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This paper presents recent advances on reconfigurable reflectarrays at the University of Perugia. In particular, the activities
carried out in the framework of the FP7 project ARASCOM (“MEMS and Liquid Crystal based” Agile Reflectarray Antennas
for Security and COMmunication). As for ARASCOM outcomes, the purpose of the project is the design of a very large recon-
figurable reflectarray controlled with micro-electro-mechanical systems (MEMS) for mm-wave imaging system at 76.5 GHz.
A system with sufficient resolution to detect concealed weapons impose challenging requirements on the antenna, which shall
be made of hundreds of thousands elements. The problem has been addressed by exploiting some innovative solutions and
architectures that will be described in this document. In particular, the dimensioning of the reflectarray, the proposed
1-bit geometry of elementary cell, and the innovative biasing control architecture are reported together with the MEMS
design and fabrication and the experimental results of a demonstrating board that validated the adopted procedure.
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. INTRODUCTION

Innovative and high-performance antenna systems are
required in modern communication systems, as well as in a
number of industrial and military applications. At the same
time, new technologies and devices are emerging to comply
with such specifications. In this context, electronically recon-
figurable antennas are receiving increasing interest from
industries active in key areas such as space and terrestrial
communications, remote sensing, microwave imaging, and
radar systems. Such antennas, in fact, potentially exhibit
exceptional performance in scanning/tracking velocity, toler-
ance to vibrations, coverage modification, and robustness
against interferences. Reconfigurability is typically accom-
plished by employing solid-state tuning devices (pin or varac-
tor diodes, Field Effect Transistor (FET)). Recent advances in
RF-MEMS (micro-electro-mechanical systems) technology
eventually enable the use of such components in RF and
especially in mm-wave systems. Thanks to their inherent
low cost and high performance, RE-MEMS can potentially
bring in completely new classes of tunable devices and circuits,
particularly at high frequencies where the semiconductor-
based counterparts suffer from unavoidable limitations
such as loss, non-linearities, and cost. In this framework,
reflectarrays (RAs) are of special interest particularly at
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mm-wave frequencies, where the loss associated with the
feeding network makes impractical the use of directly
radiating arrays.

RA antennas combine indeed the advantages of reflector
antennas with those of phased arrays. In its basic form (see
Fig. 1) an RA consists of a planar array of radiating elements
illuminated by a primary source (the feed), similar to classical
reflector antennas. The individual elements of the array are
designed to scatter the incident field while impressing the
appropriate phase shifts in such a way as to form a plane
wave front that propagates in a prescribed direction or,
more generally, to create the required radiation pattern.
Various types of scattering elements can be used in the prac-
tical realization of RAs, e.g. microstrip patches or waveguide
apertures, operating on linear, dual, or circular polarization.
The phase shift (sometimes also the amplitude variation) pro-
duced by the radiating element can be obtained in several
ways that, generally speaking, can be grouped into two main
classes: in the first one, the phase shift is obtained by
varying the shape of the radiating elements [1-9].
Reconfigurability can be achieved by integrating the tuning
device within the radiating element so as to either alter its elec-
trical properties or its geometry. Compact multi-beam RAs
have been developed by Menzel et al. [10, 11] employing a
polarizing grid as a sub-reflector. Reconfigurability is obtained
in [12-14] by exploiting the voltage-dependent dielectric
properties of liquid crystals. Various approaches are proposed
employing varactor diodes [15-20] or RE-MEMS [21-30] as
tuning devices for reconfiguring the RA.

In the second class of control techniques, the radiating
element is separated from the tuning element (a phase
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Fig. 1. RA principle of operation.

shifter), yet electromagnetically coupled to it. This approach
allows one to separately design the radiating and the control
sections of the antenna, without much concern - within
certain limits - of the mutual interactions among them.
Examples of such an approach to fixed beam RAs are given
in [31-35], while electronically tunable RAs are proposed in
[36] using PIN-diodes, in [37] using varactor diodes, in [38]
using liquid crystals, and in [39-50] using RF-MEMS. In par-
ticular, in [46-50], the specific research activity carried out by
the University of Perugia is reported, in the framework of the
European Network of Excellence AMICOM (Advanced
MEMS for RF and MIillimeterwave COMmunications),
which has led to the design and fabrication of two RAs oper-
ating at Ka-band, both employing nearly 1000 RE-MEMS.
Concerning active architectures, General Electric Co. pro-
posed in a patent [51] an active RA, including amplifiers
and phase shifters on the elementary cells. Also, an active
RA with MESFET amplifiers operating at X-band was demon-
strated at the University of Queensland (Australia) [52].
Finally, an active architecture based on quadrature com-
ponents vector decomposition and weighting and therefore
simultaneously allowing amplification and phase shift has
been proposed in [53-54].

In this paper the work performed in RAs by University of
Perugia is presented. In particular, the activities carried out
within the Agile Reflectarray Antennas for Security and
COMmunication (ARASCOM) project [55] are reported,
one of the objective being the exploitation of MEMS
technology in mm-wave RA s for security imaging
applications. Due to the fact that the required antenna is
extremely large, a number of technical solutions have
been developed. This paper presents for the first time in a
complete and comprehensive way all the main aspects of the
project, starting from requirements to architectural choice,
MEMS design, measurements, antenna simulations, and
future steps.

II. ENABLING TECHNOLOGIES FOR
RECONFIGURABILITY

Different technologies can be used for the tuning elements.
Each technology has a different impact on the system in
terms of costs, losses, power consumption, and control
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complexity. Since for many practical applications reconfigur-
able RA s may be made of thousands of elementary cells, the
adopted technology has definitely a strong impact on the
overall cost. In Table 1, the main enabling technologies for
reconfigurability are summarized, together with some of the
key parameters that have to be considered for their selection.
In this table a tentative comparison of the available technol-
ogies has been performed.

A unique advantage of RA antennas is that the packaging
can be made at antenna level, or subarray level. This aspect
had been exploited by University of Perugia since AMICOM
project for the MEMS-based RA [46-50], allowing to
realize an RA directly on wafer and then package the entire
structure.

. INNOVATIVE ARCHITECTURES
FOR RECONFIGURABLE RAS

The design of a large reconfigurable and foldable RA antenna
for broadband emergency communications in Ku-band has
been carried out within the ESA project named RESKUE
(ESA contract n° 22078/08/NL/ST). Due to the extremely
large number of elements, the reconfigurability with 1-bit
phase resolution has been successfully investigated. Thanks
to the non-quadratic phase distribution produced by the
feed over the antenna aperture, a phase resolution of 1 bit
can effectively steer the beam without grating lobes with a
gain decrease of only 3 dB and virtually no loss of pointing
angle accuracy. Reconfigurability was obtained through the
employment of PIN diodes, though the adopted architecture
may be also compatible with other technologies, such as
RF-MEMS. Details of the project and most recent achieve-
ments are reported in [56, 57].

In the frame of FP7 project ARASCOM (‘MEMS and liquid
crystal based’) [58], one objective is to demonstrate the feasi-
bility of a large MEMS-based RA for imaging systems at
77 GHz. The objective of the project is the antenna, not the
imaging system by itself. Therefore, in this paper only
the aspects concerning the antenna design are covered. The
antenna under development, meant for airport security appli-
cations, shall give a resolution of nearly 2.5 cm in a target
(human body) of maximum 2 m height by 1 m width (this
requirement is given by one of the industrial partner of the
consortium, Selex-SI - Italy). The first step in the design pro-
cedure is to estimate the dimensions and the characteristics of
the required array; to this end, a few computations are
required, reported in subsequently.

Let us consider a rectangular array: the size can be carried
out independently for the two dimensions, horizontal and ver-
tical. With reference to Fig. 2 the 3 dB beamwidth of a vertical
array pointing toward 6 is given in the far field by the follow-
ing formula [59]:

5-3

BW, g3 ~ ——————.
348 (N + 1) 7 cos (0) )
On the target the observed spot has a width of
BW, 45 Dyax BW,i H/2
S tw — 3 — 3 ,
PO cos (6) cos (0) sin (6) )

where H is the target height. By combining (1) and (2) we
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h=2mt

Fig. 2. System dimensioning.

obtain

2.65 H

N~ Spot,, w cos? () sin (6) - )

Once the half-power spot width is fixed, the number of
elements only depends on the maximum steering angle 6.
Figure 3 shows the variation of the required number of
elements for a given resolution (2.5 cm) versus 6. The
minimum value of N is obtained when the target is seen
under 35.32° maximum steering angle (view angle of 70.64°)
and is nearly 180°. This means that the antenna shall be
placed at 1.41 m from the target.

Obviously the spot width varies while scanning the target
(Fig. 4). By performing the same computations for the
azimuth plane, we obtain a value of nearly 110. All these com-
putations have been made assuming a pattern in the far field.
By applying the near-field correction, however, similar values
are obtained. Nevertheless, to the purpose of the ARASCOM
project it is sufficient for the moment to consider an RA of
180 X 110 elements, i.e. nearly 20 ooo radiating elements.

Such an array presents many critical aspects that have been
handled by developing a number of solutions:

1) The elementary cell has 1-bit phase resolution. As already
mentioned, this approach can effectively produce a beam
steering without grating lobes, with an enormous cost
and complexity reduction.

Element Number vs maximum steering angle
1800 T T T T T T T

1600
1400
1200

1000

Number of Elements

0 I I I I I I I
10 20 30 40 50 60 70 B8O

Steering angle (degree)

Fig. 3. Required element number with respect to the maximum angle of
observation of the target. The minimum is at 35.32°.
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Variation of the 3dB spot width with the steering angle

21

Half power spot width

40 -30 -20 -10 0 10 20 a0 40
Steering angle

Fig. 4. Variation of the spot width along the target height for N = 180.

2) The phase-shifting circuit is placed underneath the radiating
element (a patch) so as to allow for a significant reduction of
the cell area. Such architecture makes it possible to individu-
ally fabricate the radiating elements as small chips that can
be later assembled in a very large RA [60].

3) Each elementary cell employs two MEMS. By separating
the illumination and exploiting the fact that an MEMS
can be actuated by either a positive or a negative voltage,
the number of biasing lines is reduced from theoretical
39 600 to just 400.

4) Inorder to obtain (3), the MEMS have been designed in such
a way as to have DC pads electrically isolated from RF pads.

In the following the details of the elementary cell, the adopted
biasing network, the RE-MEMS design, manufacturing, and
test are provided.

A) Slotline elementary cell architecture

The developed elementary cell is depicted in Fig. 5. It is made
of a square patch antenna realized on the top layer of a thin
quartz substrate (h = 300 pwm). The patch is slot coupled to
the 1-bit phase-shifting circuit realized in slot-line technology
on the backside of a quartz substrate. The slot-line layer (or
phase-shifting layer) consists of three lines connected in T
configuration; each line is terminated with a U-shaped slot,
so as to be coupled to one of the two linear polarizations
that can be radiated by the patch. A fourth dummy slot (not
connected) is used to make the layout symmetrical so that
the radiation diagram of the elementary cell is identical for
both polarizations.

(a)

A pair of MEMS switches are integrated in the phase-shifting
layer; the MEMS bridges are anchored at the substrate and short
circuit the two metal planes when pulled down. The control of
the cell is obtained by activating the switches so as to obtain
an single Pole Double Through (SPDT) that alternatively con-
nects slot 1 with slot 2 or slot 3.

When a linearly polarized field, either vertical or horizon-
tal, illuminates the elementary cell the orthogonal polarization
is back-radiated, independently of the cell state. Since slots 2
and 3 feed the patch at opposite edges, in the two cases the
reflected field has opposite directions, equivalent to 180° of
phase difference.

It is worth observing that the phase-shifting circuit has
been designed entirely confined underneath the patch so
that the area of the elementary cell does not exceed 1 mm?,
i.e. a quarter of wavelength at 76.5 GHz.

The elementary cell was simulated full wave by exciting it
with a linear polarized plane wave. Electric and magnetic
probes in both polarizations have been used to extract the
two-port S-parameters of the cell, being the two plane-wave
ports associated to the two orthogonal polarizations.
Simulations have been performed with Floquet ports and
periodic boundary conditions in Ansoft HFSS vi1. Figure 6
shows the S-parameters of the elementary cell: it is evident
that the elementary cell properly rotates the polarization of
the field within a bandwidth of nearly 20 GHz (S11 and
S22 lower than —10 dB). The structure was simulated in
both MEMS configurations (MEMS simulated as ideal
short circuits). The phase of the cross-polarization reflection
coefficient in both cell configurations is also shown: as
expected, a 180° flat phase-shift response is observed, even
outside the patch bandwidth.

To validate the principle of operation of the elementary
cell, a board made of 16 x 16 elementary cells all in the
same configuration has been realized (Fig. 7).

The MEMSs have been replaced by short/open connec-
tion. It can be noticed from Fig. 8 that, by simply rotating
the elementary cell 9o°, the two configurations correspond-
ing to the two states of the elementary cell are obtained. In
other words, by physically rotating the cell 9o° a 180° of
phase-shift is obtained; this principle has been used for the
measurements.

The free-space reflection coefficient of the board is
measured in a small anechoic chamber with a couple of
horns, as shown in Fig. 9. Both the cross-pol and co-pol reflec-
tion coefficient of the cell have been measured with the aid of a
waveguide twist.

____________Square___
(@) tch [
Slor - b

. B 1 smdore o masn o madh
TR VL OGS TR PR

(b)

Fig. 5. Sketch of the elementary cell (a) and picture of the phase shifting layer (b). The dotted line indicates the square patch located on the radiating side of the cell.
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Fig. 6. Amplitude of the elementary cell scattering parameters (a) and phase of cross-polarization reflection coefficients of the cell in both possible configurations (b).
Port 1 and Port 2 are the plane waves associated with the two orthogonal polarizations of the field.

Figure 10(a) shows the comparison between measured
and simulated results. In both cases less than —20 dB co-
polarization reflection coefficient is measured at center
frequency (76.5 GHz). Losses are calculated around 3 dB at
center frequency. This value is affected by uncertainty due
to the approximate knowledge on the conductivity and rough-
ness of the silver metal plate and the gold of the antenna.

The relative phase difference between cross-polarization
reflection coefficients of the cell in both states has been eval-
uated: Fig. 10(b) shows 6° maximum measured error with

Fig. 7. Manufactured quartz wafer.

(@) (b)

Fig. 8. Phase-shifting layer of the cell with rotation of 0° (a) and 90° (b).
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respect to the ideal case (180°) and an average 177° relative
phase shift. This can be easily ascribed to small errors in the
placement during board rotation (i.e. to change the state): at
76.5 GHz, 1° phase shift can indeed be easily obtained with
a 10 pm shift in the RA position.

B) Bias control architecture

As highlighted in Section III(A), the elementary cell has been
optimized for minimum dimensions (1 X 1 mm?®). In this
manner it is possible to fabricate thousands of small chips
containing both the elementary cell and the phase-shifting cir-
cuitry. These chips will be then mounted in a special printed
circuit board, where cavities properly (half-a-wavelength)
spaced are drilled (Fig. 11). This board will also have
printed biasing lines that will be wire-bonded to the chip
and provide the necessary connection from the external
biasing device to the single chip. A large RA can also be
realized by properly spacing thousands of small chips over a
suitable support realized on a low-cost material.

Ground continuity between chips and supporting board is
also realized through wire bondings (Fig. 12). This solution
allows one to obtain a considerable reduction of design com-
plexity thus of the RA fabrication cost.

Even by exploiting the 1-bit solution, the practical control
of tens of thousands of elements is a critical issue. The control

Fig. 9. Measurement setup and antenna under test (AUT).
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Fig. 10. Simulated and measured deembedded reflection coefficients of 16 x 16 RA (a). Measured relative phase difference between cross-polarization reflection

coefficients of the cell in both polarizations (b).

Fig. 11. Sketch of the supporting board with cavities and printed biasing lines and with elementary cells inserted in the cavities.

circuitry can be dramatically simplified by exploiting the
concept of separable illumination: the phase shift of the
generic (m, n) cell necessary to steer the beam of the RA in
any far-field direction (6,, ¢,) can be expressed in the form

0 0

d d
[ — —27T<m)\—xsin 0, cos ¢, + n)\—Ysin 0, sin 4’0)

any + B,

where «,,, and 8, are the phases imposed by the row m and
column n, respectively.

By taking advantage of the 1-bit phase resolution of the
cells, an interesting solution for the control architecture has
been carried out. Table 2 shows the phase that each cell
shall assume depending on the column and row state, together
with the MEMS state and assuming that when the lines are set
to high voltage the phase is 180°. Note that one of the MEMS
(i.e. MEMS#1) of the cell shall exhibit the equivalent of an
XOR function while the other has a complementary behavior:
this can be very easily accomplished by connecting the two
pads of MEMS#1 at the row and column biasing lines, respect-
ively. In this manner, when the column and row have the same
biasing voltage (States 2 and 4), MEMS#1 is not actuated
whereas when they have different voltages (States 1 and 3)

https://doi.org/10.1017/51759078711000754 Published online by Cambridge University Press

MEMS#1 is actuated either by a positive or negative potential.
MEMS#2 should exhibit the opposite behavior: this can be
accomplished by still connecting one of its pads to the row
(or column) biasing line, and the other to an additional
biasing column (or row) having opposite state: the total
number of biasing lines is therefore M + 2*N (or 2*M +
N). In our case, by setting M = 180 and N = 110 we need a
total of 400 lines.

In Fig. 11, the bias control architecture is evident: each cell
is controlled by three lines, one for the row and a complemen-
tary pair for the column. In order to realize this kind of

Fig. 12. Sketch of the elementary cell inserted in the cavity: (a) top view and
(b) bottom view.
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Table 2. Description of the RE-MEMS actuation with respect to the column and row state.

Row m (0° = GND Column n (0° = Cell (m, n) MEMS#1 MEMS#2
180° = V) GND phase (sum) actuation actuation
180° = V*)
State 1 0°, GND 180°%, V' 180° Yes No
State 2 180°, V7 180°%, V' 360° = 0° No Yes
State 3 180°, V© 0°, GND 180° Yes No
State 4 0°, GND 0°, GND 0’ No Yes
sy ALY connection, RE MEMS have been designed in such a way as to
s LTO have electrical isolation between RF and DC signals, as illus-
Anchor

Fig. 13. Schematic side view of the switch.

y

(a) (b)

Fig. 14. Simulated current distribution on the shunt MEMS ohmic switch in
ON-state (a) and OFF-state (b).

0
-5/
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2% 65 70 75 80 85 90
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C) MEMS design

The MEMS shunt ohmic switch has been designed in slot-line
technology on 300 wm quartz substrate. The switch consists of
a 410 pm X 90 pm gold membrane clamped on the substrate
at both extremities and 3 pwm suspended above a 32 pm-wide
slot line. Two windows have been etched away from the slot
metallization to accommodate the bridge anchors as well as
the lateral activation electrodes. When the switch is in the
up position (OFF-state) the signal can flow along the trans-
mission line; in contrast when it is activated (ON-state) it
short circuits the two-slot metallizations at the two contact
points shown in Fig. 13. In order to keep separated the DC
and RF signals, two DC-blocks have been integrated in
series with the switch contacts, providing a capacitive short
circuit at 76.5 GHz. Thick silicon oxide (600 nm-thick ~low-
temperature oxide) has been used as a dielectric for the
MIM capacitors to guarantee no break down up to high polar-
ization voltages (>100 V).

The switch has been modeled by using Ansoft HFSS v.11;
the simulated current distribution and performance for both
switch states are shown in Figs 14 and 15.

D) MEMS manufacturing and testing

The slot-line W-band MEMS switches and the MEMS-based
radiating cell unit have been monolithically manufactured
on a 300 wm-thick Quartz substrate by using the eight
mask FBK RF MEMS process. The process allows the

0.
-5
) OFF-state
@ 10|
g _S11
s
E _521
.15
o
w

l

ow
w
w
o

2% 65 70 75 80
Frequency (GHz)
(b)

Fig. 15. Simulated reflection coefficients and insertion loss of simulated switch in ON-state (a) and OFF-state (b).
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-150 -100 -50 4] 50 100

Fig. 17. One-bit phase distribution on the 180 x 110 RA.

electro-deposition of two gold layers of different thicknesses
for highly complex movable bridges and microstrip lines.
The air bridges are realized without the need of any planariza-
tion steps by using a 3 pm-thick photoresist as the sacrificial
layer. The bridge release is done with a modified plasma
etching process in order to avoid sticking problems. The

Directivity (dB) - Azimuth

bias network is realized by depositing a high-resistivity
0.63 pm-thick poly-silicon layer covered with silicon oxide
for isolating the DC from the RF lines.

This layer is also used for realizing the stopping pillars used
in the capacitive switches and the contact bumps for the
ohmic switches. The process allows the monolithic manufac-
turing of both ohmic and capacitive switches.
Low-temperature oxide is used as a dielectric for capacitive
switches as well as MIM capacitors. A third gold layer is
deposited for the realization of low-resistance metal-to-metal
electro-mechanic contacts for ohmic switches. In order to
mitigate dielectric charging phenomena, the dielectric has
been removed from the surface of the activation pads.
Mechanical stoppers have been patterned in the pads to
prevent the contact between the down-state bridge and the
dielectric-less pads. The mechanical stoppers have been rea-
lized by stacking polysilicon, dielectric and gold layer to
reach a stopper thickness about 0.55 m higher than the elec-
trode thickness. A photo of the manufactured device is shown
in Fig. 16.

DC measurements have been performed to characterize the
behavior of the slot-line switches.

Actuation and de-actuation voltages of about 60 and 50 V
have been recorded, with no evident voltage drift due to
dielectric charging in short-time tests. When activated, the
measured contact resistance between the MEMS bridge and
the floating metal is about 1 () ensuring a good short circuit
between the two metal planes.

The radiation pattern of an RA with square aperture of
dimensions 80 mm x 8o mm (40 X 40 cells) has been evalu-
ated in the far field starting from an accurate full-wave simu-
lation of a single cell in its final and most realistic
configuration, where real MEMS and wire bondings have
been included. A horn operating at 76.5 GHz is used in simu-
lations as a feeder.

The 1-bit phase distribution for a main beam direction of
30° in elevation and o° in azimuth is shown in Fig. 17.
Figure 18 shows the co- and cross-polarization radiation

—CO - Frequency = 76.50 GHz

-20

.......... CR - Frequency = 76.50 GHz

-150 -100 -50 0
Azimuth / Degrees
Directivity (dB) - Elevation Dmax = 40.819
40 : A T -
i —CO - Frequency = 76.50 GHz
---------- CR - Frequency = 76.50 GHz
20 Erosesnssies I
oA\ AT A fEA A
)] B Y ¥ i i ! L
0 20 40 60 80 100 120 140 160 180 (b)
Elevation / Degrees
(a)

Fig. 18. Co-pol. and Cross-pol radiation patterns of 40 x 40 RA along azimuth (a) and elevation cut and bi-dimensional plot of the Co-pol radiation pattern (b).
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patterns. A directivity of nearly 40.9 dB is expected with
—25 dB of maximum side-lobe level.

V. CONCLUSIONS

In this paper the most recent results and achievements carried
out at the University of Perugia on the development of inno-
vative architectures, solutions, and technologies for large
reconfigurable RA antennas at mm-wave frequencies have
been presented. In particular, the design of a large beam steer-
able RA in W-band for imaging application has been pre-
sented, the development being carried out within the
ARASCOM project (7th European framework program).
The design has required a number of innovative steps: the
elementary cells have 1-bit phase resolution, and have been
conceived in small chips that can be produced in thousands
of pieces and then placed in a special printed circuit board
that ensures both the proper spacing and the biasing. The
elementary cell basic design has been successfully demon-
strated by fabricating and measuring a 16 x 16 board. The
exploitation of 1-bit phase resolution, a separable illumination
approach, and the MEMS property of being toggled either by a
positive or negative voltage has made it possible to arrange a
very simple control strategy that reduced the number of
biasing lines from 39 600 to 400. Finally, MEMS switches
have been specially designed for the elementary cell in slot-
line technology, with DC and RF pads electrically isolated.
MEMS cells have been already fabricated, and their assembly
in a first fully reconfigurable 40 x 40 RA prototype is cur-
rently ongoing in SELEX-SI, partner of the consortium.
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