are performed in the LA space), the required
specifications are finally met by the HA model of the filter,
as we can see in Fig. 11.

Finally, it is interesting to note that, in the structure just
discussed, the same manifold can be used in different states
(while maintaining a good return loss level) since the input
couplings are fully tunable. As a result, even if the manifold
is not the perfect manifold for the given filter frequency and
bandwidth, it is generally possible to recover the required
return loss level by properly adjusting the input coupling and
the manifold lengths at the same time. However, if we add
more filters and the manifold becomes longer, it may not
be possible to recover the correct performance. In the next
section we describe a procedure that can be used to eliminate
this restriction.
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FIGURE 11. Electrical response of the HA filter.
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FIGURE 12. Filter B. Note that several removable shorting pins have been
added to the manifold.

B. DESIGN OF FILTER B

In Filter A there was a limitation regarding the maximum
states of the reconfigurable filter. The origin of this limitation
is the length of the manifold. As we add new filters (or
channels), the length of the manifold increases and thus,
it becomes harder to optimize the structure. A straightfor-
ward way to overcome this limitation is to include a num-
ber of removable shorting pins in the manifold. The design
of Filter B has been carried out using this procedure (see
Fig. 12). Adding shorting pins to the manifold introduces two
benefits:

o The first is that the separation between channels can
be readily controlled. This is important because, since
the filter will be fabricated in two parts (i.e., the body
and cover) that we will assemble together using screws,
if there is enough physical space between the channels
it will be easier to include enough closing screws (see
Fig. 13) so that the filter will have a better behavior in
terms of losses. In this context, it is important to note
that, following the method described in [12], the sections
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FIGURE 13. Closing screws of Filter B.

of waveguide between the channels should be about half
wavelength long. This distance is indeed sufficient to
provide enough space for the closing screws. However,
in our investigation we have found that, if we make
the manifold too long, the optimization of the struc-
ture becomes problematic. We have, therefore, made an
effort to keep the manifold as short as possible so that
the structure becomes easier to optimize. To this end,
additional shorting pins have been added to reduce the
effective electrical length of the manifold.

o The second advantage is that the design becomes more
modular, since the interaction between the channels is
reduced due to the additional shorting pins. More specif-
ically, each shorting pin effectively introduces two sec-
tions of below cutoff waveguide in parallel. This, in turn,
reduces the power exchange (S12) between the channels,
thus strongly reducing the interactions.

The design of Filter B follows the same procedure as
the one we described for filter A. The different filter chan-
nels are first designed, and then added progressively to the
manifold. After that, the first two filters channels should be
re-optimized, as we discussed in the design of Filter A. The
LA filter structure for the second state is shown in Fig. 14 (as
an example), while Fig. 15 shows the electrical response of
the filter. After designing the LA structure, ASM is used for
obtaining the HA model (see Fig. 12).

C. EXPERIMENTAL VALIDATION

As an experimental validation, we have manufactured
Filter B in aluminum to validate both the proposed filter
structure and the design procedure. Fig. 16 shows a photo-
graph of the filter prototype, and Fig. 17 to Fig. 19 show
the filter performance as compared to the simulated response.
Although the agreement between the simulated and measured
data is very good, we can observe that the measurements
are affected by noise. Our investigations indicate that the
source of the noise is the limited manufacturing accuracy
of the MTPs used for this proof-of-concept. In any case,
the agreement that we demonstrate between simulations and
experimental data fully validates both the proposed topology
and the design procedure.
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FIGURE 14. LA structure for Filter B (2nd state).
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FIGURE 15. Filter B: electrical response of the LA model.

Finally, it is important to note that the same filters could
also be used to provide the same reconfigurability function
using rotary switches instead of MTPs. However, the struc-
ture would require the same number of filters, two rotary
switches and additional waveguide lengths to implement the
connection between filters and switches. The result would be
a very significant increase in mass, volume and cost. The use
of the solution that we propose in this paper can, therefore,
result in significant savings.

V. RECONFIGURABLE DIPLEXER

The use of the MTPs is not limited only to reconfigurable
filters. In this section, the design of a high-power recon-
figurable diplexer having two discrete states is addressed.
The two discrete states of the device are shown in Fig. 20.
Moreover, the specifications concerning the center frequen-
cies and bandwidths of the two discrete states of the diplexer
are shown in Table 3 (state 1) and Table 4 (state 2).

The input and output waveguide ports of the diplexer are
implemented in WR-75 waveguide (¢ = 19.05 mm, b =
9.525 mm). A minimum return loss of 25 dB is required, and
the filters of the diplexer are of order N =5.
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FIGURE 16. Filter B: photograph of the filter prototype. The breadboard
has been fabricated in aluminum.
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FIGURE 17. Experimental results compared to the HA model performance
for the first state.
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FIGURE 18. Experimental results compared to the HA model performance
for the second state.

TABLE 3. Center frequencies and bandwidths for the state 1 of the
reconfigurable diplexer.

Center frequency (GHz) Bandwidth (MHz)
10.9075 125
11.155 250

According to [13], a diplexer is defined as contiguous
when the channel separation (assuming all channels share the
same bandwidth) is below 0.25 x BW. Therefore, the central
frequencies have been chosen to ensure that the channels
are separated by 60 MHz (=250 x 0.25). It is important to
note, at this point, that the frequency plan of the diplexer
has been designed to be compliant with the principles of
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FIGURE 19. Experimental results compared to the HA model performance
for the third state.
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FIGURE 20. Topology of the proposed reconfigurable diplexer for
high-power applications. Top: State 1. The two paths of the signal for the
first state have been drawn. Bottom: State 2.

TABLE 4. Center frequencies and bandwidths for the state 2 of the
reconfigurable diplexer.

Center frequency (GHz) Bandwidth (MHz)
10.845 250
11.0925 125

the current frequency allocation strategy for communication
satellites [31]. More specifically, the available spectrum is
divided in a number of frequency bands. Normally speaking,
two contiguous bands are allocated to each satellite com-
munication system. The lower frequency band is normally
used for transmission from the satellite, while the higher
band is used for the reception of the signals from the ground
stations. In this context, therefore, our diplexer specifications
are aimed at maintaining the same transition from the transmit
to the receive band, while reconfiguring the actual transmit
and receive channel bandwidth. To our knowledge, this type
of reconfiguration has not been demonstrated, so far, in the
technical literature. This is, therefore, an additional innova-
tive contribution of this paper.

The design procedure is again split in two steps. First, the
LA model of the diplexer is designed. After that, the ASM is
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FIGURE 21. Isolated diplexers whose electrical response provides the
first (top) and second (bottom) states of the reconfigurable diplexer.

used to produce the HA model. The simulation setup is the
same as in Section III.

A. DESIGN PROCESS IN THE LOW-ACCURACY SPACE

Next,

the design process of the LA model of the diplexer is

discussed.

)

2)

3)

25110

The first step is to obtain the isolated diplexer asso-
ciated to each state. The combination of the man-
ifold diplexers shown in Fig. 21 provides us with
the reconfigurable diplexer. In order to design these
diplexers, we can follow the design guidelines outlined
in [13], [32].

In this stage of the design process, both the cavities
and coupling windows widths will be optimized. The
electrical response of the independent diplexers are
shown in Fig. 22.

Next, the isolated diplexers are combined in a four-
port component, as we show in the top of Fig. 23.
For each state, it will be necessary to perform a slight
optimization of the dimensions of the first coupling
window and cavity of each section with the aim of
recovering the responses of the independent diplexers.
It is interesting to note that we can carry out the neces-
sary optimizations using the complete component (top
of Fig. 23) or using a reduced structure (bottom of
Fig. 23). This is because, due to the MTP, the full and
reduced structures have the same response. In fact, the
reduced model has been used in this case to accelerate
the design procedure. The optimized responses shown
in Fig. 24 have been finally obtained.

The next step consists of combining the common out-
puts of the branches. To this end, we proceed as follows:

a) Before the independent diplexers are designed,
the initial channels are added to the manifold. The
MTPs of one filter are switched to the OFF state,
as shown in Fig. 25. Afterwards, the first coupling
window and cavity of the active filter (these are
the closest elements to the manifold) are opti-
mized with the aim of recovering the response of
the ideal filter (Fig. 26).
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FIGURE 22. Electrical response of the independent diplexers: state 1
(top) and state 2 (bottom).

FIGURE 23. The isolated filters are combined considering the whole
diplexer (top) or a reduced structure (bottom).

b) Then, the manifold is short-circuited by inserting

a pin and the state of the MTPs is switched,
as shown in Fig. 27. Next, the pin position is opti-
mized, as well as the dimensions of the active fil-
ter elements closer to the manifold. The response
shown in Fig. 28 is obtained after this optimiza-
tion process.

From the simulated results, we can now see that,
around 11.8 GHz, there is a peak in the S»1 param-
eter resembling a transmission zero. The origin
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FIGURE 25. Addition of the initial channels to the manifold.

frequencies of the manifold are 9.62 and 14 GHz,
of this undesired peak lies in the fact that the fnd’ as a consequence, the ur}d&aljlre(; lpeak 1S no
pin we inserted in the manifold is behaving as an onger present, as we can see in Fig. S1.
inductive post and’ therefore’ it 1s Creating a new 4) Finally, half of the structures described in the sec-
resonator between the pin and the manifold short ond and third steps, are combined. The low precision
circuit. In fact, as shown in Fig. 29, the resonant models of the reconfigurable diplexer for the first and
frequency of the second mode of this resonator is second states are shown in Flg 32, while their electrical
equal to 11.8 GHz. responses are shown in Fig. 33.

With the aim of eliminating this unexpected reso-

nance, we propose to introduce another pin in the B. DESIGN OF THE DIPLEXER IN THE

manifold (see Fig. 30) to move the peak out of =~ HIGH-ACCURACY SPACE

the operation band of the device. It is important to After designing the diplexer in the low-accuracy space, the
note that, after inserting this pin, the new resonant ASM technique [27] can be used to obtain the corresponding

VOLUME 11, 2023 25111



IEEE Access

J. C. Melgarejo et al.: New Family of Reconfigurable Waveguide Filters and Diplexers for High-Power Applications

FIGURE 29. Electric field of the structure shown in Fig. 27 calculated at
f=11.8 GHz.

FIGURE 30. A new pin is inserted in the manifold to eliminate the
undesired resonance.

0

—20

i\
/" \

N\
/ AN
—100 /’ ~_

10 10.2 104 10.6 108 11 11.2 114 11.6 11.8 12
Frequency (GHz)

S-Parameters (dB)

FIGURE 31. Response of the component displayed in Fig. 30.

structure in the high-accuracy (HA) space. This HA model
must include rounded corners in the resonators, the MTPs,
and the presence of the M4 tuners (see Fig. 20).

As already discussed in Section IV, the MTPs do not have
to be included in all resonators and coupling windows. Using
anumber of commercial gold-plated tuners of radius 1.6 mm,
as shown in Fig. 34, will improve the behavior of the diplexer
in terms of losses.

We have only needed 3 iterations in the ASM procedure to
obtain the response shown in Fig. 35.
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FIGURE 32. LA models for the first (top) and second (bottom) states of
the designed diplexer.
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FIGURE 33. Electrical response of the low precision diplexer shown in
Fig. 32 for the first (top) and second (bottom) states.

C. PRACTICAL IMPLEMENTATION OF THE DIPLEXER

With the aim of validating the design procedure, a diplexer
prototype has been fabricated (in aluminum) and measured.
A photograph of the assembled component is shown in

Fig. 36, where a standard WR-75 waveguide is used to feed
the device.
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FIGURE 34. The HA model includes rounded corners, MTPs and
commercial tuners.
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FIGURE 35. Responses of the first (top) and second (bottom) states of the
diplexer in the HA space.

Fig. 37 shows the comparison between simulations and
measurements for the two states. A very good agreement is
observed between the simulated data and the experimental
results.

Although an equiripple response has not been recovered for
the state 2 (due to manufacturing accuracy), it is important
to note that the return loss is greater than 23 dB and that
all lobes of the Sj; parameters are present in the response.
Furthermore, the filters with the narrower bandwidth exhibit
losses of 1.3 dB (state 1) and 1.2 dB (state 2), while the losses
of the filters with the wider bandwidth are of 0.8 dB (state 1)
and 1.0 dB (state 2). The results obtained do provide, there-
fore, a very solid proof-of-concept for both the topology and
the design process that we have used for the reconfigurable
diplexer.

Finally, it is important to mention that an identical recon-
figurable diplexer function could also be implemented using
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FIGURE 36. Assembled reconfigurable diplexer.

rotary switches instead of MTPs. However, the structure
would require the same number of filters, three rotary
switches, and additional waveguide lengths to implement the
connection between filters and switches. The result would be
a device exhibiting a significant increase in terms of mass,
volume and cost with respect to our solution based on the use
of MTPs.

VI. HIGH-POWER ANALYSIS

The ability of operating correctly under high-power signals is
a key requirement for all components used in the output net-
works of many microwave payloads that require significant
output power levels, for both space and ground applications.
A mandatory first step to verify the correct operation of the
devices is to carry out a high-power analysis, in particular
with respect to multipactor and corona effects [33], [34].
We have, therefore, carried out a number of simulations in
order to identify the power (Watts) and pressure (mbar) where
the multipactor and corona effects can be initiated in the
reconfigurable devices described in this paper (in particular,
we have analyzed filter B and the diplexer). As we report
below, the results obtained clearly confirm that both compo-
nents can be used in high-power applications.

It is important to note, at this point, that only the results
regarding state 1 of the reconfigurable filter B will be pre-
sented in this section. This is because this state is the one with
the smaller bandwidth (see Table 2), thus resulting in the low-
est multipactor power threshold. Similarly, after analyzing the
high-power phenomena in both states of the reconfigurable
diplexer, we have concluded that state 1 is the one giving the
lowest multipactor power threshold. As a consequence, also
for the diplexer, we discuss only state 1.

In order to perform the simulations, we have first identified
the maximums of the electric field intensity in the structures.
For the reconfigurable filter B, the simulations have been
performed at the frequencies where the group delay shows
a maximum (f] and f3), and also at the center frequency f> of
the passband (see Table 2). For the reconfigurable diplexer,
the simulations have been carried out at the maximum of the
group delay of the electrical response (f1, f3 and f5) and at the
center frequencies f> and fi (see Table 3).

The high-power simulations have been carried out using
SPARK3D, while CST has been used for obtaining the EM
fields. For multipactor prediction, the following set of param-
eters has been used:
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FIGURE 37. Experimental results for the state 1 (top) and state 2 (bottom)
of the designed diplexer.

1) Initial power: 1000 W

2) Maximum power: | MW

3) Growth factor of the power: 10?

4) Frequencies of simulation: f1, f> and f3 (reconfigurable
filter) and fi, f>, f3, f4+ and f5 (diplexer)

5) Initial number of electrons: 10000

Once we have identified the regions where the maximum
of the electrical field is located (the regions of the structure
where the multipactor effect is initiated), we have proceeded
to identify the power (Watts) and the pressure (mbar) where
the corona effect can be initiated. For corona predictions, the
following set of parameters has been used:

1) Gas: Dry air

2) Temperature: 293 °K

3) Initial power: 100 W

4) Frequencies of simulation: f1, f> and f3 (reconfigurable

filter) and f1, f>, f3, fa and f5 (diplexer)

A. RECONFIGURABLE FILTER
First, we have studied the reconfigurable filter B designed
in section IV-B. Fig. 38 shows the structure for the state 1

25114

FIGURE 38. Structure for the state 1 of reconfigurable filter B.

TABLE 5. Multipaction analysis for the state 1 of the reconfigurable
filter B.

Frequency (GHz) | fi = 10.960 | fo =11.0 | f3 =11.044 |

Structure Multipactor power threshold (W)

Cavlg 8752 13472 8312
Cav2s 9382 13564 8342
Cav3s1 9500 13487 8625

of the device, where we have numbered the cavities for the
sake of clarity. The maximums of the electric field intensity
are located in cavities Cavlyy, Cav2s1 and Cav3g;. Table 5
reports the multipactor power thresholds (in W) that we have
obtained. As expected, the first cavity (Cavlg) shows the
lowest threshold at f = 11.044 GHz with 8312 W. In addi-
tion, we show in Fig. 39 the multipactor results obtained
for each simulation in this first cavity (Cavly), evaluated at
f=11.044 GHz.

Next, we have studied the corona effect in the first cavity
(Cavlyy) of the reconfigurable filter (state 1). Table 6 shows
the pressure (in mbar) and the power thresholds (in W) that
we have obtained. The lowest power threshold is obtained at
f = 11.044 GHz with 12.84 W and a pressure of 10 mbar.
Finally, Fig. 40 shows the values obtained for each simulation
(Paschen curves) in cavity Cavly;.

In conclusion, the results that we have obtained clearly
confirm that the reconfigurable filter structure we discussed
is, indeed, appropriate for high-power applications, for both
ground and space application. The only exception is in the
higher atmosphere, where the pressure is significantly lower
than the ambient pressure. However, this is not a limitation
since, normally, high-power space payloads are activated only
once the spacecrafts are in vacuum. On the other hand, if high-
power operations are required in the transition region between
earth and space, enclosure of the reconfigurable filter in a
pressurized environment will ensure proper operations.

B. RECONFIGURABLE DIPLEXER
Next, we have performed a high-power analysis of the recon-
figurable diplexer (state 1) designed in section V. Fig. 41
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FIGURE 39. Multipactor simulation with discharges for the first cavity
Cavig, of the filter at f = 11.044 GHz.

TABLE 6. Corona analysis for the state 1 of the reconfigurable filter B
(cavity Cavig,).

| Frequency (GHz) | f1 =10.960 [ f2 =11.0 [ fs =11.044

Pressure (mbar) Power of the structure (W)
1.00 80.44 118.09 63.56
2.15 39.87 58.51 31.48
4.64 22.50 32.97 17.91
10.00 16.30 23.89 12.84
21.54 18.99 27.74 14.85
46.42 40.48 59.01 31.51
100.00 116.42 168.965 89.87
215.44 337.03 488.87 259.90
464.16 1003.73 1455.89 773.97
1000 3319.50 4814.89 2559.71

shows the topology of this component, where we have num-
bered the different cavities for the sake of clarity. After com-
puting the EM fields in the structure, we have observed that
the maximum of the electrical field is located in the cavities
labeled Cav2, Cav3, Cav4, Cavl8, Cav19 and Cav20.

Table 7 reports the multipactor power thresholds (in W)
obtained after performing the corresponding high-power sim-
ulations. The cavity Cav4 exhibits the lowest power threshold
at f = 10.982 GHz with 5812 W. Additionally, Fig. 42
shows the evolution of the electron population in this cavity
(Cav4) for different values of the input power, evaluated at
f=10.982 GHz.

Next, we have studied the corona effect in the cavity Cav4.
Table 8 shows the pressure (in mbar) and the power thresholds
(in W) that we have obtained. Cavity Cav4 presents the lowest
power threshold at 10.832 GHz with 7.32 W and a pressure of
10 mbar. Finally, in Fig. 43 we show the values obtained for
each simulation (Paschen curves) in this fourth cavity (Cav4).

Once again, the results obtained clearly confirm that
the reconfigurable diplexer we proposed can be used with
high-power microwave signals for both ground and space
applications. Again, as expected, the only exception is the
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FIGURE 40. Corona simulation (dry air) for the first cavity (Cav1g;) of the
filter at f =10.960, f =11.0 and f =11.044 GHz.
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FIGURE 41. Structure for the state 1 of the reconfigurable diplexer.

transition between earth and space. As already discussed,
if necessary, a pressurized environment will eliminate any
problems.

VII. FURTHER DEVELOPMENTS
As already discussed, the objective of this paper is to give
a solid proof-of-concept for a possible implementation of
reconfigurable filters and diplexers in rectangular waveg-
uide. The agreement demonstrated between simulations and
measurement clearly indicates that this objective has been
achieved. However, it is important to appreciate that, in terms
of Technology Readiness Levels' (TRLs), the level reached
with a proof-of-concept is TRL3. On the other hand, a com-
mercial product is considered fully reliable when it reaches
TRLO. It is therefore clear that a number of further devel-
opment activities are required before the concept described
in this paper can become a commercial product. However,
it is important to note that this situation is indeed com-
mon in the initial stages of the development of any new
product. In this context, therefore, we find it appropriate to
outline in this section the main development activities that
are required, in our opinion, to finally obtain a commercial
implementation.

The first consideration is that the basic filter structures
in rectangular waveguide, including the M4 tuners, are very

lhttps://en.Wikipedia.org/wiki/Technology readiness level
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TABLE 7. Multipaction analysis for the state 1 of the diplexer.

Frequency f1 f2 I3 fa f5
(GHz) 10.832 | 10.910 | 10.982 | 11.154 | 11.304
Structure Multipactor power threshold (W)
Cav2 6562 17750 5841 30750 13255
Cav3 5937 17825 5937 31250 13874
Cavd 7062 18252 5812 32122 16124

Cavl8 6722 16922 5872 34749 13792
Cavl9 7625 16620 7562 31435 13562
Cav20 6562 16850 6562 32782 13642

TABLE 8. Corona analysis for the state 1 of the diplexer.

Frequency f1 fa f3 fa fs
(GHz) 10.832 10.910 10.982 11.154 11.304
Pressure Power of the structure (W)
(mbar) Cav4
1.00 35.69 104.63 39.33 44.24.103 872.84-103
2.15 17.82 52.21 19.62 22.06-103 439.11-102
4.64 10.18 29.80 11.18 12.55-102 248.82-103
10.00 7.32 21.35 7.99 8917 176.37-103
21.54 8.51 24.69 9.19 10.11-10% | 197.92-103
46.42 17.75 51.26 19.0 20.64-103 404.91-10%
100.00 49.16 141.80 52.61 57.36-103 1.09-106
215.44 137.90 397.61 147.51 164.85-103 3.19-106
464.16 426.03 1228.26 455.85 506.16-103 10.13-106
1000 1419.83 | 4093.39 1518.54 1.69-106 33.61-10°

1000 W
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4000 W |
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FIGURE 42. Multipactor simulation with discharges for the diplexer cavity
Cav4 at f = 10.982 GHz.

frequently used in practical applications for both ground and
space applications and, therefore, in our opinion, do not pose
any basic industrialization problem, even for more complex
rectangular waveguide filters that use cross couplings. This is
also true both in terms of possible bandwidths and/or center
frequency, and power.

The key element that needs further development is then the
MTP in Fig. 2. As already discussed, the MTP is composed
of two parts, a shorting pin and a hollow tuner. It is important
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FIGURE 43. Corona simulation (dry air) for the cavity Cav4 of the diplexer,
atf=10.832,f=10.910, f=10.982, f =11.154 and f =11.304 GHz.

to note that the shorting pins are not present inside the filters
when the filters themselves are active. As a consequence, they
have no effect on the filter performance. When the filters are
deactivated by the shorting pins, as demonstrated during the
design process, they have no electrical effect on the active
filters. Furthermore, metallic tuners are very commonly used
in many types of microwave filters. Our choice of an M4
tuner was dictated by the mechanical facilities at our disposal.
However, a different size could also be used. What remains
is, therefore, the shorting pin and the actuation mechanism.

In this context, what is important is to ensure the proper
electrical contact between the pin and the bottom of the
waveguide, including life-time and power requirements.
However, the further developments required are, in our opin-
ion, beyond the scope of this initial paper. In any case, this
problem is similar to the one encountered in many commer-
cial RF switches. We, therefore, believe that a viable practical
solution can indeed be developed in the future.

VIil. CONCLUSION

In this contribution, we have discussed the proof-of-concept
of how the recently developed modified tuning pins (MTPs)
can be effectively extended to the development of a new
family of reconfigurable filters and diplexers suitable for
high-power applications. We have, in fact, demonstrated that
several reconfigurable devices with a variety of discrete
states, that are completely different from each other, can be
readily designed using a simple step-by-step procedure.

In addition to theory, the proof-of-concept has been
validated by manufacturing a filter with 3 states, and a
reconfigurable diplexer with 2 discrete states. In all cases,
excellent agreement has been found between the simulated
and the measured data, thus fully validating both the topolo-
gies proposed and the corresponding design procedures.

Furthermore, the high-power behavior of the components
that we have discussed has been analyzed in detail, showing
that their performance in terms of corona and multipactor
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effects is fully adequate for both ground and space high-
power operation.

In addition, it is important to note that, even though simple
in-line filters have been used for this proof-of-concept, folded
filters including cross-couplings to implement transmission
zeros can be also used.

Finally, it is important to mention that, the reconfigurable
structures that we have discussed, open the possibility of
remote operation. This is because the MTPs inner pin does
not need high-precision mechanisms to be displaced (in fact,
a simple linear actuator could be used to this end). This
aspect, in our opinion, makes the solution that we have
proposed particularly attractive for the implementation of
reconfigurable high-power output networks for both ground
and space application.
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