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*is paper presents a practical demonstration for the design and development of a switchable planar reflectarray using PIN diodes
in the X-band frequency range.Waveguide scattering parameter measurements for the unit cells and far-fieldmeasurements of the
periodic reflectarrays have been carried out to verify the predicted results. Reflectarray unit cell measurements demonstrated a
frequency tunability of 0.36GHz with a dynamic phase range of 226°. On the other hand, the designed 6× 6 periodic reflectarray
has been shown to achieve beam switching from +6° to −6° with different switching states of PIN diodes. *is type of beam
switching can be used in satellite communication for specific region coverage.

1. Introduction

Reflectarray is principally a planar reflector which consists of
an array of resonant microstrip patch elements printed on a
dielectric substrate and is illuminated by a feed horn.
Reflectarrays offer the simplicity and high gain associated
with their reflector counterparts, while providing fast,
adaptive beam-forming capabilities of phased arrays at the
same time. On the other hand, limited bandwidth and higher
loss are some of the major drawbacks of reflectarrays that
limit their use in many applications, as discussed in [1–5].

*e design of beam-forming or beam-switching reflec-
tarray depends on the reflectarray configuration where the
reflected phase from each of the resonant elements can be
controlled either mechanically or electronically. *e re-
flected beam can be directed in the desired direction, which
makes a reflectarray capable of achieving a wide-angle
electronic beam scanning. Such a beam-forming approach
can have many advantages over traditional tunable antenna
array architectures, including a significant reduction in

hardware required per element and increased efficiency [6].
Researchers have investigated different techniques for beam
steering antennas such as the use of nonlinear dielectric
materials [7–9], the integration of Radio Frequency
Microelectro Mechanical Systems (RF MEMS) as switches
[10, 11], loading varactor diodes with the patch elements and
varying the varactor capacitance by using various biasing
[12, 13], using aperture coupled elements where the tuning
circuit can be located on the nonresonating surface of the
element in order to control the contributed phase from each
element [14], and using mechanical movement of the an-
tenna [15]. Some other researchers have also proposed the
use of PIN diodes for beam switching where the diodes can
be switched ON and OFF using an external biasing circuit,
and hence, the reflectarray beam can be controlled [16–19].
However, most of these works propose complex multilayer
design topology using various dielectric substrates.

*is work presents the design and analysis of switchable
reflectarrays for beam shaping realization with optimum
reflection loss and enhanced bandwidth performance. PIN
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diodes have been used for beam switching in reflectarrays
demonstrated through simulations and measurements of
unit cells, as well as periodic arrays.*e reflectarray unit cells
comprise of an optimum performance single layer structure
having printed patch elements with incorporated slot and
gap configurations. *e proposed design demonstrates a
simple structure with reduced chances of mutual coupling
between the adjacent elements of reflectarray.

2. Frequency Switchable Reflectarray Unit Cells

Reflectarray unit cells were designed in the X-band frequency
range using Rogers Rt/D 5880 (εr � 2.2, tan δ � 0.0009), and
PIN diodes were integrated into the gap introduced on the
slot embedded patch element, as shown in Figure 1(a). *e
detailed design configuration and analysis of the rectangular
slot embedded patch elements have already been presented by
in [20]. Waveguide scattering parameter measurements [21]
were carried out for a unit cell that comprised of two patch
elements with dimensions of Lp×Wp � 9.4mm× 10mm
each, which were printed on a substrate of
Ls×Ws� 15mm× 30mm. *e slot length was kept at
0.6mm, while the width was 0.5Wp. *e vertical gap was
introduced with a 0.6mm width in order to fit the PIN diode.

For the electronic switching of a PIN diode-based design,
a GaAS MA4GP907 PIN diode manufactured by MACOM
was used. *is PIN diode has a series capacitance of 0.025pF
and low series resistance of 4.2Ω. *e PIN diodes were
soldered on the surface of the patch element and were
powered by a power supply using a biasing circuit. 1.33V
were supplied, and a 100Ω resistor was used. RF choke was
implemented using quarter-wavelength segments and radial
stub on the biasing circuit in order to block RF from
reaching to the power supply. DC block capacitors were not
required in this case because there is no physical connection
between the RF source (network analyzer) and DC source
(power supply). Figure 1(b) shows the fabricated unit cells
and complete setup for frequency switchable reflectarray
unit cell scattering parameter measurements.

Reflection loss and the reflection phase were measured
within an X-band frequency range, and a close agreement
between measured and simulated results was observed.
Figure 2(a) shows a comparison between measured and
simulated reflection loss curves for fabricated samples. It can
be observed from Figure 2(a) that, in the OFF state of PIN
diode, the measured resonant frequency is close to the
simulated resonant frequency. *e fabricated unit cell res-
onated at 9.40GHz with a reflection loss of 2.60 dB, while the
simulations for OFF state of PIN diode provided a resonant
frequency of 9.38GHz with 1.61 dB reflection loss. When the
PIN diodes were switched ON, a clear change in frequency
was observed for the fabricated samples. In the ON state, the
measured resonant frequency was observed to be 9.04GHz
with reflection losses of 3.91 dB. At the same time, the
simulation results for the ON state of the PIN diode
exhibited a reflection loss of 2.88 dB at a resonant frequency
of 8.99GHz. *e maximum discrepancy between measured
and simulated reflection loss was observed to be 0.99 dB and
1.03 dB in OFF and ON states of PIN diodes, respectively.

Moreover, extra noise or ripples with a maximum level of
0.25 dB were observed. *e reason for this discrepancy can
be fabrication quality, which may be affected by the sol-
dering of diodes and photoetching process, as well as the
difference between actual material properties and the
properties given in the datasheet. Figure 2(b) shows the
comparison between the measured and simulated reflection
phase. A close agreement between the measured and sim-
ulated phase can be observed in Figure 2(b) except the
ripples found towards the edges of the measured curves.
*ese ripples can be linked to the same sources, which
caused a discrepancy in the reflection loss curves. As shown
in Figure 2(a), the dynamic phase range (Δφd) was calculated
at the central frequency of two resonant curves in OFF and
ON states of PIN diodes. It can be observed from that a
maximum frequency tunability of 0.36GHz and a dynamic
phase range of 226° were demonstrated by the PIN diode-
based unit cell measurements. *e results are in close
agreement with the results obtained by 3D EM simulators of
CST MWS and Ansoft HFSS, which practically validates the
proposed design.

3. Switchable Periodic Reflectarray Design

After the characterization of the reflectarray unit cells and the
achievement of the required progressive phase distribution,
switchable periodic reflectarrays were designed. In order to
design the periodic arrays, a mathematical model has been
developed which guides to the exact placement of the unit
cells in the array environment. *e developed mathematical
model has then been applied to design the periodic arrays and
perform the far-field measurements. *e following sections
will explain the procedure and result in details.

3.1. Mathematical Modelling for the Periodic Reflectarray
Design. In order to design a reflectarray antenna, the most
imperative scrutiny is the analysis of the total electric field on
the patch elements printed on the dielectric substrate with a
conductive ground plane on the other side. *e total electric
field on a reflectarray consists of the incident field and the
reflected and scattered elements of the field. *erefore, the
total electric field can be given by

Et � 1 + R θi,φi( 􏼁 + S θi,φi, Li, Wi( 􏼁􏼔 􏼕 · E0e
jk0 xui+yvi− zcosθi( ).

(1)

In the case of a waveguide simulator technique, the
general relation for the total electric field excited in the
Y-direction can be written as

Etw � GYY
· JY + EYinc l + GYY􏼒 􏼓, (2)

where G is Green’s function, J is the current density, and l is
the length of the unit cell patch element, and JY can be given
by

JY � 􏽘
n

Anφn(x, y), (3)
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where An is the unknown vector coefficient and φn is the
required phase from an individual patch element of a
reflectarray in order to form a progressive phase
distribution.

In order to calculate the phase shift for the elements on
the X-axis, trigonometric identities can be used as follows:

φ � −
2π
3

cot− 1 f

xi ± ΔX
, (4)

where f is the vertical distance of feed from the surface of the
array and xi is the distance between the center of the ith
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Figure 1: Reflectarray unit cell. (a) Proposed design configuration. (b) Fabricated unit cell, biasing circuit, and complete measurements setup.
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Figure 2: PIN diode-based active unit cells of reflectarrays. (a) Measured and simulated reflection loss curves. (b) Measured and simulated
reflection phase curves.
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element and the point perpendicular to the feed and φ is in
degrees. Once φ is calculated for different values of x� xi,
y� 0, the phase shift for all the array elements can be ob-
tained.*is method simplifies the calculation of the required
phase shift from each of the array elements and reduces the
complexity and time required for the periodic reflectarray
design. *e abovementioned technique can also be used for
the progressive phase distribution with offset feed reflec-
tarrays as shown in Figure 3. In the case of offset feed
reflectarrays, ΔX has to be introduced as the distance be-
tween the feed and the line perpendicular to the array centre.
Figure 3 shows the geometry of the centre feed and offset
feed reflectarrays for different planar reflector designs. *e
feeds F1 and F2 are placed at the offset distance of
ΔX � X0 − X2and ΔX � X0 − X2, respectively.

*e abovementioned analysis provides a general formula
for the design of a planar reflector with progressive phase
distribution for any dielectric material and either centre or
offset feed configuration. In order to obtain the progressive
phase distribution of a planar reflector designed with dif-
ferent dielectric substrates, the material properties should be
incorporated in equation (4). *e material properties affect
the reflection coefficient (Γ), which affects the reflection
phase of the planar reflector. In the case of reflectarray
antennas, Γ depends on the attenuation due to dielectric and
conductor loss, which are given by

αd �
ω
2

�������

μ0ϵ0ϵr( 􏼁

􏽱

tan δ,

αc �
8.68

WZm

������
ωμ0
2σc

􏼠 􏼡

􏽳

,

(5)

where αd and αc are attenuation due to dielectric and copper
loss, respectively.

After incorporation of the effects of dielectric and copper
attenuation on Γ and reflection phase of the planar reflector,
equation (4) can be written as

φ � −
2π
3

cot− 1 f

K xi ± ΔXf􏼐 􏼑
. (6)

In equation (6), K is a variable that relates ϕ with Γ and
depends on resonant frequency and material properties,
which affect the radiated and scattered fields. *e value of K
will be higher for the materials with higher values of di-
electric permittivity and loss tangent. *erefore, K is directly
proportional to attenuation due to the dielectric and con-
ductor, and K can be given by

K � C · αd + αc( 􏼁, (7)

where C is a compensation variable and varies with different
design requirements and materials used. Finally, equation
(6) can be written as

φ � −
2π
3
cot− 1 f

C · αd + αc( 􏼁 xi ± ΔXf􏼐 􏼑
. (8)

In order to implement the mathematical model for
periodic arrays designed using different dielectric materials,

the compensation factor C can be expanded by relating C,
with different material properties, and finally, the reflection
phase of the individual elements can be given by

ϕ � −
2π
3

cot− 1 f

x εr/ tan δ( 􏼁 αd + αc( 􏼁 xi ± Xf􏼐 􏼑
, (9)

where x is a constant that has to be derived for different
materials. Values of C have been estimated as a function of
material properties and the desired frequency range.

In order to demonstrate the functionality of the devel-
oped mathematical modelling, phase distribution for dif-
ferent offset fed reflectarrays was obtained. An offset of 0.5λ
(15mm for 10GHz) has been used for five different feed
positions placed at f� f0 (centre feed), f� f0−λ, f� f0 + λ,
f� f0−1/2λ, and f� f0+1/2λ. *e required reflection phases
for progressive phase distribution of planar reflectors with
different offset feed positions are shown in Figure 4. It can be
observed from Figure 4 that a phase shift is required because
of an offset in the feed position. However, for a particular
design (constant number of elements and material prop-
erties), the phase values obtained bymathematical modelling
for a radius of the circle are independent of the feed
positions.

3.2. ArrayDesign andFar-FieldMeasurements. Active arrays
with a 6× 6 slot and gap embedded patch elements were
designed and fabricated, and the PIN diodes were incor-
porated on half of the resonant elements (18 diodes) for the
demonstration of radiation pattern measurements of beam-
switching reflectarrays. In order to achieve the progressive
phase distribution using the individual unit cells of reflec-
tarray, the phase shift was obtained by varying the width of
the rectangular slots. *ere were no changes made in the
dimensions of the gap and properties of the PIN diodes.

*e PIN diodes were forward biased with a 1.33 V
forward voltage and a biasing resistance of 100Ω. *ere-
fore, the total current demanded by the antenna was
239.4mA. Figure 5 shows the fabricated 6× 6 element
reflectarray with connectors attached to it. As shown in
Figure 5, the biasing circuit was used to bias the 18 PIN
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φ2
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φ1

x2

x0
x1

F0 F2

Figure 3: Reflection phase from different feed points in a planar
reflector.

4 International Journal of Antennas and Propagation



–60 –40 –20 0 20 40 60
–180

–150
–120

–90
–60

–30
0

30
60

90
120

150
180

X (mm)

Re
fle

ct
io

n 
ph

as
e (

de
gr

ee
s)

f = fo
f = fo – λ
f = fo – 1/2λ

f = fo + λ
f = fo + 1/2λ

(a)

–60 –40 –20 0 20 40 60

–60

–40

–20

0

20

40

60

X (mm)

Y 
(m

m
)

Phase = ±180° 
Phase = ±171° 
Phase = ±165° 

Phase = ±154° 
Phase = ±125° 
Phase = ±075° 

(b)

–30 –10 10 30 50 70 90

–30

–10

10

30

50

70

90

X (mm)

Y 
(m

m
)

Phase = ±180° 
Phase = ±171° 
Phase = ±165° 

Phase = ±154° 
Phase = ±125° 
Phase = ±075° 

(c)

–90 –70 –50 –30 –10 10 30

–90

–70

–50

–30

–10

10

30

X (mm)

Y 
(m

m
)

Phase = ±180° 
Phase = ±171° 
Phase = ±165° 

Phase = ±154° 
Phase = ±125° 
Phase = ±075° 

(d)

Figure 4: Continued.
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diodes where the power was supplied using a power supply
placed inside the anechoic chamber. *e reflectarray an-
tenna was placed at a far-field distance from a standard
X-band transmitting horn antenna. *e feed horn has a
gain of around 7.5 dB at 10GHz. *e transmitter and

receiver were connected with a control station and a
network analyzer placed outside the chamber. A turntable
was used to rotate the reflectarray antenna, and far-field
measurement results were stored in the control station. A
very close agreement between measured and simulated far-
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Figure 4: Required reflection phase curves for a planar reflector (8× 8 elements) (a) with different feed positions, (b) f� f0 (centre feed), (c)
f� f0−λ, (d) f� f0 + λ, (e) f� f0−1/2λ, and (f) f� f0 + 1/2λ.

Figure 5: Fabricated 6× 6 element active array, biasing circuit, and complete far-field measurement setup for an active reflectarray antenna.
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field radiation pattern results was demonstrated where
measured 3 dB beamwidth of 13.3° for 0° beam was ob-
served as compared to 3 dB beamwidth of 12.9° generated
during simulations as shown in Figure 6.

A switched beam of +6° was achieved by forward biasing
(ON state) of the diodes keeping the diodes on the right side
of the array. *erefore, half of the array resonant elements
on the left side, without diodes, were considered to be in the
OFF state of PIN diodes. In the OFF state, a PIN diode acts as
an open circuit with a very low series capacitance. Keeping
this in view, the assumption of elements without diodes as in
the OFF state can be acceptable for demonstration purposes.
A switched beam of −6° was demonstrated by changing the
configuration of reflectarray in such a way that the PIN diode
loaded elements were placed on the left side of the array.*is
was achievable because of the symmetricity of the reflec-
tarray design and positioning of the PIN diodes. *e
switched beam configurations also provided a good agree-
ment between simulated and measured results. Figure 7(a)
shows a comparison between measured and simulated

results for +6° switched beam configuration, where mea-
sured and simulated 3 dB beamwidth were observed to be
13.2° and 13.8°, respectively. While for −6°, switched beam
measured 3 dB beamwidth was observed to be 13.3° as
compared to the simulated 3 dB beamwidth of 14.0° as
shown in Figure 7(b). *e maximum discrepancy in the case
of active reflectarray antenna design was observed to be 0.7°;
however, the trend of beam switching for measured radia-
tion patterns is similar to the simulated radiation patterns.
Moreover the cross polarization levels were observed to be
below −20 dB which are considered satisfactory for this type
of antenna.

*e comparison between the measured and simulated
antenna gains was also carried out as shown in Table 1. A
maximum gain of 13 dB was observed in the case of 0° beam.
*e gain was observed to be slightly lower in the case of
switched beams which can be due to the effects caused by the
introduction of PIN diodes. *e −1 dB gain bandwidth was
also obtained for the 0° beam by measuring the gain at
different frequencies and observing the bandwidth at 1 dB
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Figure 6: Measured and simulated radiation patterns for 0° primary beam at 10GHz.
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Figure 7: Measured and simulated radiation patterns of reflectarrays. (a) +6° switched beam. (b) −6° switched beam at 10GHz.
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below the maximum gain at 10GHz. Figure 8 shows the
comparison between the simulated and measured results of
gain at different frequencies in the X-band frequency range.
*e 1 dB was observed to be 32% or 3.2GHz as demon-
strated in Figure 8.

Generally, there are some discrepancies observed by the
comparison of simulated and measured results of different
performance parameters. *e discrepancy in the measured
and simulated results can mainly be attributed to the losses
added because of the additional circuitry used for biasing of
active reflectarrays. *e PIN diodes were soldered on the
resonant patch elements using conducting materials, which
can add up to the conductor losses. Moreover, during the
fabrication and soldering process, the arrays were exposed to
very high temperatures. *is high temperature can vary the
material properties of the dielectric substrate, and the sol-
dering can affect the conductivity of the copper used for
resonant patches. Overall, it can be concluded that the re-
sults successfully demonstrated the feasibility of applying the
developed technique for the design of switchable reflectar-
rays for beam-shaping realization.

4. Conclusions

Switchable reflectarrays for beam-shaping realization can be
designed using PIN diodes on the slot and gap embedded
resonant patch elements of reflectarrays.*e performance of
the unit cells and the PIN diodes has to be optimized for the
effective design of active reflectarrays. Furthermore, the
sidelobe levels and 3 dB beamwidth demonstrated in this

work can be improved by increasing the number of elements
in the periodic array. Such beam switching can be used in a
number of applications, including Earth observatory sys-
tems, where a geostationary orbit can cover the whole Earth
within ±9°.
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