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Abstract: A geometrical re-configurable structure based on RF Micro-electro-mechanical switches (RF-MEMS) is
proposed in this work. The structure is composed of an array of gold metallic patches interconnected together
utilizing RE-MEMS switches in order to change its geometry and, consequently, the scattering parameters. In
particular, the reconfigurability is achieved by activating multiple RE-MEMS switches, which enables the change
of electrical length and, consequently, the resonance frequency of the structure. As a proof of concept, an
experimental antenna prototype composed of an array of 7 x 7 elements interconnected by a set of RE-MEMS
switches has been designed, fabricated numerically and experimentally assessed. The structure can be set as an
antenna or other basic radio frequency components. The obtained experimental results are in good agreement
with the simulations, with an error of less than 5% for the considered radiating structures. The quite promising

results demonstrated the potentialities and flexibility of the proposed structure.

Keywords: reconfigurable antennas, RF-MEMS, MEMS antennas, mm-wave antenna

1. Introduction

New generation of telecommunication systems, such as mobile smartphones, offers more than
multimedia-based services that require high reconfigurability despite the limited dimensions of the
devices. Overcrowding of the radio band has been a constant problem within the tumultuous rev-
olution in wireless technology over the decades [1]. There has been growing interest in developing
reconfigurable or smart antennas in recent years due to the increasing demand for flexible, multi-
functional devices that can adapt to changing communication requirements and environments. These
antennas can modify in real time their radiating characteristics [2-4], and they can play a key role
in any communication system since can alter their physical or electrical properties in order to opti-
mize their performance for a particular application or operating environment. The most diffused
reconfigurable antennas are the fully adaptive arrays. They are radiating systems able to modify
their radiating properties by continuously changing amplitudes and phases of the power supply of
each array element. Different well-known analytical methodologies exist for the optimal synthesis
of the array elements, as in [5,6]. Other methodologies make use of evolutionary algorithms, such as
genetic algorithm (GA) [7-9] or particle swarm optimizer (PSO) [10-12], have been used effectively
for control the radiating properties of linear or planar arrays. These techniques effectively simplify
the hardware and, simultaneously, limit the costs, operating only on the phase of array elements
[13,14]. To further simplify the hardware complexity [15] of adaptive antenna systems, some simplified
radiating structures called parasitic antennas have been considered. Parasitic antennas consist of only
a single active element (connected to the antenna port) and several parasitic structures surrounding the
active element. The parasitic elements can be connected to different passive electronically controlled
loads aimed at modifying the radiation properties of the active element [16,17]. Recently, this class of
antennas has also been adopted in the framework of adaptive antenna systems [18]. Reconfigurable
antennas can improve system performance by providing improved gain, bandwidth, efficiency, and
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reduced interference and power consumption [19], and they are particularly useful in situations where
the operating environment is dynamic or uncertain. A variety of new technologies have been used
to realize reconfigurable antennas, including liquid metal [20] electronic switches [21,22] such as pin
diode [23], varactors, and mechanically reconfigurable elements [24,25]. One promising approach to
reconfigurable antenna design is using Micro-Electro-Mechanical Systems (MEMS) technology [26].
MEMS technology offers a particularly promising approach for developing reconfigurable antennas
due to its ability to create microscale electromechanical devices with high reliability and low cost [26].
MEMS devices can be fabricated using established microelectronic processes and can be integrated
with other electronic components on a single substrate to create highly integrated and compact systems
[27]. This makes MEMS technology particularly well-suited for realizing reconfigurable antennas for
use in portable and mobile communication systems. Current results show that the MEMS antenna has
a significantly wider tuning range than the fixed-tuned patch antenna, with a maximum gain improve-
ment of over 3 dB in certain frequency bands. The MEMS antenna also exhibits lower sensitivity to
changes in the operating environment, such as temperature and humidity, compared to the fixed-tuned
patch antenna. These results demonstrate the potential of MEMS technology to enable highly adaptable
and reliable communication systems for use in the X-band frequency range. RF-MEMS technology was
initially developed to replace GaAs HEMT switches and p-i-n diodes for low-loss switching networks
and X-band to mm-wave phase shifters. MEMS-based reconfigurable antennas are attractive due
to their small size, low cost, very low loss properties (high device Q), its simple microwave circuit
model, low power consumption, its high power (voltage/current) handling capabilities (such as the
Menlomicro company devices) and ease of integration with other microelectronic components [26].
These characteristics make them suitable for various applications, including wireless communication
[28], radar, and satellite systems [29]. In particular [30], X-band MEMS reconfigurable antennas have
garnered significant attention due to their ability to operate in the X-band frequency range (8-12 GHz),
which is commonly used for satellite [30] and radar applications [31]. Despite the potential benefits of
X-band MEMS reconfigurable antennas, their practical implementation has been limited by several
challenges. One of the main challenges is achieving a wide reconfiguration range while maintaining
sufficient radiation efficiency and stability [32]. In addition, there are also challenges related to the de-
sign and fabrication of the MEMS switching elements [33]. To address these challenges, several recent
research efforts have focused on developing novel X-band MEMS reconfigurable antenna designs and
fabrication techniques [23]. Others many practical engineering applications make use of RF MEMS and
obtained very good performances [35,36]. In [37-39] preliminary attempts to fabricate reconfigurable
hairpin filters are reported, while in [40-45], different reconfigurable microwave devices are reported.
MEMS are very useful for wireless sensors [46] and reconfigurable antennas [47]. RF- MEMS show
very good performance in switching speed (reduced up to a few uS), scattering parameters and power
consumption, and they demonstrated to work properly up to 100 GHz. This work presents a new
kind of reconfigurable antenna based on MEMS switches. The proposed structure acts similarly to a
field-programmable gate array (FPGA), a configurable integrated circuit. It consists of square gold
blocks that can be connected together thanks to a set of electronic MEMS switches. By properly
activating the MEMS switches, the gold blocks can be configured and interconnected together to obtain
different geometrical structures able to implement frequency reconfigurable antennas, impedance
transformers and other basic RF components. As a proof of concept, an experimental prototype
consisting of 7 x 7 gold patches interconnected by means of a set of RE-MEMS switches is designed,
fabricated, numerically and experimentally assessed. The proposed solution is monolithic, since all the
structures are made in a single technology and a single chip, like MEMs switches, this is the main key
of force which makes the proposed prototype compact, simple and with very low power consumption.
The paper is structured as follows: section two details the reconfigurable matrix structure based on
RE-MEMS. A detailed description of the development and fabrication of a prototype is reported in
section three. Section four is devoted to the numerical and experimental assessment of a prototype.
Finally, section five reports the conclusions and ideas for further work.
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2. Reconfigurable Antenna Structure

In this section, the reconfigurable matrix structure is detailed. It consists of gold square patches
sets that can be interconnected using radio frequency MEMs. Each gold patch has four and three
MEMs switches for the central and boundary patches, respectively. The total length of the structure L
is given by the following;:

L=N,xD+ (N,—1)G 1)

where N, and D are the number and size of gold square patches, respectively. G is the MEMs length.
As it can be noticed from Figure 1 the structure is modular, different matrices can be combined together
in order to create complex geometries. In particular, conductive traces can be obtained by properly
activating the MEMs switches. Figure 2 reports an example of a patch antenna equipped with a quarter
wavelength transformer and a feeding microstrip, as it can be noticed all the elements have been
realized by properly activating the MEMs. This structure is very versatile, and it is possible to obtain
different complex geometries with a suitable number of matrices.

L um]

e

. L - Metallic Gold Pad
Dlml G [um]

| RF MEMS switch

Figure 1. Schema of the reconfigurable antenna structure based on a matrix of RE-MEMS switches.

. Metallic Gold Pad

[ RF MEMS switch

Patch antenna

Figure 2. Matrix configured as patch antenna equipped with a quarter wavelength transformer and
feeding microstrip.

Another big advantage of this structure is that all the components can be fabricated directly
on the substrate, power consumption is very low since MEMs are voltages driven, no current is
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required for their activation, and moreover, they can operate from low frequency up to 100GHz.
The main drawback of the reconfigurable structure is the complexity of the switch control network.
The following Figure 3 shows the whole cad of a 7 x 7 matrix structure, with MEMs switches and
control pins aimed at activate rows and columns of gold patches. The cad has been obtained with the
professional software cadence. In the following, we’ll consider the 7 x 7 matrix as a basic structure
since it can be combined with similar ones to obtain more complex geometries. The next section will
detail a prototype fabrication of a reconfigurable matrix.

Figure 3. CAD schema of a 7 x 7 elements reconfigurable matrix.

3. Development of a 7x7 Reconfigurable Matrix Structure Prototype

As a proof of concept in this section, a 7 x 7 reconfigurable matrix structure is described, designed,
fabricated, numerically and experimentally assessed. As stated above one of the main prototype key
of force is its monolithic structure, all the components are made with a single technology and in a
single chip. This section is divided into two subsections: the first focuses on the MEMS switch, and the
second on the whole matrix structure providing fabrication details.

3.1. MEMs Switches Design

This subsection describes the RFE-MEMS switches design and the key components to enable
the reconfigurability of the proposed matrix reconfigurable structure. In particular, the following
description is a summary for further additional and more detailed considerations about the MEMs
design and characterization can be found in [44]. The considered switch device is a clamped-clamped
structure of series ohmic type, driven by an electrostatic actuation mechanism. The series connection
between the two interrupted sections of the main RF signal line is obtained utilizing an ohmic metal-
to-metal contact between a movable membrane and the underlying contact pads. Figure 4 reports the
MEMS switch fabricated prototype.

Figure 4. Micro photo details of the single RF MEMS switch.

The switch dimensions are quite compact, with an overall reduced physical footprint of 430 x
170um?. The switch layout reported in Figure 4 consists of an 8-mask surface micro-machining process
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developed on a 6-inch Silicon support, covered by a basic layer of Silicon oxide. The Silicon oxide is
deposited and used on the different layers, to isolate them. Then, it is etched and filled with conductive
materials, and an electrical connection must be established between adjacent layers. The fabrication
procedure is detailed in [45,49]; more details concerning the different masks will be summarized in
the following subsection to describe the reconfigurable matrix prototype. The scattering parameters
(S-parameter) of the considered MEMS switch have been numerically and experimentally assessed.
In particular, a comparison between simulated results obtained with commercial software, namely
Ansys HFSS, and measurements have been performed with a vectorial network analyser (VNA) on a
broad observation range starting from DC up to 110 GHz. In particular, the on-wafer measurement
setup, the MEMS switch prototype, has been characterized using Ground-Signal-Ground (GSG) probes
connected to a Vector Network Analyzer (VNA).

In particular, Figures 5 report the return loss S1; in (a) open (when the membrane is in rest
position) and (b) closed (pulled in membrane) conditions, respectively. The insertion loss Sy; is
reported in Figures 6 also in this case in (a) open and (b) closed switch conditions, respectively. As
it can be observed from the data reported in Figures 5 and 6, the agreement between numerical
and experimental results is very good. The overall measured return and insertion loss are quite
good, especially up to 50GHz, at higher frequency bands, the performances of such switches are very
satisfactory, and they outperform other electronic switches such as PIN diode or MOSFET transistors.
In light of the considerations and experimental assessment, the RF-MEMS switch proved to be a
compact and reliability-oriented device. It provides wideband and remarkable electrical features that
make it a suitable building block for the proposed reconfigurable matrix structure.

= Simulated
m—— Measured

' L I . I L
0 10 20 30 40 50 60 70 80 90 100 110
Frequency [GHz]

LET S

Closed
w

0 10 20 30 40 50 60 70 80 90 100 110
Frequency [GHz]

Figure 5. RF-MEMS switch simulated vs. measured Sq1, (a) open, (b) closed position.
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Figure 6. RF-MEMS switch simulated vs. measured Sy, (a) open, (b) closed position.

3.2. 7 x 7 Matrix Prototype Description

In this subsection the description of 7 x 7 reconfigurable prototype is detailed. The complete CAD
layout obtained with the Cadence software is reported in Figure 7. As stated above, one of the main
advantages of this technology is that every component (gold patches, switches, feeding and control
lines) can be designed on the same substrate and the final prototype, once completed and printed is
immediately operative. The fabrication consists of eight different masks (the same procedure used for
the production of the MEMs switches).
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Columns control

Feeding line

Single element
Zoom

Rows control

Complete layout

Figure 7. Complete CAD layout of the 7 x 7 elements reconfigurable matrix, obtained with the Cadence
software.

The first mask is used to realize the central buried electrode (in pink with reference of Figure 7)
and the serpentine-shaped resistors connecting the movable membrane to the ground planes, and the
lines laying under the anchoring points of the metallic bridge. It consists of a Poly-Silicon layer. In
particular, the former are meant to keep the MEMs switches membrane to null voltage while preventing
the RF signal from flowing towards the ground. The second mask extends the device’s reliability by
acting as a micro-heaters and restoring the membrane to the rest position in case of stiction. Stiction
is the missed release of the membrane when the voltage of the buried electrode is set to zero, and
it occurs because of micro welding or trapped charge within the oxide since the voltage applied to
the two pads implies a flow of current along the resistor, which results in a thermal expansion of the
locked membrane and in an induced restoring force [43]. The third mask consists of a Multi-Metal
layer based on Aluminium composing the buried sections of the RF underpass signal line (in blue
with reference to Figure 7). It ends in correspondence of two contact pads laying on the surface of
Silicon oxide, obtained by evaporating Gold (fifth mask). The suspended membrane provides the
interrupted electrical connection of the signal lines, which is deployed onto a photoresist sacrificial
layer (sixth mask). Then, two layers of electroplated Gold (seventh and eighth masks) compose the
connection frames, the movable membrane (in brown), and the two anchoring points. The MEMS
membranes’ nominal actuation (pull-in) is obtained with a voltage signal at 21V, which is the amount
of voltage at which the membrane would reach its maximum displacement of about 2.5ym. Further
details concerning the fabrication procedure and the stress residual estimation of the thin films are
reported in [50,51].

Figure 8 shows a photo of the Si wafer with different prototypes, while Figure 9 reports a high-
resolution photo of a single prototype obtained with an optical microscope. The whole dimensions
of the prototype are 5230 x 5230um?. Each gold patch is 430 x 430pum?, and it is connected with the
other surrounding patches by four MEMs switches. On the left side of Figure 9, it can be observed
the gold pad is used as a feeding point for the RF signal. The prototype structure presents a thickness
t = 656.4pm, more in detail: the gold layer has a thickness t; = 5um, the silicon dioxide is characterized
by a thickness t4;,, = 1.4pm and a dielectric permittivity €4;,, = 3.94, and the last layer made of silicon
has a thickness tg; = 650pum and a dielectric permittivity eg; = 11.9. A matrix prototype have been cut
from the Si wafer and predisposed for the experimental assessment.
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Figure 9. High resolution photo of the 7 X 7 matrix prototype made with an optical microscope.

4. Numerical and Experimental Assessment

In this section the numerical and experimental assessment of the obtained prototype is carried
out in order to demonstrate the effectiveness of the proposed structure.

4.1. Numerical Assessment

Let us start with the first experiment, the matrix has been set as microstrip line of different width
by activating rows of the matrix. In particular, we increased the microstrip width by adding different
rows. The simulation was carried out using the ADS electromagnetic simulator (from Keysight
company). The whole cad structure has been imported into the simulator, and for the sake of accuracy,
the disconnected gold patches (with the surrounding MEMs switches in an open state) are considered
in the simulation. In the first simulation, only one activated row is considered. This configuration
which represents a microstrip of thickness t,, = 430um with an impedance of about Z,, = 54.75Q).
Then different rows have been added by properly activating the MEMs switch (up to six rows) in order
to increase the microstrip width and consequently decrease the microstrip impedance. The microstrip
width ranges from t,, = 430um up to t,, = 3430um. The obtained results are summarized in Table 1;
the fourth column reports the microstrip impedance; as expected, the microstrip impedance decreases
with the width starting from Z,, = 54.75() for a single activated row, and for six activated rows, the
impedance decrease up to Z,, = 10.34Q). Despite the simplicity of this first set of experiments, it is
worth noticing that the capability to implement microstrip segments with different widths permits
the fabrication of quarter wavelength transformers, broadband impedances transformers and other
fundamental radio frequency or microwave components.
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Table 1. Reconfigurable structure set as microstrip of different widths.

Rows || Coloumns || Thickness [um] || Impedance [Q)]
1 7 430 54.75
2 7 1030 35.82
3 7 1630 2542
4 7 2230 18.21
5 7 2830 12.68
6 7 3430 10.34

In the second set of numerical experiments, a more complex geometry consisting of a reconfig-
urable patch antenna has been considered. In these experiments, different columns are activated in
order to modify the length and, consequently, the resonance frequency of a rectangular patch antenna,
obtaining an electronic reconfigurable antenna able to operate in different frequency bands. The
simulations were done with the ADS software, and also, in this case, to simulate realistic scenarios,
the disconnected gold patches (with all the surrounding MEMS in an open state) were considered
in the simulation. The obtained results are reported in Figure 10. As it can be noticed from the
data reported in Figure 10 the patch obtained with all the seven columns activated represents a
5230 x 5230pum? square patch antenna with a resonance frequency of about f7,7 = 8.0GHz as indicated
by the yellow curve of Figure 10. Then, as can be observed by reducing the column number from
seven to two, the resonance frequency decreases consequently due to the antenna length reduction.
The following resonance frequencies, with reference to Figure 10 have been obtained for the different
configuration: f7.¢ = 10.5GHz (black line), f7«5 = 14.5GHz (cyan line), f7.4 = 17.0GHz (green line),
f7x3 = 22.5GHz (blue line), and f7x3 = 30.0GHz (red line).

$11(dB)

— T35
s 75 |

7x4 |
— 73 |

11 2 / r
S 7x5 \ 75 —7|

7x2

1 | 1 | )
0 2.5 5 7.5 0 125 15 175 20 225 25 275 30 325 35
Frequency [GHz]

Figure 10. Simulation of different rectangular antenna patches obtained by properly connects the gold
pads.

4.2. Experimental Assessment

Concerning the scattering parameters, a set of on-wafer measurements has been carried out. The
experimental setup is reported in Figure 11. The prototype has been characterized through Ground-
Signal-Ground (GSG) probes connected to a Vector Network Analyser (VNA). A gold ground plane of
thickness t; = 100um has been placed below the prototype structure. The first set of measurements
aims to measure the impedance of microstrip lines of different widths obtained by activating rows of
the matrix as in the first numerical experiment. The goal of this first set of measures is to confirm the
simulated data reported in Table 1. The comparisons between numerical and experimental results are
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summarized in the following Table 2, as it can be noticed the measurements are in good agreement
with the simulation, and the maximum error is 11.0%. The error is probably due to the measurement
procedure that used small needles to connect the prototype sections. However, the results obtained
can be considered quite satisfactory.

Figure 11. Photo of the experimental measurement setup.

Table 2. Microstrip of different widths, simulation vs. mesures.

Thickness [um] || Simulated [Q)] || Measured [Q)] || Error %
430 54.75 60.22 10.0
1030 35.82 38.68 8.0
1630 25.42 28.21 11.0
2230 18.21 19.81 8.8
2830 12.68 14.01 10.5
3430 10.34 11.30 9.3

The next set of measures aims to verify the prototype’s capabilities as a reconfigurable patch
antenna. The structure has been set as a rectangular antenna patch by activating four of the seven
columns characterized by a resonance frequency f7.4 = 17.0GHz. The patch antenna’s S1; has been
measured with the vectorial network analyser and considering the experimental measurement setup
shown in Figure 11. The results are reported and compared with the numerical data in Figure 12, as it
can be noticed the measured resonance frequency is f;;, = 17.5GHz 500 MHz higher with respect to
the simulated data. The frequency shift is probably due to the considered experimental measurement
setup, since the connection between VNA and patch antenna has been done with suitable conductive
tips as shown in Figure 11. The next measure considers the structure with all the seven columns
activated, corresponding to a square patch of dimension 5230 x 5230um? and a resonance frequency of
frx7 = 8.0GHz. Also, in this case, the measures are compared with the numerical data and reported in
Figure 12. Also, in this case, the measured resonance f77 = 8.6GHz, 600 MHz higher with respect to
the simulated data. A similar frequency shift has been observed for all the other configurations.
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Figure 12. Simulated vs. experimental measurement for a 7 x 4 rectangular patch configuration.
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Figure 13. Simulated vs. experimental measurement for a 7 x 7 rectangular patch configuration.

5. Conclusion

This paper presents a reconfigurable structure that can be set by modifying its geometry to be a
reconfigurable antenna or microwave component. The structure works like a field-programmable gate
array (FPGA), a configurable integrated circuit that can be repeatedly programmed after manufacturing.
It consists of an array of square gold blocks with a connecting set of electronic MEMS switches. The
gold blocks can be configured to interconnect each other to perform various radio frequency or
microwave components, such as frequency reconfigurable antennas, impedance transformers and
other basic RF components. As a proof of concept, an experimental prototype consisting of 7*7 gold
patches interconnected by means of a set of RE-MEMS switches is designed, fabricated, numerically
and experimentally assessed. The proposed programmable prototype is an attractive candidate for
modern wireless communications such as mm-wave devices and CubeSat satellites. The obtained
results have shown the potential versatility of the proposed reconfigurable structure. Future advances
will be devoted to increasing the dimensions and number of patch elements and simplifying the control
structure of the MEM switches.
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