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Beam Switching Reflectarray Monolithically
Integrated With RF MEMS Switches

Omer Bayraktar, Ozlem Aydin Civi, Senior Member, IEEE, and Tayfun Akin, Member, IEEE

Abstract—A reflectarray antennamonolithically integrated with
90 RFMEMS switches has been designed and fabricated to achieve
switching of themain beam.Aperture coupledmicrostrip patch an-
tenna (ACMPA) elements are used to form a 10 10 element recon-
figurable reflectarray antenna operating at 26.5 GHz. The change
in the progressive phase shift between the elements is obtained by
adjusting the length of the open ended transmission lines in the
elements with the RF MEMS switches. The reconfigurable reflec-
tarray is monolithically fabricated with the RF MEMS switches in
an area of 42.46 cm using an in-house surface micromachining
and wafer bonding process. The measurement results show that
the main beam can be switched between broadside and 40 in the
H-plane at 26.5 GHz.

Index Terms—Reflectarray antennas, reconfigurable antennas,
micro-electro-mechanical systems (MEMS) switches, microstrip
antennas.

I. INTRODUCTION

R EFLECTARRAYS are mostly planar printed surfaces
that direct the incident electromagnetic field radiated

from a feed horn antenna to a desired direction. Microstrip
reflectarrays have many advantages compared to parabolic
reflectors and electronically scanned phased array antennas.
Microstrip reflectarrays have lower weight and smaller size
compared to parabolic reflector antennas; furthermore, they
allow electronic beam scanning. Reflectarrays do not contain a
complex feed system as in phased array antennas; they employ
feeding through free space which eliminates the losses of a mi-
crostrip feed network that limits the performance of high-gain
millimeter wave arrays [1].
In reflectarrays, the phase of the reflected field from each

element is adjusted so that the main beam can be directed to
a desired direction. In the literature, there are several config-
urations proposed to control the reflection phase [2], such as
patch antennas with variable-length stubs [3], variable-length
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cross dipoles [4], and patch antennas with variable size [5].
Most of the reflectarrays available in the literature have fixed
beams. Recently, there is a growing interest to design and imple-
ment beam steering reflectarrays. The electronically beam scan-
ning reflectarrays are obtained by using reconfigurable compo-
nents and materials to control the reflection phase difference
between the antenna elements, such as tunable dielectrics [6],
[7], varactor diodes [8]–[12], PIN diodes [13], [14], and various
micro-electro-mechanical systems (MEMS) structures (such as
micro-motors), or RF MEMS switches [15], [16], [18]–[26]. In
[6] and [7], the dielectric constant of the nematic liquid crystal
under each patch antenna in the reflectarray is changed by ap-
plying a DC voltage to steer the beam. Although there is no
need for a complex biasing network for such a reflectarray, the
response time of a liquid crystal is very slow, limiting its ap-
plications. The phase of the reflected field can dynamically be
adjusted using semiconductor varactor diodes that are placed in
various configurations, such as to control the slot susceptance
of patches [8], to control the surface impedance [9], to load a
transmission line stub in aperture coupled patches [10], to obtain
capacitive loading of hollow patches [11], and to adjust the res-
onant frequency of microstrip patches [12]. The phase of the re-
flected field can also be adjusted using PIN diodes to control the
length of a short circuited stub [13] or using both varactor and
PIN diodes to change the current distribution on a cross shaped
microstrip loop [14].
Recent reconfigurable reflectarrays [15], [16], [18]–[26],

and lens arrays [27] prefer RF MEMS components (such as
switches, varactors, and phase shifters), since electrostati-
cally actuated RF MEMS components provide almost zero
DC power consumption, low insertion loss, high isolation,
and linear characteristics compared to solid state switches.
Although RF MEMS switches and other components have
drawbacks in terms of reliability and low switching speed, as
presented in a detailed discussion on performance comparison
of different switch technologies in [28], they provide several
advantages in mm-wave reconfigurable array applications. The
most important advantage is that RF MEMS switches and other
components can be easily manufactured monolithically with
antennas on the same substrate. The monolithic integration is
very important in the realization of reconfigurable antenna and
array applications especially at mm-wave frequencies, because
hybrid integration would be very complicated due to the size
limitations at the mm-wave frequencies. Furthermore, losses
increase due to the use of several connecting wire bonds in the
case of hybrid integration.
Most of the MEMS reconfigurable reflectarray studies in the

literature are limited by design and implementation of unit cell
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structures. Some examples of unit cells are a stub loaded patch
antenna rotated by micro-machined motors [16], series of half
dipoles connected to the periphery of a circular metal layer by
means of diodes [17] or MEMS switches [18], [19], split ring
elements with MEMS switches to obtain a phase shift by ro-
tation of elements for circular polarization applications, [20],
variable-length dipoles using electrically [21] or optically [22]
actuated MEMS switches, ring elements loaded with MEMS
capacitors [23], and patches loaded by MEMS varactors [24].
In [24], it has been demonstrated that, by using MEMS varac-
tors instead of semiconductor counterparts to load patches in
[12], losses can be reduced significantly, and nonlinear effects
due to semiconductor diodes can be eliminated. There are a few
monolithically fabricated MEMS reflectarray studies in which
whole reflectarray structures have been designed but their pro-
totypes have been fabricated either without MEMS switches, or
with frozen MEMS switches [25], [26]. To the authors’ knowl-
edge, there are no monolithically integrated MEMS reconfig-
urable reflectarrays presented in the literature. Thus, this study
presents the first monolithically fabricated reconfigurable re-
flectarray employing a large number of functional RF MEMS
switches distributed over a large wafer area.
The reflectarray in this study is composed of aperture cou-

pled microstrip patch antenna (ACMPA) elements, and recon-
figurability in the main beam direction is obtained with series
RF MEMS switches placed on open-ended transmission lines
of the ACMPA elements. Section II presents details of the re-
flectarray design. Section III explains design of the series RF
MEMS switch structure in the reflectarray and examines effects
of bias lines on the performance. Section IV describes fabrica-
tion steps of a 10 10 reconfigurable reflectarray antennamono-
lithically produced with the RF MEMS switches and discusses
the fabrication challenges and imperfections. Finally, Section V
gives simulation and measurement results.

II. RECONFIGURABLE REFLECTARRAY ANTENNA STRUCTURE
AND DESIGN PROCEDURE

The ACMPA elements shown in Fig. 1 are linearly spaced
with half a free space wavelength, , in both directions to
form a 10 10 reflectarray at 26.5 GHz. Reconfigurability is
achieved using series RF MEMS switches monolithically in-
tegrated with the transmission lines of the ACMPA elements.
Then, phase center of the pyramidal feed horn antenna having
aperture dimensions 2.212 cm 2.212 cm is positioned at
cm, cm, and cm with respect to the center of
the reflectarray. Using the procedure described in [1], required
reflection phase values from the elements of the reflectarray are
calculated to direct the main beam toward broadside and 40 in
the H-plane. For the th element, the reflection phase values to
direct the main beam to the broadside and 40 are denoted as

and , respectively. Note that, for the ele-
ments in the first column, because the first column is taken as a
reference in the calculation of the progressive phase shifts.
Two mostly used approaches to achieve required phase of re-

flected field from reflectarray cells in linearly polarized appli-
cations are (i) tuning of resonance of elements either by ma-
nipulating dimensions or by reactive loading of the elements
[12], [23], [29] and (ii) using a separate phase shifter, as in the

Fig. 1. (a) Backside and (b) cross-sectional views of the aperture coupled mi-
crostrip patch antenna element used in the reconfigurable reflectarray.

reflectarray presented in this paper [15], [25]. The reflectarray
cells having a phase shift control mechanism based on reso-
nance tuning possess very low losses in the operation band ex-
cept around the resonance frequencies of structures [12]. How-
ever, the reflectarray cells with separate phase shifters have rel-
atively higher losses due to the insertion loss of a phase shifter,
which is generally larger than the insertion loss of a switch or a
capacitor. On the other hand, the use of a separate phase shifter
simplifies the design and analysis of a reflectarray, since the ra-
diating structures of all cells are identical.
The ACMPA reflectarray configuration has many advantages

as well as drawbacks over the configuration where the phase
shifter and antenna are on the same layer. One of the main
advantages is that the microstrip transmission line and patch an-
tenna are printed on different substrates separated by a common
ground plane, and hence, a large space on the microstrip line
side is obtained to place bias lines for MEMS switches and/or
some active components if needed. Furthermore, the length of
each transmission line in the reflectarray can be extended to
obtain several multiples of 360 phase delay to eliminate the
bandwidth limitation due to differential spatial phase delays
[30] so that the bandwidth of the reflectarray is determined by
the element bandwidth. Another advantage is the flexibility
of choosing two separate substrates for the patch antenna and
transmission line, for example, a high dielectric substrate for the
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phase shifters can be chosen to obtain large phase shifts, while
the microstrip patch antenna can be printed on a low dielectric
substrate in order to increase the element bandwidth, radiation
efficiency, and steering range without scan blindness. One other
advantage is that the spurious radiation due to the transmission
line, RF MEMS switch, and bias lines is backwards and does
not disturb the radiation pattern. Besides, the spurious radiation,
and hence the power loss, can be eliminated by placing an ad-
ditional ground plane at a specific distance from the microstrip
lines at the back. The final advantage of the multilayer structure
over the single layer structure is the simplicity of the design as
far as the biasing scheme is concerned, as the effects of the bias
lines and RF MEMS switches on the radiation pattern in the
single layer structure should be taken into account in the design
stage. On the other hand, the main drawback of multilayered
reflectarray structures is the fabrication complexity and cost,
which can be tolerated considering their advantages.
The principle of operation of the ACMPA element in the re-

flectarray is as follows. A patch antenna printed on an antenna
substrate receives linearly polarized electromagnetic wave.
Then, the electromagnetic wave couples to the microstrip
line printed on a feed substrate by means of an aperture on
the ground plane between two substrates. Since the microstrip
transmission line is open ended, the wave reflects back and cou-
ples to the patch antenna using the aperture on the ground plane.
The distance that the wave propagates on the transmission line
determines the phase of the reflected field. Hence, two sets of
transmission line lengths are needed for each element in the
reflectarray to switch the main beam between the broadside and
40 , respectively. Therefore, there is one RF MEMS switch per
each element, which corresponds to 1-bit of control resulting in
two beam states. The number of beam states can be increased
by placing 3 or 5 bit MEMS phase shifters on the transmission
lines. This will increase the complexity of the biasing scheme
and the loss; however, the concept of having reconfigurability
using MEMS will still remain valid.
To determine the transmission line length of the element for a

given reflection phase value, the graph that relates the reflection
phase to the transmission line length, namely, the phase design
curve must be obtained. To calculate the phase design curve,
mutual couplings with the neighboring elements are taken into
account by the infinite array assumption. The unit cell has been
simulated as an infinite array using the periodic boundary condi-
tions in the Ansoft High Frequency Structure Simulator (HFSS).
The element spacing is half a free space wavelength (

mm) in both directions, thus the unit cell has a dimension
of 5.66 mm 5.66 mm. A glass substrate of thickness

mm, dielectric constant and
is used for both the patch and microstrip line substrates.

Initial dimensions of the reflectarray element are determined by
considering the element as a single radiating antenna, i.e., by
matching the input impedance of a patch to the characteristic
impedance of the transmission line. Then, the reflectarray ele-
ment dimensions are optimized to have a linear phase design
curve at 26.5 GHz by exciting the unit cell with a y-polarized
plane wave normally incident to the array surface and by cal-
culating the phase and magnitude of the field reflected from the
unit cell using HFSS for each value of L incremented in the
direction shown in Fig. 1(a). The ACMPA dimensions are de-

Fig. 2. The phase andmagnitude curves of the unit cell for different frequencies
for the normal incidence, and the ideal phase curve @26.5 GHz.

termined as mm, mm, mm,
mm, mm, and mm. Then, for

comparison, the microstrip line of width mm on the
glass substrate is simulated in HFSS to obtain the ideal phase
characteristics of the microstrip line at 26.5 GHz. As seen in
Fig. 2, a very good agreement between the phase design curve
and the ideal phase characteristics of the transmission line is
obtained at 26.5 GHz. The magnitude of the reflected wave
changes between 1.42 dB and 3.64 dB at 26.5 GHz as a func-
tion of L. Hence, the average value of all losses in the unit cell is
2.53 dB where the conductor losses are 0.4 dB and the dielectric
losses are 1.1 dB on average. The remaining 1.03 dB is the back
radiation loss. The main loss mechanisms in the unit cell are
the dielectric and back radiation losses which can be eliminated
by using a lower dielectric constant substrate and by placing an
additional ground plane at the back. Both this non-uniformmag-
nitude response and the amplitude variation of the incident field
affect the radiation pattern, especially the side lobes. As the fre-
quency deviates from 26.5 GHz, the linearity of the phase design
curve is lost, and the range of the magnitude variation increases
as shown by the simulation results in Fig. 2. Since the phase
curves for different frequencies are not parallel to each other, the
operational bandwidth of this reflectarray is narrow. The band-
width of the reflectarray is discussed in detail in Section V using
the measurement results.
The electromagnetic wave radiated from the feed antenna

does not reach all elements of the reflectarray with the same
angle of incidence, and the maximum angle of incidence occurs
for the elements at the edges of the reflectarray. The maximum
value of the incidence angle to an element on the designed
reflectarray surface is 30 , which corresponds to the worst case
illumination in both E and H-planes ( and ,
respectively). In Fig. 3, the phase and magnitude curves are
plotted for the worst case incidence angle in both E andH-planes
and compared with the ones for the normal incidence. It is ob-
served that the magnitude and phase curves are not affected
much with the change in the incidence angle. Hence, the phase
curve for the normal incidence is a good approximation for cal-
culating the transmission line lengths.
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Fig. 3. The magnitude and phase responses of a y-polarized plane wave for
different angles of incidence@26.5 GHz.

Although all the patches on the feed side have the same size,
the lengths of the transmission lines are not identical. Once the
transmission line lengths are determined from the phase design
curve, series ohmic contact RF MEMS switches of length
can be implemented between the transmission lines of length

and to switch between two transmission line lengths for
all the elements, which enable the main beam to switch between
the broadside and 40 . For the th element, the transmission line
lengths corresponding to and are denoted as and

in Fig. 1(a), respectively. When we consider
the phase shifter part in Fig. 1(a), the open ended transmission
line of length is connected to the microstrip transmission
line of length through the series capacitance introduced by
the RF MEMS switch. When the RF MEMS switch is in the
up state, the phase shifter has a resonance for some values of

due to imperfect isolation of the RF MEMS switch. Hence,
for those values of , it is impossible to obtain the required
phase shift values by the transmission line of lengths .
For this reason, the RF MEMS switches in the columns 4, 7,
and 10 are kept in the down state, i.e., the overall lengths of
the transmission lines are for those elements,
to achieve the phase shift values , while the switches on the
other columns are in the up state. The states of the RF MEMS
switches are reversed to obtain the phase shift values .

III. SERIES RF MEMS SWITCH AND BIAS LINES

We considered both shunt and series switch configurations to
change the length of the microstrip line [15]. The series switch
is preferred due to both size considerations and the fact that
the unit cell with the series switch results in better phase de-
sign curve characteristics. The series ohmic contact RF MEMS
switch used in the reflectarray is the bridge with wings type
structure between two transmission line segments as shown in
Fig. 4. When the switch is actuated by an applied DC voltage
between the actuation pad and the bridge, it connects two phys-
ically separated transmission lines pieces named as Tr. Line1
and Tr. Line2. The width of the interconnection region is re-
duced compared to the transmission line width to improve the
isolation characteristics.

Fig. 4. (a) Top and (b) A-A cross-sectional views of the series RF MEMS
switch.

Fig. 5. The simulation results of the series RF MEMS switch.

Fig. 5 shows the simulation results of the series RF MEMS
switch. The insertion loss of the designed switch is less than
0.5 dB, and the isolation is better than 10 dB, which are accept-
able results at the frequency of interest. The switch is fabricated
using the process steps given in Section IV. The surface profile
measurements on the fabricated switches show that the spacing
between the transmission lines and the wings of the bridge is
not 2 m as designed but 1.3 m, due to the residual stress of
the metal bridge. To see the effect of reduced spacing on isola-
tion, simulations have been performed for a 1.3 m gap height.
When the bridge gap becomes a 1.3 m, the isolation is still
better than 10 dB between 20–28 GHz frequency band as can
be seen in Fig. 5. In order to see the effect of the bridge gap in
the design, the radiation pattern simulations of the reflectarray
for a 2 m and a 1.3 m gap heights are compared. It is observed
that only the side lobe levels are affected by a few dB. When the
main beam is directed to the broadside, the largest deviation of
about 4 dB occurs in the side lobe around 40 . This is due to
the fact that most of the switches in the broadside operation are
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Fig. 6. Mask layout of a 10 10 reflectarray with the RF MEMS switches.

in their up states, thus the change in the up state bridge height
becomes significant.
Fig. 6 shows the layout of the overall reflectarray prototype

with bias lines. The bias lines used to actuate the switches have
two parts: one is composed of a sputtered gold (Au) layer and
the other is composed of a sputtered silicon-chromium (Si-Cr)
layer. The actuation mechanism of the series switch can bemod-
eled as a series RC circuit where the Si-Cr layer is modeled
as a resistance, and the path between the bridge and actuation
pad is modeled as a capacitance. In order to have a reason-
able switching time, the time constant should be reduced. So,
the entire bias line scheme can be composed of the sputtered
gold having high conductivity. But this time, the mutual cou-
pling between the Au bias line and microstrip line increases,
and the switch performance is disturbed. In order to avoid these
adverse effects, the Au bias lines are connected to the resistive
bias lines composed of the sputtered Si-Cr at an average dis-
tance of 1500 m before the switch and the transmission line,
and the conductivity of the Si-Cr layer is optimized to
be 10,000 S/m.
To see the effect of the Au bias lines, the phase design curve

and the amplitude response are recalculated when there are both
vertical and horizontal Au bias lines in the unit cell. Then these
results are compared with the ones obtained without a bias line
as shown in Fig. 7. As can be seen in Fig. 7, the Au bias lines

Fig. 7. The effect of the Au bias lines and the RF MEMS switch on both the
reflection phase and magnitude curves at 26.5 GHz.

have no significant effect on the phase design curve but the am-
plitude of the reflected wave decreases for some values of L.
The phase design curve given in Fig. 2 is obtained by

changing the length of the microstrip line. To calculate the
reflection phase more realistically, the unit cell is simulated
by including the series RF MEMS switch. Fig. 7 shows the
reflection phase values of the reconfigurable unit cell calculated
both for different values and for the up or down states
of the switch [15], which are seen to be slightly deviating from
the phase design curve. Hence, values determined from
the phase design curve in Section II are altered for the fine
tuning of the phases.

IV. FABRICATION OF RECONFIGURABLE REFLECTARRAY

The monolithic reconfigurable reflectarray presented in this
work is produced using the surface micromachining based
process including the wafer bonding step developed at Middle
East Technical University MEMS Center (METU-MEMS
Center). Fig. 6 shows the layout of the reconfigurable reflec-
tarray. The reflectarray has been fabricated using two 500 m
thick glass substrates ( ). Fig. 8 shows
a simplified process flow. Fig. 8(a) shows a cross-sectional
view of the process which can be obtained after a number of
process steps. The process starts by coating each wafer with a
100/8000 thick Ti/Au layer and patterning by wet etching to
construct the aperture on the ground plane. Then, both wafers
are bonded using gold-to-gold thermal compression bonding at
265 C for 1 hour in a vacuum to construct a common ground
plane with the aperture. Next, one side of the bonded glasses
is processed to have the microstrip patch antenna, whereas
the other side is used to construct the transmission lines with
the RF MEMS switches. The microstrip patch antenna is
constructed by sputtering and patterning a 100/8000 thick
Ti/Au layer. The process at the other side of the bonded glasses
starts with a 2000 thick Si-Cr resistive layer deposition by
sputtering and then patterning by wet etching. After that, the
patch antennas are covered with a 0.8 m thick sputtered Ti
layer to protect them while processing the other side of the
wafer. The next step is the sputtering of a 100/6000 thick
Ti/Au layer on the Si-Cr resistive layer; after wet etching, the
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Fig. 8. The standard process flow developed at METU-MEMS Center for the
production of the reconfigurable reflectarray.

transmission lines are formed. Then, again a 100/2500 thick
Ti/Au layer is sputtered on the whole wafer area covering the
previously formed transmission lines. After wet etching of
this layer, the actuation pads are formed, and the height of the
transmission lines is increased with respect to the actuation
pads, which helps to decrease the contact resistance of the
series RF MEMS switch. Then, a 3000 thick Si N layer
is coated as a DC isolation layer using the plasma enhanced
chemical vapor deposition (PECVD) technique and patterned
using the reactive ion etching (RIE) technique, resulting in the
structure shown in Fig. 8(a). Fig. 8(b) shows the cross-section
after the photo definable polyimide, PI 2737, is spin-coated
to form a 2 m thick sacrificial layer and patterned to obtain
hollows for the anchor regions, which is followed by sputtering
a 1 m thick gold layer on the PI 2737. Fig. 8(c) shows the
cross-section after the anchors are strengthened with a 2 m
thick electroplated gold layer inside the regions defined by
a mold photoresist. Then, the photoresist is removed, the
structural layer is patterned, and the Ti layer used to protect
the patch antennas is removed by wet etching. Fig. 8(d) shows
the final cross-section after the sacrificial layer is removed by
wet etching in an EKC-265 solution, and the wafer is rinsed in
IPA and dried in a supercritical point dryer. Fig. 9 shows the
photographs of the fabricated reflectarray, while Fig. 10 shows
the optical and SEM photographs of the series RF MEMS
switch monolithically integrated to the reflectarray.
Although the individual process steps are easy, it is a chal-

lenge to obtain the whole reflectarray on a 4 wafer, as the
reflectarray covers nearly the whole area of the 4 wafer and as
the monolithic integration requires a high yield of RF MEMS
switches distributed over the large wafer area. After a number
of trials and process improvements, a high yield process is
achieved to obtain a working reflectarray.
The size of the reflectarray is 6.75 cm 6.29 cm. It is centered

on the wafer. Individual RF MEMS switches are located on the

Fig. 9. (a) Transmission line and (b) patch antenna side of the reconfigurable
reflectarray antenna monolithically produced with (c) the series RF MEMS
switches.

Fig. 10. (a) Microscopy and (b) SEM views of the series RF MEMS switch
monolithically produced with the reflectarray.

rest of the wafer area. The actuation voltage of these switches is
measured as 35 V. Since the electroplating thickness is not uni-
form over the wafer (it increases toward the edge), it is expected
that the actuation voltage of the switches in the reflectarray re-
gion is less than 35 V. Hence, 35 V is used as the actuation
voltage in the measurements.

V. SIMULATION AND MEASUREMENT RESULTS

The simulations of the full reflectarray, i.e., the reflectarray
surface and the feed horn, are carried out in HFSS to compare
with the measurements. First of all, up and down states of the
series RF MEMS switches in the reflectarray are modeled and
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Fig. 11. The measured radiation patterns and simulation results in the H-plane.
(a) When the switches are actuated to direct the main beam to the broadside.
(b) When the switches are actuated to direct the main beam to 40 .

replaced by series capacitances and inductances. Since the re-
flectarray together with the feed horn antenna is a very large
structure with respect to the wavelength, the problem is divided
into two parts: the feed horn region and the reflectarray surface.
Then, these two parts are related with an HFSS data-link. First,
the near field of the feed horn antenna is calculated by simu-
lations. Then, this near field is taken as the incident field that
illuminates the reflecting surface by using the data-link tool.
Figs. 11 and 12 show the full wave EM simulation plots of the
far fields, in addition to measurement results, as explained later.
To prepare the antenna for the measurements, a PCB card

is attached to the fabricated reflectarray to apply the DC bias
voltage to the switches, as shown in Fig. 9(a). Three wire bonds
are taken from the reflectarray to the PCB card to achieve the
DC connections to the pads GND, SIGNAL1, SIGNAL2 shown

Fig. 12. The measured radiation patterns in the E-plane when the switches are
actuated to direct the main beam to 40 and the simulation result.

Fig. 13. The measurement setup of the reconfigurable reflectarray.

in Fig. 6. The reflectarray and offset feed horn are assembled on
the foam support structure such that the position of the phase
center of the feed horn antenna with respect to the center of the
reflectarray is as indicated in Section II. Fig. 13 shows a photo-
graph of the complete antenna placed in an anechoic chamber.
All the pattern measurements are taken with a 1 angular reso-
lution. When the actuation voltage is applied between GND and
SIGNAL2, the main beam of the reflectarray is directed to the
broadside as shown in Fig. 11(a); the half power beam width
is determined to be 10 . When the actuation voltage is applied
between GND and SIGNAL1, the main beam of the reflectarray
is switched to 40 in the H-plane as shown in Fig. 11(b) with
the half power beam width of 13 . The measured radiation and
cross polarization patterns in the E-plane for the 40 operation
are presented in Fig. 12. The measured cross polarization level
in the E-plane is found to be better than 20 dB. The measure-
ment results given in Fig. 11 show that there are abrupt changes
especially in the angular region approximately between 90 and
140 where the field is below 20 dB, due to non-ideal char-
acteristics of the rotary joint of the measurement setup at this
frequency range. It is observed from Figs. 11 and 12 that, there
is a good agreement between the measurement and simulation
results. The positions of the main beam, half power beam width,
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TABLE I
LOSS ANALYSIS FOR 40 OPERATION AT 26.5 GHZ

side lobe levels, and back radiation levels in the simulation are
nearly the same for both the broadside and 40 operations. The
slight deviations in the positions of the side and back lobes and
the levels of some side lobes are mainly caused by the differ-
ences between the simulation and the measurement setup. The
actual interaction of the horn antenna and the reflectarray cannot
be fully taken into account in the simulations due to the very
large electrical size of the overall antenna.Moreover, the coaxial
cable and the connector used to excite the horn antenna are not
included in the simulations.
The maximum back radiation and side lobe levels are around
12 dB, and 10 dB, respectively. This reflectarray is a

proof-of-concept prototype, and the main goal is to demon-
strate the beam switching by an RF MEMS switch control.
Thus, in the design, no special efforts have been spent to
reduce the side lobe levels and back radiation. To reduce the
back radiation, a ground plane can be placed at an appropriate
distance from the back side of the reflectarray.
When we consider both the broadside and 40 operations, the

maximum value of the side lobe levels is around 7 dB and the
maximum deviation in both the half power beamwidth (HPBW)
values and the main beam directions is 1 within the 26–27 GHz
frequency band. These values are acceptable within 26–27 GHz,
and hence, the bandwidth is 3.77%.
A loss analysis of the reflectarray is performed when the main

beam is directed to 40 and tabulated in Table I. The gain of
the reflectarray is measured as 11.42 dBi by using a standard
gain horn antenna at 26.5 GHz, whereas the gain is calculated
as 11.93 dBi using the simulation results. The directivity of a
10 10 uniform array radiating to 40 is calculated numerically
as 22.47 dB. Using the measured gain, total loss of the reflec-
tarray is estimated as 11.05 dB which corresponds to an antenna
efficiency of 7.85%.
Illumination, cross polarization, and element losses are cal-

culated numerically at 26.5 GHz. The main loss source is the
spillover loss, which is calculated as 6.51 dB. The taper loss is
0.0064 dB, which is very small, because the illuminating horn
antenna has high HPBW values of 34 in the H-plane and 26
in the E-plane, resulting in an almost uniform illumination and
a high spillover loss. By optimizing the focal distance/diameter
(F/D) ratio, the spillover loss can be reduced. The cross polar-
ization loss is calculated as 0.15 dB. The maximum element re-
flectivity loss is 3.64 dB at the normal plane wave incidence,
but it can be reduced by placing an additional ground plane at

the back side of the array. The 0.3 dB insertion loss of the series
RF MEMS switch also contributes to the total loss of the re-
flectarray. Calculated losses in Table I add up to 10.61 dB. The
difference between the calculated and measured loss (0.44 dB)
might be caused by several factors, including small errors in the
placement of the phase center of the feed horn at the focal point
of the reflectarray. Furthermore, the ohmic losses are ignored in
the reflectarray radiation pattern simulations, i.e., all the metals
in the full reflectarray structure are assumed to be perfectly con-
ducting and second order interactions of reflecting surface with
the horn are not taken into account in the simulations.
The good agreement between the simulation and measure-

ment results shows that almost all of the switches on the reflec-
tarray are fully functional, i.e., the yield is very high. The yield
is estimated as 88% based on the surface profile measurements
of the reflectarray and RF measurements of the individual RF
MEMS switches from the same wafer.

VI. CONCLUSION

Beam switching of a 26.5 GHz 10 10 reconfigurable reflec-
tarray antenna is achieved using 90 RF MEMS switches in the
ACMPA elements. The progressive phase shift between the ele-
ments is adjusted by the on and off state positions of the seriesRF
MEMS switches inserted in the transmission line of the ACMPA
elements. The full reflectarray is produced monolithically with
the series RF MEMS switches. Measurement results demon-
strate that the main beam of the reflectarray can be switched
between the broadside and 40 by the help of the RF MEMS
switches. According to the authors’ knowledge, this monolith-
ically integrated MEMS reconfigurable reflectarray is the first
functional prototype that employs a large number of RF MEMS
switches distributed over a large wafer area, demonstrating the
potential of the RF MEMS technology for large scale antennas.
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