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This paper presents the design and measurement of two different switch matrix modules based on Radio Frequency
Microelectromechanical System (RF MEMS) switches. The operational frequency range is between 25.5 GHz and 26.5 GHz
for data links between a Geostationary Earth Orbit (GEO) relay satellite and Low Earth Orbit (LEO) satellites. The switch
matrix implements a key functionality for tracking the incident signals of the LEO satellites on the receive feed antenna
array of the GEO satellite’s reflector antenna. Two different technologies are used to build simplified switch matrix modules
suitable for realizing the full functionality switching matrix. Rogers RT/Duroid 5880 with commercially available RF MEMS
is used to build the first module, while EADS in house RF MEMS are integrated in Rogers Ultralam 3850 Liquid Crystal
Polymer (LCP) for the second module. Maximum insertion losses of 8.5 dB and 10.2 dB have been measured for the Rogers
RT/Duroid 5880 and the LCP module, respectively. Isolation is higher than 45 dB and a minimum return loss of 15 dB is
shown. Finally, the measured losses in the LCP module are analyzed and suitable improvements are discussed.
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I I N T R O D U C T I O N

Low Earth Orbit (LEO) earth observation satellites are gather-
ing an increasing amount of data. Since a LEO satellite is in the
line of sight of a single ground station for approximately 10
min the available time to download the collected data is
becoming “an increasingly serious bottleneck” [1].

A new concept for downloading data to a ground station
involves Geostationary Earth Orbit (GEO) satellites as a
relay station. Considering an LEO earth observation satellite,
typically moving on a polar orbit [1], the Inter-Satellite Link
(ISL) with a GEO relay station would be available for at
least 50% of the LEO satellite’s orbital time. Compared to
the access time of a single ground station, this offers an
increase by a factor of 15 [1]. “Simultaneous data link com-
munication from multiple LEO satellites to one GEO satellite
becomes feasible, if a suited multibeam antenna is used on the
GEO satellite for receiving the ISL signals” [1]. Using a reflec-
tor antenna with a feed array near the focal plane of the reflec-
tor, incident signals from different directions are focused on
different spots of the feed array. This can be used to dis-
tinguish between signals from different LEO satellites. Over
time, the location on the feed array varies for each signal, as
the LEO satellites are moving and therefore change position

relative to the GEO satellite. This demands a reconfigurable
interface between the multibeam antenna and the subsequent
signal processing unit to keep track of different signals of
interest. A Radio Frequency Microelectromechanical System
(RF MEMS) based switch matrix is well suited to implement
such a reconfigurable interface due to its low losses and
inherent “nearly zero power consumption” [2].

A more detailed description of the multibeam antenna
concept can be found in [1, 3].

I I S W I T C H M A T R I X C O N C E P T

A) Nomenclature
In the following discussion of the switch matrix, letters are
assigned to the 16 single feed antenna elements at the input
of the switch matrix. Since the 4 × 4 array will be divided
into different logic groups, subscripts are used to identify
the corresponding group of the feed antenna element.

Numbers from 1 to 4 and from 1′ to 4′ are used to dis-
tinguish between the eight signals from the two different
subarrays, being switched to different signal processing units
at the output of the switch matrix. Each subarray receiving
four signals is related to the incident signal of one LEO satellite.

B) Specification
To demonstrate the capabilities of the antenna system
described in Section I, a 4 × 4 feed antenna array prototype
will be built. The minimum demonstration scenario of two
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LEO satellites will be considered. The two incident signals are
separated by using 2 × 2 subarrays within the 4 × 4 array.

The synchronous use of a single antenna element in two or
more subarrays results in the need for power dividers. Since
this increases the number of inputs of the switch matrix, for
a first demonstration only non-overlapping subarrays will be
considered. Fig. 1 exhibits three examples out of a total of
17 different possible subarray combinations, including a
single case, in which only one non-overlapping subarray is
usable.

Unused antenna elements have to be terminated by a 50 V

load to suppress resonances and minimize interference with
other antenna elements.

Table 1 gives a summary of the specifications – reduced
requirements of the demonstrator application are taken into
account.

C) Simplified design approach
Based on the considerations of Section B), the design for the
switch matrix can be simplified to reduce the complexity of
the design. Since 2 × 2 subarrays are used to receive each inci-
dent signal, only square-shaped combinations need to be rea-
lized (Fig. 1). Assuming full control over phase and amplitude
excitation for each antenna element, 24 different variable com-
binations of four signals in a 2 × 2 subarray can be covered by
one fixed mapping (e.g. Fig. 1(c)), readjusting phase and
amplitude distribution. A fully switchable matrix results in a
lot of redundant combinations [5]. In a smart concept, this
can be used to simplify the design.

Removing unnecessary and redundant combinations, the
target 4 × 4 array can be built on a base of four 2 × 2 subar-
rays indicated in Fig. 2(a) by different colors and subscripts.
Consequently, the design is reduced to four switch matrices
each with four inputs and two outputs, as depicted in Fig. 2(b).

Following the labeling of Figs 1 and 2, each matrix maps the
signals n and n′ (n [ {1, 2, 3, 4}) to a specific feed antenna
element X (X [ {A, B, C, D}) in one of the four subarrays:

n, n′ � {X1, X2, X3, X4}. (1)

Fig. 3(a) depicts the matrix layout of one module, as suggested
in [4] extended by 50 V terminations for each input.

Owing to the specifications of isolation between two
outputs, the Single Pole Four Throw (SP4T) switches have
been replaced with two cascaded Single Pole Double Throw
(SPDT) switches in the Radant MEMS-based approach as
shown in Fig. 3(b).

Taking into account four modules, a total of 56 SPDT
switches are necessary.

The applied simplifications allow us to reduce the complex-
ity dramatically, compared to the maximum functionality
design approach in [4], incorporating 24 Single Pole Eight
Throw (SP8T) and 80 SPDT switches. The design based on
Fig. 3(b) is feasible, and provides full functionality in terms
of specification.

In addition to this design, another switch matrix module is
built, based on EADS in house technology RF MEMS [2]. In
contrast to the Radant MEMS, isolation specification can be
met using SP4T switches, which further decreases design
and layout complexity, as depicted in Fig. 3(c). The lower
four switches are chosen to be SP4Ts, even though Single
Pole Three Throw (SP3T) switches would be sufficient. This
reduces the design effort for the RF MEMS, that goes along
with designing SP3T as well as SP4T switches. This decision
allows us to integrate and compare two different 50 V input
terminations in the module: discrete Surface Mounted
Device (SMD) and carbon print resistors. Since the parasitics
of SMD housings are known to cause problems at higher fre-
quencies, we hope to avoid these by using printed resistors
without housing. On the other hand, sheet resistance of
printed resistors is hard to control, hence SMD resistors are
kept as a backup.

I I I R O G E R S R T / D U R O I D 5 8 8 0
M A T R I X U S I N G R A D A N T M E M S
S W I T C H E S

A) Design

1) design considerations

The chosen RF MEMS switches (RMSW220HP from Radant
MEMS) require a defined potential on the Radio Frequency
(RF)-lines. Therefore, the signal lines are connected to
ground by a l/4-stub, presenting an open circuit to the

Fig. 1. Three examples out of 17 different combinations for two 2 × 2
subarrays of a 4 × 4 array [4]. (a) Combination 1. (b) Combination 2. (c)
Combination 3.

Table 1. Specifications for switch matrix.

Parameters Requirements

Number of inputs 16
Number of outputs 8
Frequency range 25.5–26.5 GHz
Insertion loss ≤4 dB
Isolation between two outputs ≥40 dB
Return loss of internal termination ≥20 dB

Fig. 2. Feed antenna patch scheme for modular approach ([4], based on [5]).
Different 2 × 2 subarrays are indicated by different colors and subscripts. (a)
Target design. (b) Modular approach.
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signal and a short circuit to ground at Direct Current (DC).
Good results of this approach are presented in [6].

Since 50 V resistors for applications above 20 GHz are
hard to find, matching networks have been applied to
realize a suitable load around the design frequency of
26 GHz. In combination with the l/4-stubs, this matching
determines the bandwidth of the switch matrix.

2) layout

Based on Fig. 3(b), a Printed Circuit Board (PCB) layout for
Rogers RT/Duroid 5880 was designed. The layout of a single
4 × 2 module is depicted in Fig. 4. To achieve the full specified

functionality of the 16 × 8 switch matrix, four such modules
are combined to one unit.

In [4], a multilayer stack-up is proposed to minimize the
insertion loss of the switch matrix. In this first layout, a
planar design is chosen to reduce complexity. The inputs
and outputs on the PCB are connected by cables with the
feeds through the housing, because the planar design does
not allow for RF signal line crossings. It was accepted in con-
sequence that the more simple, planar layout is likely to incor-
porate higher losses, due to additional cable lengths.

Several control lines are needed to set up the switch matrix
state. Since some switches are always used in the same state,
the according control lines are connected on-board to mini-
mize the number of signals. Bond wire connections are used
to realize inevitable crossings of the control lines.

To decrease the bond wire inductance between the
on-board RF lines and the integrated RF MEMS switches,
the bond wires are kept as short as possible. The switches
are mounted in cavities, so that the bond pads of the PCB
and the RF MEMS chips are at the same level. Three parallel
bond wires are used to further minimize the inductance.

3) integration

As stated in Section III.A1), four single 4 × 2 modules are
combined to form one 16 × 8 switch matrix. The assembly
of the switch matrix is depicted in Fig. 5.

Fig. 3. Matrix layout of simplified design approach. One out of four modules, shown for n ¼ 1 and X ¼ A referring to equation (1). (a) Approach suggested in [4]
with additional 50 V terminations. (b) Approach realized with commercially available RF MEMS on Rogers RT/Duroid 5880. (c) Approach realized with EADS
in-house RF MEMS on Rogers Ultralam 3850 LCP.

Fig. 4. Layout of a single 4 × 2 Rogers RT/Duroid 5880 module.

Fig. 5. Photograph of the 16 × 4 Rogers RT/Duroid 5880 switch matrix based on four single modules: view of a 4 × 2 module (a) and entire 16 × 8 switch matrix
(b). (a) Top view of an assembled module. (b) Assembled switch matrix.

modular ka-band switch matrices 353

https://doi.org/10.1017/S175907871300024X Published online by Cambridge University Press

https://doi.org/10.1017/S175907871300024X


Each module is housed individually as shown in Figs 5(a)
and 5(b) to increase isolation between adjacent signals. The
interface features six K connectors for RF signals and a 25
pin D-subminiature connector for the control signals.

B) Measurements

1) measurement method

The insertion loss is characterized between input and output of
the housing. Isolation is evaluated as the insertion loss from one
input to one output, while the signal is routed to the other
output. This way, the inter signal interference is characterized.

Return loss can be considered under different conditions.
In one case, return loss can be obtained while measuring
insertion loss from each input to each output. In the second
case, the input is terminated with a 50 V load. In this case,
the measured result shows the performance of the
termination.

Representative measurements are shown in the following
graphs. The performance of the modules is fully described
by the chosen measurements due to the symmetry of the
design approach in Fig. 4.

2) insertion loss and isolation

In Fig. 6, measurements of isolation and insertion loss are
shown. Isolation is around 50 dB in the whole frequency
range of interest.

The insertion losses are 7 and 8.25 dB at 26 GHz, depend-
ing on the used input. The inputs 1 and 4 exhibit longer lines
and therefore, losses are higher than for inputs 2 and 3.

A measured insertion loss of 0.5 dB/cm is consistent with
the difference in line length of 2.5 cm. The loss of 0.5 dB/cm
is higher than expected and is the main reason for not
meeting the initial specifications of Table 1.

3) return loss

The return losses for matrix outputs as well as inputs that
route signals to an output of the matrix are depicted in
Fig. 7(a). Values lower than 218 dB show good matching.
Fig. 7(b) gives the measurement results for the 50 V input ter-
minations. Around 26 GHz, the return loss is between 8 dB
and 16 dB. It is assumed that with a more uniform integration
of the resistors, the performance will be more consistent.

I V L C P M O D U L E U S I N G E A D S I N
H O U S E R F M E M S T E C H N O L O G Y

A) Design

1) layout

The layout shown in Fig. 8 is based on Fig. 3(c) and therefore
similar to the presented design of the Rogers RT/Duroid 5880
module. Removing the restrictions and design choices intro-
duced by the use of Radant MEMS, this design is less
complex and smaller.

Fig. 6. Measured insertion loss and isolation of two different paths of the 4 × 2
switch matrix module.

Fig. 7. Return loss measurements of the 4 × 2 switch matrix module. (a) During transmission measurement. (b) Terminated inputs.

Fig. 8. Layout of a single 4 × 2 LCP module.
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To make use of the multilayer capabilities [7] of LCP and
reduce top layer complexity, the control lines were routed
on an inner layer. The Rogers RT/Duroid 5880 board has
shown that this is a more favorable approach, because the
amount of bond wires in the other modules – necessary to
bridge RF lines with the control signals – is too big. The
total stack-up results in four metalization layers and three
layers of LCP, comparable to Fig. 12.

2) integration

The assembly of the LCP-based switch matrix is shown in
Fig. 9(a). The integration has been carried out in the same

way as the RT/Duroid 5880-based module described before.
Fig. 9(b) exhibits a photograph of the integrated, unpackaged
SP4T on chip level.

B) Measurements

1) measurement method

The measurement method used for the LCP-based matrix is
the same as described earlier for the Rogers RT/Duroid 5880
PCB.

2) transmission

Signal transmission is fully characterized in terms of s-
parameters in Fig. 10. The module exhibits a high isolation of
more than 55 dB up to 29 GHz, fully meeting the specifications,
while the insertion loss is higher than specified. Two represen-
tative paths have been measured and show insertion losses of
10.2 dB and 7.5 dB for the longer and shorter paths on the
LCP substrate, respectively. A detailed analysis of the losses is
given in Table 2 in Section IV.C) to understand the difference
between expected losses and measurement results.

Around 26 GHz the return loss is approximately 15 dB.
Considering various interconnections in the RF paths
caused by cable connections and chip bond wires, 15 dB of
matching is a reasonable value.

3) input terminations

An important aspect of the switch matrices’s functionality is
to be able to terminate unused antenna elements with a

Fig. 9. Photograph of (a) the 4 × 2 LCP module and (b) an SP4T. The black parts in (b) indicate the curled cantilever.

Fig. 10. Transmission measurements of two different paths of the 4 × 2 LCP switch matrix module. (a) Insertion loss and isolation. (b) Return loss.

Table 2. Verification of losses in LCP module.

Losses per unit
(measured)

Path 1
(dB)

Path 2
(dB)

Cables 6.25 dB/m 1.25 1.25
Microstrip lines 0.64 dB/cm 3.49 1.95
Connectors on cables 0.3 dB/cable 0.6 0.6
Connectors on LCP 0.15 dB/cable 0.3 0.3
RF MEMS outer finger 1.18 dB/MEMS 2.36 1.18
RF MEMS inner finger 1.09 dB/MEMS 0 1.09
Bondwires 0.29 dB/bond 1.16 1.16

Estimation 9.16 7.53
Measurement∗ 10.1 7.4

Estimation 2 Measurement 20.94 0.13

∗Values are corrected for reflection losses by equation (2).
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50 V load. Fig. 11. depicts the measurement results of the two
different realized approaches.

The carbon print resistors show a return loss of 15 dB at
26 GHz as in Fig. 11(a). The differences in the measurements
could be explained by different sheet thicknesses and inhomo-
geneous misalignments of the mask during fabrication. It is
also possible that the print resistors are partially detached
from the LCP, causing different parasitics. The PCB material
is a bit flexible, so that the board could have been twisted a bit
during handling, causing a partial delamination of the thin
carbon sheet.

Fig. 11(b) shows better matching than is measured in the
Rogers RT/Duroid 5880 module. 15 dB of return loss is
good, but needs to be improved to meet the initial specifica-
tion of ≥20 dB. One of the SMD resistors was not working
correctly, hence the graph depicts only the measurements of
the three working input terminations.

C) Loss Analysis
Insertion losses in the modules have been significantly higher
than initially specified, consequently measurements were
carried out to identify potential improvements. Table 2 gives
an overview of different contributions. To compensate for
additional reflection losses

Insertion loss = 10 log10

|S21|2
1 − |S11|2

( )
(2)

has been calculated. This ensures that we consider only losses
within the single contributors, but neglects e.g. higher losses
on lines due to multiple reflections.

Comparing the estimated and the actually measured losses,
the estimation is quite accurate. Differences in integration and
assembly are inevitable, but cannot be well quantified, causing
some uncertainty in estimation.

The losses on the microstrip lines and in the cables, includ-
ing connectors, are higher than expected and cause a major
part of the losses. In addition the RF MEMS switches can be
improved in a redesign to exhibit lower losses. Miniaturizing
the layout would shorten the lines and decrease the losses.
Further ideas are given in Section IV.D).

D) Further improvement of performance

1) improved stack-up for rf multilayer

realization

Part of the losses are caused by the cables and connectors
needed to integrate the PCBs into a housing. These losses
can be minimized with a more advanced layout of the
modules. Fig. 12 exhibits an enhanced stack-up, which fea-
tures major improvements. This approach was already pre-
sented in [4] as a target concept for an LCP-based switching
matrix and has been the base for the current LCP switch
matrix module, presented in this work.

The cable-based integration of the switch matrix results in
high losses according to Table 2. These losses can be avoided
by using glass beads to directly contact the microstrip lines
with the feedthrough on the right hand side of the stack-up
concept.

As a result of this change, RF signal cross overs become
necessary. Using cables, the RF signals could be contacted
everywhere on the PCB, while glass bead feedthroughs can
only be applied at the edges of the PCB.

2) overhanging top layer

The glass beads suggested in the previous subsection demand
an overhanging LCP top layer as indicated in Fig. 12 to keep
the path length for the ground signal as short as possible. To
verify the feasibility of this approach, a test structure was built
and measured. Fig. 13 shows a photograph of this structure
and measurement results.

At 26 GHz the insertion loss is around 2.3 dB, considering
line losses of 1.4 dB, the integration exhibits loss of 0.9 dB for
two connectors. This translates into a reduction of insertion
loss by 1.25 dB per path compared to the current integration.

Fig. 11. Return loss measurements of the 4 × 2 LCP module’s input terminations. One SMD resistor termination was not working correctly and is therefore not
shown here. (a) Carbon print resistors. (b) SMD resistors.

Fig. 12. Stack-up of target LCP multilayer board. See also [4].
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3) signal crossing

To be able to route RF signals to the edges of the PCB, RF
signal crossings need to be realized. Fig. 14 shows the layout
and photograph of such a design. Insertion loss is with
approximately 1 dB rather high and return loss of 10 dB
needs to be improved in a redesign, but the feasibility of this
approach could be demonstrated.

4) on wafer 50 V terminations

An alternative approach for the 50 V input termination is
given in Fig. 15. Loads can be realized on wafer, so that no
additional components have to be integrated on the PCB.
Figs 15(a)–15(c) depict a microstrip realization, in which the
RF line is terminated with a meandered high impedance
line. A lossy implantation zone below the high impedance
line is attenuating the signal during propagation. Three differ-
ent meander structures have shown promising results of
different bandwidths in the simulation and have been
fabricated to verify this behavior.

Fig. 15(d) shows a version without meandered lines. The
end of the microstrip line is directly connected to the lossy

implantation zone by a contact hole. The first part of the
implantation works as a resistor, while the following part
can be seen as a lossy l/4-transformer. This design is harder
to design and control than the first three versions, because
the physical implantation zone on the wafer is difficult to
model. Owing to the fabrication process, the implantation
becomes more diffuse at the edges and cannot be realized as
a homogeneous, sharply bordered area.

Fig. 16 exhibits the measurement results on 200 mm silicon
wafers. Version 1 and version 3 have shown different band-
widths in the simulation, but are identical in measurement.
The reasons for this are not entirely clear. Version 2 gives
similar results of approximately 14 dB of return loss at
26 GHz. All three versions give already after the first design
run similar results to the discrete input terminations realized
in the different switch matrix modules.

Version 4 gives the most promising results, featuring a
return loss of 219.7 dB at 26 GHz, which is equivalent to a
load of approximately 61.5 V. This value is very close to the
initial specification. The highest return loss of 223 dB is
given at 28 GHz–equivalent to 57.6 V. The length of the
implantation zone can be adjusted in a redesign to move

Fig. 13. Test structure for overhanging LCP top layer. (a) Photograph of the test structure. (b) Measurement.

Fig. 14. Layout and photograph of signal crossing. (a) Layout of the test structure. (b) Photograph of the test structure.

Fig. 15. Different versions of on wafer 50 V terminations. (a)–(c) with meandered microstrip lines, (d) without microstrip line, featuring an oxide opening to
contact the implantation. Silicon wafer thickness: 200 mm. (a) Version 1. (b) Version 2. (c) Version 3. (d) Version 4.
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this maximum to the target frequency of 26 GHz. As stated
before, the physical dimensions of the implantation zone are
hard to control, hence a frequency shift of 2 GHz can be
explained by the uncertainty of physical dimensions of the
implantation.

V C O N C L U S I O N S

A simplified modular design approach for a 16 × 8 switch
matrix based on RF MEMS switches has been presented in
this paper. While maintaining the full specified functionality,
a reduction of complexity toward a feasible degree could be
achieved. Two demonstrators have been built using two differ-
ent RF MEMS technologies. While the first demonstrator uses
commercially available RF MEMS switches on a Rogers RT/
Duroid 5880 single layer PCB, the second demonstrator inte-
grates unpackaged EADS in house RF MEMS switches in a
Rogers Ultralam 3850 LCP multilayer PCB. Both modules
have been housed and fully characterized.

The Rogers RT/Duroid 5880 module has been built four
times to demonstrate the full specified functionality. In the
complete frequency range of 25.5–26.5 GHz, good results
have been obtained. Insertion loss between 7 dB and 8.5 dB,
isolation of around 50 dB and a minimum return loss of
18 dB have been shown.

For the LCP-based switching matrix only one module was
built, since the full switching matrix consists of four equal
modules. Therefore, the performance of the switch matrix
can be obtained by characterizing one single module.
Measurements have shown insertion losses between 7.5 dB
and 10.2 dB with return losses of 15 dB. Isolation is higher
than 60 dB almost over the complete measured frequency range.

Concerning the application scenario, different path charac-
teristics of the switch matrices affect the phase and amplitude
distribution of the feed antenna. Since the control unit is per-
manently aware of the switch matrix’s current state, varying
path characteristics can be compensated by signal processing,
so that no on board compensation is necessary.

An alternative technology for input termination has been
presented. Using on wafer 50 V loads, discrete SMDs or
printed resistors can be avoided and integration complexity
and effort are reduced. The lack of bond wires and solder con-
nections additionally increases reliability.

Finally, an analysis of the losses in the LCP module is given
to identify the main contributions and discuss possible
improvements. A comparison between insertion loss
measurements and the given estimations shows good agree-
ment. The main contributors to insertion loss are the cables
and connectors needed for integration and high losses on
the microstrip line. While the line losses are difficult to
reduce without changing the substrate, the cable losses can
be avoided by changing the integration approach, as pre-
viously discussed. To prove the feasibility of the suggested
integration technique, test structures have been fabricated
and characterized.

Since unpackaged RF MEMS are sensitive to environ-
mental influences, a package is developed [8] to offer better
protection. The next step is to package the RF MEMS and
integrate those in a PCB as shown before.
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