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Two different topologies of radio frequency micro-electro-mechanical system (RF MEMS) series ohmic switches (cantilever
and clamped-clamped beams) in coplanar waveguide (CPW) configuration have been characterized by means of DC,
environmental, and RF measurements. In particular, on-wafer checks have been followed by RF test after vibration,
thermal shocks, and temperature cycles. The devices have been manufactured on high resistivity silicon substrates, as building
blocks to be implemented in different single-pole 4-throw (SP4 T), double-pole double-throw (DPDT) configurations, and then
integrated in Low Temperature Co-fired Ceramics (LTCC) technology for the realization of large-order Clos 3D networks.
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. INTRODUCTION

Switch matrices have broad applications in redundant and
broadcasting systems. Microwave and millimeter-wave
switch matrices are essential components in telecommunica-
tion systems since they enhance satellite capacity by providing
full and flexible interconnectivity between the received and
transmitted signals. The demand for advanced switching
systems has increased due to the recent growth in multimedia,
mobile, and internet applications.

In satellite payload systems mechanical switches are still
used, they exhibit low loss, but are bulky. Micro-electro-
mechanical system (MEMS) technology has attracted tremen-
dous interest across the world, and research efforts are constantly
growing for reliability and integration purposes. MEMS fabri-
cation techniques take advantage from the maturity of the fab-
rication technology commonly utilized in the production of
integrated circuits (ICs). Several advances have been recently
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performed in the realization of radio frequency (RF) MEMS.
The integration of MEMS into traditional RF circuits resulted
in systems with superior performances and lower manufactur-
ing costs. The incorporation of MEMS-based fabrication tech-
nologies into microwave and millimeter-wave systems offers
viable routes toward ICs with MEMS actuators, antennas,
switches, and transmission lines [1-7]. The resulting devices
operate with an increased bandwidth and with an increased
radiation efficiency, and they are very promising for the
implementation of aerospace and defense systems. A key
role is played by the RF MEMS switches. These devices are
able to process RF signals via a transmission line changing
the state from on to off by means of an electrostatic actuation
(but it can also be magnetic, piezoelectric, thermal, and so on)
due to a voltage applied between a suspended metal mem-
brane and an electrode. They pass from an up state to a
down state generating an open or a short circuit on the TX
line [8-11]. This paper presents the tests performed on single-
pole single-throw (SPST) ohmic series switches to be
implemented in different topologies of single-pole 4-throw
(SP4 T), double-pole double-throw (DPDT), and then inte-
grated in LTCC technology for the realization of large-order
Clos 3D networks. Two different SPST switches have been
tested, based on cantilevers and clamped-clamped beams,
both in coplanar waveguide (CPW) technology. The charac-
terization was performed to select the best SPST configuration
in terms of the RF and mechanical response of the switch.
Specifically, the recorded data have been vital for simulations
on a 16 X 16 matrix, in order to decide the matrix topology
and the expected fulfillment of the electrical performances
for the overall system. From preliminary simulations on
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Fig. 1. Multi-layer technology to realize: (a) the contact bumps, (b) the stoppers, and (c) the electrodes for (d) the final device. LTO refers to low thermal oxide
deposition by silane SiH,, TEOS to the higher temperature tetraethylorthosilicate deposition (Si(OC,H;),). “Metal” means a multi-layer deposition comprising Ti/
TiN/Al/Ti/TiN. The partial thicknesses used for the metal multilayer are, starting from the substrate toward the top surface are, in nm: Ti 30, TiN 50, Al 410, Ti 60,
TiN 8o arriving to a metal having a total thickness of 630 nm, as it is shown in the figure. In particular, Ti 30 nm and TiN 50 nm are diffusion barriers toward the
poly, whereas Ti 60 nm and TiN 80 nm on the surface are used for both diffusion barrier and to hindrance the hillocks formation during the LTO deposition.

such a system, based on single switch data coming from pre-
vious technological runs, large-order Clos 3D networks
embedded in a LTCC structure would be the best candidates
for the final matrix. The aim of this paper is to present the
current state-of-art for an on-going European Space Agency
(ESA) supported project. For this reason, we are presenting
not only the building blocks characterization (single switches,
SP4 T, and DPDT) but also the general aims for this activity,
including the matrix simulations, because this will be the final
output for the contract. In this way, the reader can have a
better feeling of the full story, of the general requirements,
and the currently available results. We have performed a com-
parison between two possible building blocks looking mainly
to their electrical performances, leaving as a second future step
the improvement in the reliability by using billion cycles,
which is, by the way, not a critical issue for this application.
For this reason, the single switches have not been stressed
so much, because the main aspect is to evaluate highly reliable
switches with a limited number of actuations. Specifically, the
ESA program supporting this activity requires a maximum
number of actuations for re-configuration purposes in the
order of 1000.

Il. DESIGN AND TECHNOLOGY

RF MEMS switches are subjected to various failure mechan-
isms, eventually leading to stiction during several or long-term
actuations [12]. Charging effects due to dielectric layers used in
the actuation pads are presently one of the most limiting factors
in the device reliability [13]. Further to the optimization of the
dielectric properties of the deposited oxides, in recent years
some mechanical solutions have been developed to overcome
such a problem. A solution consists in the realization of
dielectric-free pads in order to avoid the contact of the bridge
with the actuation pad [14]. In this section, and in the following
ones, the terms “pillars,” “stoppers,” and “stopping pillars” are
used as synonyms. This non-contact configuration is possible
by either realizing mechanical stoppers on the bottom surface
of the bridge layer or building stopping pillars on the actuation
pad. The latter solution has been adopted because it does not
require any modification of the MEMS process previously
developed for double-clamped beams within the consortium,
and it is shown in Figs 1 and 2 [7].

All SPST switches are monolithically manufactured on
p-type, 200 wm thick, highly resistive silicon wafers by using
the eight-mask MEMS process developed at FBK-irst [7].
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The developed and tested series ohmic winged switches are
summarized in Table 1, and the general structure is shown
in Fig. 3. The dimensions of the bridge for this kind of
switch are length = 500 wm and width (in winged area) =
150 wm. The cantilever switches are summarized in Table 2
and the structure is shown in Fig. 3. A high resistivity
silicon substrate, with p > 5000 ) cm has been used. The
peculiar characteristics of the manufactured devices have
been chosen to check the improvement due to the presence
of both: (i) bumps under the wings, and (ii) pillars, for provid-
ing the full actuation but avoiding or minimizing the contact
between the metal beam and the actuation pads. The first sol-
ution is used to improve the ohmic resistance of the actuated
switch, because of the increasing number of contact points of
the metal beam onto the substrate, balancing possible shape
irregularities at the end of the beam (cantilever) or on the
wings (double clamped structure). The second solution,
already studied by other groups, provides an almost contact-
less actuation, thus preventing or decreasing the charging
effects. The manufacturing process includes a shaping along
the double-clamped configuration, and selective gold electro-
plating. Au is thicker in the center with respect to the sides, to
obtain a quite robust structure in the middle, but maintaining
a good flexibility on the lateral sides (close to the actuation
pads), thus facilitating the full collapse and a good electrical
contact. The same conditions have been utilized for the canti-
lever, to obtain a robust, but easy to be actuated single-
clamped configuration. The pillars, as it will be presented in

Fig. 2. SEM picture of the double-clamped SPST series ohmic switch
belonging to a SPDT structure. Two lateral wings are used for improving the
electrical contact at the I/O ports. Details of the switch are given in the
figure. “C” means the place where the metal beam is clamped.
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Table 1. Series ohmic winged switches description.

RF MEMS OHMIC SWITCHES FOR MATRIX CONFIGURATIONS

Table 2. Cantilever description.

Name Description Name Description

SwW Stopping pillars, no dielectric above the polysilicon pad, five =~ CW Stopping pillars, no dielectric above the polysilicon pad,
circular bumps seven circular bumps, dimensions 110 X 170 pm®

SW2 Stopping strips instead of pillars, no dielectric above the CW2 Stopping pillars, no dielectric above the polysilicon pad,
polysilicon pad, five circular bumps seven circular bumps, dimensions 110 X 145 pm®

SW3 Like SW, three square bumps, longer and shaped wings, CW3 Stopping pillars, no dielectric above the polysilicon pad,
larger pad, no dielectric above the polysilicon pad, three circular bumps, shaped cantilever tip
minimum overlap area CW4 Stopping pillars, no dielectric above the polysilicon pad,

SW4 Like SW, no dielectric above the polysilicon pad, 11 13 rectangular bumps, dimensions 110 X 170 pm?*
rectangular bumps CWs Like CW, thicker cantilever, no dielectric above the

SWdiel Like SW but no stopping pillars, TEOS, and LTO above polysilicon pad, larger pads, no wing mechanism, two
the pad, five circular bumps circular bumps

CWdiel Like CW no pillars, TeOS, and LTO above the polysilicon

the measurement section, are a valid technological solution to
almost suppress the charging onto the actuation pads. On the
other hand, some criticalities have still to be solved, because of
the consumption of the pillars after a number of actuations,
which can cause a premature failure of the switch when
minded for billion of cycles. Technology is in progress to
improve this manufacturing detail.

The exploited configurations differ between them for the
number of pillars, eventually using one stopping stripe only,
and for the number of bumps (from 3 to 11), as expressed
in Tables 1 and 2. Additional splits for the same basic con-
figurations are the length of the wings, and the presence or
absence of dielectric films onto the actuation pads. Square
or circular bumps do not make an evidence for a shape depen-
dence of the electrical response. Polysilicon has been used for
the feeding lines, whereas TetraEthyl OrthoSilicate (TEOS) or
Law Temperature Oxide (LTO) films have been deposited for
the dielectric actuation pads (Fig. 4).

I, TEST PROCEDURES

The SPST devices have been tested by DC and RF measure-
ments, with the goal to select the most promising configuration.
In particular, five samples belonging to the same wafer, ran-
domly chosen, have been characterized. It has to be stressed
that, because of the peculiar application, i.e. signal routing for
reconfiguration of the satellite, no failure is allowed for the
SPST used as building blocks, or at least the limiting factors

metal-to-metal contact

double clamped bridge

CPW central conductor

lateral wings

Fig. 3. Series ohmic winged switch. Lateral wings have been included for
improving the electrical contact. When the switch is actuated, the bridge,
isolated with respect to the ground, closes the central conductor of the CPW
with a metal-to-metal contact and the device is in the ON state.
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for their utilization have to be properly addressed. In particular,
because the technology for implementing the presented con-
figurations is still in progress for optimizing their electrical per-
formances, we stopped the measurements when a significant
change in the S-parameter response was recorded. The accepted
changes in the S-parameters response have been defined at the
beginning of the activity, according to ESA requirements on
the final matrix structure. Actually, —10dB should be the
maximum acceptable loss for the 16 x 16 matrix, and
—15 dB the return loss. As it will be demonstrated in the last
section of this paper, the expected performances for the building
blocks are tight, and they have to be compliant with the entire
matrix requirements. Then, the SPST has to be very performant
too. For this reason, an ohmic series switch has been evaluated
to be a good candidate if its loss is in the order of —o0.3 +
0.1 dB, with a return loss not exceeding —30 dB up to 20 GHz.

The procedures and the obtained results are summarized in
the following sub-sections.

The tests have been done under nitrogen flux with a temp-
erature ranging between 23 and 24°C and relative humidity
(RH) <30%.

A) DC test

The contact resistance versus the voltage Ramp signal (1 V/s)
has been measured by using the experimental setup

metal-to-metal contact

cantilever

Fig. 4. Top view of the cantilever MEMS switch.
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Fig. 5. Experimental setup for the characterization of the contact resistance of the ohmic switches. DUT is the device under test.

diagrammed in Fig. 5. The contact resistance versus the
voltage Ramp signal (1 V/s) has been evaluated. The typical
behavior for SW and CW switches is shown, where the resist-
ance change due to actuation and de-actuation is given. It is
worth noting that, in the studied configurations, charging pre-
vention is obtained by means of pillars, avoiding the contact
onto the actuation pads. In fact, the measured actuation
voltage V,. has been found to range between ca. 40 and 50
V for both configurations also after 10°> cycles, and with
unchanged RF performances at least up to 10* cycles for the
CW device.

The typical behavior for the CW and SW switches is shown
in Figs 6(a) and 6(b), where the resistance change due to actua-
tion (voltage required to actuate the bridge) and de-actuation
(voltage required to de-actuate the bridge) is given, together
with a preliminary reliability test including cycles up to 10°.
In spite of a decrease in the performances due to the contact
degradation because of the current flow, data belonging to the
configuration labeled as CW are considered more promising
for the future device implementations.

Time offset is noticed in the pull-down response of the
tested devices. It is not clear which is the cause for such an
effect. The authors believe that the story of the device is
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affected by the number of cycles experienced, but no evidence,
from the recorded data, is obtained on a reliable measurement
of the offset.

1) RF TEST

On-wafer S-parameters of the switches, in the ON and OFF
state, have been measured by means of a HP VNA 8510C
from 45 MHz  to 40 GHz, with commercial
short-open-line-throw (SOLT) and in-house developed TRL
calibrations. The experimental setup used for the RF charac-
terization is shown in Fig. 7.

The environmental test conditions with for the measure-
ment setup in Fig. 7 are: temperature T'= 23°C and relative
humidity RH ~ 30%. For the RF test the following conditions
have been imposed: SOLT calibration from 45 MHz to
40 GHz; power = 3 dBm, number of points = 8o1; multi-
meter resolution: current 1 pA, voltage 1 wV. A voltmeter
(Hp3478 Digital Multimeter2) is in parallel between the actua-
tion pads of the switch and the ground pad, to check the
actuation voltage as close as possible to the device, and a
current meter (Hp3478 Digital Multimeter1) is in line to
check the amount of current flowing in the switch.


https://doi.org/10.1017/S1759078712000074

——First De-actuation

20 -
] —— De-actuation after 1000 cycles
18 —— De-ctuation after 100000 cycles
16
V=47V R=2 860
14 -
— i N=49V R=2 660
% 12 4
2 ] V=47V R=4,32Q
g 104 ;
» 8- r
@ /
x - P <
6 L~
4 %}—._.—/
2 4 u—’_h/_/__‘/__
04
v T T T T T T T
45 50 55 B0 B5
Time (sec)
(a)
20 4 ——First De-actuation
—— De-actuation after 10000 cycles
18 V=47V R=19,250 De-actuation after 100000 cycles
— 16V R
G 184
3 -
[
S 14
0
i . V=4TVR=12.590
r 124
10
3 T T T ¥ T T T
45 50 55 60 65 70
Time (sec)
(b)

Fig. 6. Contact resistance of the CW (a) and SW (b) switches as a function of
time. Reliability by means of cycles up to 10° actuations has been also
measured. Better contact resistances have been measured for the CW
configuration with respect to the SW one. De-actuation refers to the voltage
at which the bridge is re-stored to the initial position, after being actuated.

Scattering parameters have been recorded before and
during the reliability test (up to 10° cycles) and the results
are shown in Fig. 8 (isolation) and in Fig. 9 (return loss and
transmission) for the SW switch in the OFF and ON configur-
ations, respectively, whereas in Figs 10 and 11 the same find-
ings are shown for the CW one. In Fig. 9 the insertion loss is
more detailed with respect to the scale of the previous Fig. 8.
In the captions of the following figures, an extended notation
of the tested device has been used to indentify its position
within the wafer. In particular, “L” and “C” mean “Line”
and “Column” respectively, for a mask with several lines
and columns containing repetitions of the same device
structure.

B) Environmental tests

1) THERMAL TESTS

Thermal tests are important verifications for determining
some of the reliability aspects in RF MEMS devices.
Specifically, temperature can change metal shape and proper-
ties of the bridge, because stress can be induced in the clamped
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structure, with more evidence in a double-clamped one, where
two mechanical constrains are present. Moderate thermal
treatments contribute in the elongation of the metal, with sig-
nificant variations of the actuation voltage because of the dis-
tance change between the metal beam and the wafer surface
(gap). Such a voltage will decrease or increase depending on
the direction of the residual stress characterizing the manufac-
tured device. Higher temperatures can modify permanently
the shape of the beam, and the metal will result in a
damaged structure.

For testing the exploited devices, three kinds of experimen-
tal procedures have been followed:

(1) Gluing test: The switches have been glued on a gold plated
Kovar carrier, using different temperatures: 30, 80, and
125°C.

(2) Thermal storage: The switches, glued at 30°C have been
submitted to a thermal storage test, which has been per-
formed with the following settings: 1000 h at 125°C in
nitrogen ambient according to ESA PSS-o01-612/Mil
STD 883 — Method 1010, “B.”

(3) Thermal shocks/cycles: The switches subjected to the
thermal storage test have been then measured under the
following thermal shocks/cycles: 50 thermal shocks per-
formed in nitrogen ambient, using a dual chamber,
from —s55 to +125°C (ESA PSS-01-612/Mil STD 883 -
Method 1010, “B”). Ten thermal cycles performed again
in nitrogen ambient, with T, = —35°C, and
Tmax = +75°C. The temperature variation was imposed
by means of a ramp R = 1 min/°C, with minimum and
maximum temperature hold time of 1 h.

DC parameters (actuation voltage, contact resistance,
de-actuation voltage) and RF parameters (S-parameters in
up and down state) have been measured before and after all
the thermal tests.

2) VIBRATION TEST (OR MECHANICAL TEST)
Vibration test is a standard characterization in space appli-
cations and, generally speaking, in harsh environments. For
space, it means to check the response of the device or sub-
system to be launched, for determining its sensitivity to
specific steps of a mission, with special care for the launch
of a satellite. Actually, the sizing of a spacecraft design is
largely based on the launcher vibration loads. As everything
that will go to space will have to be launched, vibration tests
have to be scheduled when validating a technology for
space. Moreover, during the launch phase the activity of the
electronic and electromagnetic instruments on board is
limited. Then, vibration environment of the launcher has to
be taken into account together with the electromagnetic com-
patibility of every instrument belonging to the specific
launcher. In our case, after the stress, the RF and any other
designed specification have to be maintained.

The standard vibration test imposed for ground determi-
nation of the flight conditions during the launch consists of
a sequence encompassing: Z-axis vibration, X-axis vibration,
and Y-axis vibration. In turn, each axis vibration includes
the following steps: the search for the resonance frequency,
the sine vibration, and the random vibration, respectively.
The DC parameters, including the following: (i) actuation
voltage, (ii) contact resistance, and (iii) de-actuation voltage,
and the RF parameters, including S-parameters in up and
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Fig. 7. The test bench is composed by the following instruments: one dual power supply for the devices actuation, one PC, one VNA, one waveform generator for
the pulse train definition, two digital multimeters for controlling both actuation voltage and current flow (if any), one temperature-relative humidity sensor (T,

RH% in the figure). The DUT is kept under nitrogen flow.

down state have been measured before and after the vibration
test.

The results coming out from the above outlined thermal
and mechanical tests are summarized in Tables 3 and 4.

From the analysis of the results presented in the previous
tables it turns out that, presently, thermal cycling can be a
killing factor for some of our devices. On the other hand,
mechanical test performed on the same device after the
thermal characterization is less critical and not dependent of
the structure. Specifically, the cantilever configurations,
having one constrain only from a mechanical stand point,
are affected, as expected, by a change in the actuation
voltage, but failure (F) after thermal cycle is less probable
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Fig. 8. Isolation performances of the SW switch. Curves are practically
super-imposed.
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with respect to the double-clamped beams. Generally speak-
ing, the SW devices (double-clamped) exhibit a trend in the
decrease of the actuation voltage, probably due to a downward
reshaping of the bridge up to possible sticking (micro-
welding) for high temperatures, whereas the CW devices (can-
tilevers, single clamped) should exhibit an upward reshaping
of the beam, with a resultant increase in the actuation voltage.

3) ENDURANCE TEST
The endurance test has been performed with the aim to check
the device response after voltage stresses, including cycling
and continuous DC biasing.

It has been divided in two tests:

(1) Cycling stress test: Uni-polar biasing condition with a duty
cycle of 50% and a frequency of 100 Hz has been applied
to the device under test.

(2) DC stress test: A continuous uni-polar biasing signal has
been applied for 10 min to the device under test. The
S,.(V) test (S,, parameters V; voltage from —100 to
100 V) has been used as parameter to check the perform-
ance of the SPST before, during, and after the tests as
shown in Fig. 12. The amplitude of the signal voltage,
used for the previous stress test, is adapted to the
pull-in and pull-out voltage obtained in the S,,(V') test.
It is usually set to 1.1-1.2 time the pull-in voltage.

Looking at the results presented in the previous plots, the
measured RF performances are in agreement with
the expected ones, and with the required specifications for
the building block of the matrix. For the series ohmic
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Fig. 9. Return loss (a), and transmission (b) for the SW switch.

winged switches in the off state, isolation is well under —20 dB
up to 30 GHz. Concerning the on state, a return loss better
than —20 dB has been measured for all devices in the fre-
quency band ranging from 45 MHz to 40 GHz. Insertion
loss values vary a bit depending on the type of calibration,
roughly ranging from —o.2dB (TRL calibration) and
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Fig. 10. Measured isolation performances for the CW switch up to 10° cycles.
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—o0.5dB (SOLT calibration) for frequency values between
DC and 20 GHz, giving evidence for an equivalent contact
resistance of about 1.8 ).

All CW-type devices show an insertion loss better than
—0.3 dB and return losses better than —30 dB from DC to
20 GHz. Isolation is better than —20 dB up to 13 GHz and
better than —10dB up to 40 GHz. All CW-type switches
show on-state characteristics identical between them, as
expected from simulations. Identical off-state isolation per-
formances have been also measured, with the only exception
of CW3 device, which shows an isolation which is about
2-3 dB better than the others. This is perfectly in agreement
with what expected, since the switch has been designed with
a reduced overlap area between the cantilever and the signal
line. The CW-type switches are more robust than the
SW-type switches, and they are characterized by a higher
pull-in voltage. Owing to the results coming from the endur-
ance tests, more attention will be focused on CW2 and CW4
test structures, which have exhibited the most promising
results.

V. SWITCH MATRIX DESIGN

With the proposed switches a 16 x 16 switch matrix will be
built. From the simulations, a 3D Clos network embedded
into an LTCC surrounding seems to be the best candidate.
The general topology is depicted in Fig. 13. It consists of
four stacked 4 x 4 blocks, repeated three times with a
rotated orientation by 90°. The result is a very compact struc-
ture, each of the 12 blocks can easily be realized in LTCC. An
extension to a bigger matrix can easily be done, just by stack-
ing more sub-blocks with more in- and outputs. For example
with 48 planar 16 x 16 sub-blocks a 256 x 256 matrix can be
built by the same principle.

Clos networks are a subclass of the re-arrangeable networks
[16]. Such a network consists of two symmetrical outside
stages of rectangular sub-blocks with an inner stage of
square sub-blocks. Here all sub-blocks are of 4 x 4 type.
Each sub-block can be realized utilizing six DPDT switches
in Bene$ topology [17] as shown in Fig. 13. An even more
compact approach is based on SP4 T switches [15], where
only eight SP4 T switches need to employed for one 4 x 4
sub-block.

The layouts of the SP4 T and DPDT based on the described
ohmic switches in coplanar technology to be used in the
switch matrix are shown in Fig. 14.

The utilized SP4 T switch consists of a cascade of two SPDT
switches realized with cantilever ohmic switches. In order to
improve the isolation an additional shunt switch is added in
every output path. The DPDT switch in Fig. 14(b) consists
of four SPDTs, employing ohmic series switches of bridge
type. The realization based on Bene$ block with DPDT's exhi-
bits more switches in one connection path; on the other hand,
the connection circuitry is less complicated with a low number
of crossings, which can be realized easily with only two layers
of LTCC. The cross-section of on 4 x 4 block with the silicon
chip embedded into a multilayer LTCC with metal package
and connector pins is shown in Fig. 15.

To evaluate the RF transition performances, a full-wave simu-
lation is performed part by part and their results are combined
using circuit simulators for the feasible signal path [18, 19].
This is because the entire structure has lots of signal paths
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Fig. 11. Insertion loss and return loss for the CW switch up to 10° cycles.

Table 3. Actuation voltage for different SW switches measured on the
same wafer after thermal and mechanical tests.

Actuation voltage [V]

Initial After T cycle After Mech. test
SW 90 64 78 F F F 75 F F
SW2 80 70 65 F F 60 F F 74
SW3 55 60 70 55 F F 55 70 F
SW4 88 90 75 74 F F 80 F F
SWdiel 50 50 60 F 28 F F F F
CW 50 55 62 F 65 F 90 69 40
CW2 50 52 60 F 55 F F 60 100
CW3 50 70 70 F 57 35 65 100 40
CW4 52 90 65 F 55 55 100 50 40
CWs 35 40 42 45 42 42 F 45 45

Cwdiel 55 55 63 74 55 55 85 60 65

SW, SW2, etc. refer to devices taken from different positions within the
wafer. Some failures have been recorded mainly for the SW configuration.
The same happens for the CW devices. Structures manufactured on the
edge of the wafer usually present higher actuation voltages, due to a
thicker electroplated bridge. This effect appears to be less critical for the
CW devices, mostly having V, in the order of 50-55 V.

and their configuration is too complicated to perform a full-
wave simulation. The simulation parts are carefully chosen
so that the coupling with other parts is negligible for they
cannot be taken into account during result combining by
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Fig. 12. §,,(V) test for the CW switch at 8 GHz. The S,, change due to the
actuation of the SW switch before and after the DC stress is plotted, with
full overlap between the initial and final curves. It is an evidence that the
endurance test was passed without modifications in the electrical response of
the device.

the circuit simulator. Every transition parts — layer to layer,
bond wire, bond ribbon, RF pin connectors, etc. — are opti-
mized to get feasibly best performances [20]. According to
the simulation, the best results for the entire matrix were
obtained by the 4 x 4 block utilizing SP4 T switches of
which performances are depicted in Fig. 16.

In the shown configuration a high isolation can be
expected, as the coupling of signals in the SP4 T and especially
between the isolated building blocks is low. The insertion loss
is well above —10 dB up to 15 GHz due to the low number of

Table 4. Scattering parameters of the SW and CW devices after temperature and mechanical stress.

S21 (dB)

Initial After T cycle After Mech. test

6 GHz 12 GHz 18 GHz 6 GHz 12 GHz 18 GHz 6 GHz 12 GHz 18 GHz
SW —2.2 —2.5 —2.7 F F F F F F
SW2 —0.9 —1.1 —1.3 —1.1 —1.3 —1.9 —1.1 —1.3 —1.5
SW3 —1.7 —1.9 —2.1 F F F F F F
SW4 —1.6 —1.8 —2.1 F F F F F F
SWDiel —-1.3 —1.5 —1.7 F F F F F F
CW —0.5 —0.6 —0.8 F F F —0.4 —0.5 —o0.7
CW2 —0.6 —o0.7 -1 F F F —1.1 —1.3 —1.4
CW3 —0.6 —0.8 —1.1 —0.3 —0.4 —o0.8 —0.4 —0.5 —0.7
CW4 —1.4 —1.5 —1.7 —0.3 —0.4 —0.9 —0.3 —0.4 —0.9
CW5s —0.6 —o0.7 —0.9 —0.5 —0.6 —1.1 —0.6 —o0.7 —0.92
CWDiel —0.5 —0.7 —0.9 —0.5 —0.6 —1.1 —0.4 —0.5 —0.7

F means failure.
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Fig. 13. 3D Clos configuration of the final matrix.
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Fig. 14. (a) SP4 T switch based on SPDT switches with an additional shunt
switch in the second stage, in order to improve isolation, and (b) DPDT
switch based on ohmic switches.
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sub-block

4 separated sub-blocks
stacked on top of each other

Same blocks rotated by 90°

employed switches in one pass. The only critical parameter is
the return loss, which is comparably high because of the
higher number of vias and connection pins. Here some
more optimization of transitions and connections could lead
to better results. With the Benes network we obtained worse
isolation, as more coupling within one DPDT occurs. The
insertion loss is higher due to the higher number of employed
switches. Only the return loss is comparable, here the connec-
tion circuitry is more simple; however, the number of tran-
sitions from the silicon blocks to the LTCC substrate is higher.

V. CONCLUSION

Cantilever and series ohmic winged switches for satellite
applications have been fully tested. Cantilever switches
exhibit better performances (lower contact resistance and
insertion loss) with respect to clamped-clamped beam ones,
and superior characteristics on all reliability aspects (including
thermo-mechanical robustness). Moreover, they generally
show a better agreement with respect to preliminary simu-
lations and are less sensible to the stopping pillars manufac-
turing process. As a consequence, cantilever switches are
currently preferred with respect to clamped-clamped beams.
Dielectric layers on actuation pads prevent a reliable operation
of the devices due to relevant charging effects, and this tech-
nological solution shall therefore be abandoned. The efficiency
of the alternative solution, based on the utilization of stopping
pillars, is confirmed by testing, and corrective actions in terms
of geometry and dimensions shall be implemented on a
second run in order to ease their manufacturing. Prototypes
of SP4 T and DPDT with the switches shown in this paper
have been already measured as reported in [15], and they
will be implemented as soon as the corrective actions will be
performed on the SPST devices. Matrix configurations using
the proposed building blocks have been simulated for practical
realization in an LTCC environment. Currently, sub-matrix
elements have been manufactured with LTCC packaging.
They are under test for final decisions about the assembly
techniques to be followed for the full matrix, in order to
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Fig. 16. (a) Simulated return loss, (b) simulated insertion loss and (c) simulated isolation of the entire matrix based on 3D Clos network with SP4 Ts.

fulfill the system requirements outlined at the beginning of
Section III.
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