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1-Bit Reconfigurable Reflectarray for Short-Range Wireless Systems
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ABSTRACT: This paper presents the design, simulation, and experimental validation of a 1-bit reconfigurable reflectarray. Each unit cell
is equipped with a single PIN diode, enabling binary phase control (0◦ and 180◦) for dynamic beam steering. The reflectarray employs
a compact and cost-effective architecture, with digitally reconfigurable elements that allow real-time control of the reflected wavefront.
The integration of PIN diodes ensures fast switching and low power consumption while maintaining good reflection efficiency and
phase performance. Without limiting the applicability of the method, a reflectarray antenna consisting of 9×9 element array operating at
5.8GHz was designed. Full-wave electromagnetic simulations and measurements demonstrate beam steering capability up to±15◦, with
minimal gain degradation and acceptable side-lobe levels. The proposed reflectarray design is a promising solution for low-complexity,
reconfigurable antenna systems in applications such as wireless communications, radar, and IoT systems operating in the 5.8GHz ISM
band.

1. INTRODUCTION

The ability for beamsteering of an antenna is essential to im-
proving the signal quality in awireless system [1]. Transmi-

tarray and reflectarray antennas are high-gain antennas that ex-
ploit the advantages of planar array structures and simple beam
optics techniques. In the past, various unit cell structures with
different geometrical shapes and dimensions have been devel-
oped to meet these objectives [2]. Depending on the shape and
geometry of the designed unit cell, beamsteering can be ob-
tained in the azimuth and/or elevation direction according to
the desired direction.
In [3], an analytical study was conducted on the effect of the

number of layers to the phase range. The results showed that
the more the layers are used, the wider the phase range is ob-
tained. Abdelrahman et al. in [4] gave the result of 360◦ phase
range with a four-layer structure with a total thickness of 0.75λ.
The transmitter array consists of a cross slot in a metal sheet
as the unit cell element. A two-layer transmitter array with a
Maltese cross is proposed in [5]. The Maltese cross structure
is connected through four holes; this antenna achieves a gain
of 33 dBi and an aperture efficiency of 40%. Pham et al. [6]
proposed a metal-specific C-shaped unit cell for applications at
29.5GHz. The transmitter array consists of three layers with
a total thickness of 0.59λ, a gain of 29.9 dBi, and an aperture
efficiency of 50.9%.
Previously, a transmitter antenna has been suggested in [7].

The antenna consists of three layers operating at X-band fre-
quency with 537 spiral dipole elements. The gain of the trans-
mitting antenna is 28.9 dBi at 11.3GHz. In [8], a triple-layer
transmitarray antenna has been implemented. The shape of the
unit cell patch is a split diagonal cross element with 9× 9 ele-
ments. This antenna operates at 12.5GHz and has a measured
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gain of 18.9 dBi. In [9], a triple-layer dual-mode meta-atom
with an H-shaped structure at X-band frequency has been im-
plemented. The quad-beam transmitarray consists of 25 × 25
elements and has a peak gain of 18.8 dBi at 9.6GHz. Another
triple-layer transmitarray antenna is presented in [10]. The unit
cell combines a cross-slot configuration and a double square
ring. The antenna gain at 12.4GHz is 25.8 dBi. The trans-
mitarray consists of 233-unit cell elements etched in a circu-
lar shape with a diameter of 221mm and a total thickness of
15mm (0.62λ). Recently, Dewi et al. [11] presented a double-
layer transmitarray antenna with a 4mm aperture with a unit
cell element consisting of two open rectangular resonator loops.
The antenna operates at a frequency of 9.8GHz; it has a max-
imum calculated gain of 18.4 dBi, a maximum measured gain
of 18.5 dBi, and an aperture efficiency of 31.7%. Unlike ordi-
nary reflector antennas, the flat surface of the reflectarray an-
tenna and the nature of the microstrip involved in it limit the
working bandwidth of this system. Both produce phase errors,
which have implications for disturbed transmission patterns or
reduced gain [12, 13]. Several methods have been proposed
to improve this condition, such as modifying the shape of the
aperture [14] or using additional elements that produce addi-
tional delays of the wave components [15]. To increase the
working bandwidth of this antenna, several methods have been
proposed, such as multilayered configurations, involving lay-
ers whose elements resonate at different frequencies [16–19],
phase-shifting elements arranged in a network smaller than the
wavelength [20], the use of thick substrates [21], and proper op-
timization of the phase distribution in the antenna plane struc-
ture. The last technique is important because in a reflectarray
configuration, the phase difference between elements is respon-
sible for producing a specific radiation pattern, and the phase
response requirements of each element do not fully guarantee
the overall antenna behavior at other frequencies [22, 23].
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FIGURE 1. Unit Cell, (a) detailed geometry of the patch, (b) side view of connecting via, (c) perspective view.

Several other methods used to design reflectarray antennas
with linear polarization that have large bandwidths are given in
the form of single-layer elements with additional transmission
lines to change the phase [24, 25], elements smaller than the
wavelength but with large phase shift capabilities, or four-arm
spiral elements with varying lengths [26]. In recent years, vari-
ous researches have also been conducted on reflectarray anten-
nas at millimeter frequencies (28GHz and 38GHz) which are
strong candidates for 5G and 6G systems [27–31]. Adaptive
transmission and reflection capabilities in the form of intelli-
gent reflecting surfaces (IRSs) are believed to play an important
role in 6G wireless communication networks [32, 33].
Other analytical approaches for radiation synthesizing were

presented in [34]. Antenna arrays are partitioned using T-
shaped tetromino subarrays to reduce cost and complexity. Two
architectures are optimized with a genetic algorithm, achieving
sidelobe levels below −20 dB and −25 dB, while simplifying
the feeding network. Ref. [35] presents a simple method for
reconfiguring antenna beam-patterns using a thinned element
approach. By dividing array elements into three groups with
fixed, adaptive, and zero weights, and optimizing the middle
group via a genetic algorithm, the method enables easy switch-
ing between narrow and wide beams while controlling side-
lobes and nulls. In [36], a pixel-based method enables low-cost
beam reconfiguration by turning array elements ON or OFF,
without phase shifters. It supports various shapes, with reduced
gain but verified effectiveness via some computer simulations.
Most of the existing studies on IRS and its applications

for wireless communication are only about theoretical analy-
sis with simulation as validation. Therefore, an important re-
search direction is to confirm theoretical results with data from
real-world system implementations and experiments. The basis
of using diode switches is developed for signal steering to the
main angles of 0◦,−40◦, and+40◦ [37]. This model can more
accurately guide the optimization of IRS for more transmitting
directions to help wireless communication.
In this paper, we follow the reconfigurability of a reflectarray

antenna by using a number of PIN diodes in 9 × 9 unit cell
elements. The antenna works at 5.8GHz. Each PIN diode can
be biased independently from each other, so that with these 9×
9 elements, theoretically there are 281 switching combinations
available.

2. DESIGN OF RECONFIGURABLE REFLECTARRAY
The design of the complete reflectarray begins with a proposed
unit cell as described in Subsection 2.1. The unit cell is etched
on a Rogers 5880 substrate (εr = 2.0, tan δ = 0.0009) with a
thickness of 1.57mm backed by ground. In Subsection 2.2, the
modeling of PIN diodes for forward and reverse biased condi-
tions is presented suitable for numerical calculation in software
ANSYS High Frequency Structure Simulator (HFSS). Subsec-
tion 2.3 is dedicated to the detailed observation of reconfig-
urable unit cell and its consequences for designing 1-bit recon-
figurable reflectarray antennas. After some parameter studies,
based on the unit cell, a complete reconfigurable reflectarray
fed by an aperture horn antenna is proposed in Section 3.

2.1. Unit Cell
Using ANSYS HFSS program, a design of the unit cell was
proposed as a basic structure to build the reflectarray antenna.
The unit cell is embedded in a region surrounded by a peri-
odic boundary condition and a Floquet port for excitation. This
setting enables a periodic continuation of the unit cell in a two-
dimension extension. In the simulation, some geometrical pa-
rameters are proposed and optimized, so that certain desired
reflection coefficient (S11) values can be achieved.
Figure 1 gives the detailed structure of the geometry of the

proposed unit cell. The unit cell consists of the front side, the
so-called patch as given in Fig. 1(a), which is connected to the
ground via a conducting pin with a radius of 0.1mm as depicted
in Fig. 1(b). A perspective view of the proposed unit cell is
shown in Fig. 1(c).
The dimension of the unit cell depends primarily on the side

length of the rectangular resonator,

P =
c

4f
√
εr,eff

(1)

which becomes around 10.5mm at the frequency of 5.8GHz
and with the effective relative permittivity of the substrate of
εr,eff = 1.5. Other geometrical parameters are given in Ta-
ble 1.
With this information, it is expected that the magnitude of

the reflection coefficient is as close to 0 dB as possible. In or-

TABLE 1. Geometry of the proposed unit cell.

Parameter P L h s t

Value [mm] 10.5 . . . 12 8 6.5 2.5 0.5
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FIGURE 2. Equivalent circuit model for PIN diode, (a) forward bias (on state), (b) reversed bias (off state).

(a) (b)

FIGURE 3. Reflection coefficient of the unit cell for on/off state of the PIN diode at 5.8GHz as function of parameter P , (a) magnitude of the
reflection coefficient, (b) phase of the reflection coefficient and its phase difference.

der to make a large phase variation, the dimension of the unit
cell P was varied between 10.5 and 12mm by considering the
grounding effect of the rectangular resonator. To realize this
circumstance, a direct connection from the patch to the via hole
was built, or to break the connection between them. These con-
ditions will be implemented using PIN diodes, which will be
explained in Subsection 2.2.

2.2. Modeling the PIN Diode

In order to reconfigure the unit cell, as visualized in Fig. 1, a
PIN diode is connected between the closed rectangular loop and
the via. In the conducting case (on state), the electric current
would flow from the loop to the ground, whereas a reversed
bias (off state) would prevent it. In this work, BAR64-02W
from Infineon Technologies was used. Dependent on the bias,
the diode behaves differently, so that two different equivalent
circuit models are available to describe their physical charac-
teristics. Two equivalent circuits, as sketched in Fig. 2, are
adopted to model the diode in on and off states. For the forward
bias, the values Rs = 3 ohms, Ls = 0.6 nH were proposed,
whereby for the reversed bias, Rp = 5 kohms, CT = 0.15 pF,
and Lp = 0.6 nH. These values lead to the magnitudes of
impedance around 20Ω and 179Ω in on and off states, respec-
tively.
The circuit model is implemented for both on and off states

in the form of lumped elements. In this way, the off state model
is expected almost no phase variation in the reflection coeffi-
cient, whereas in the on state, due to direct connection between

the resonator and ground, it is expected to obtain a large phase
variation of the reflection coefficient.

2.3. Simulation of the Reconfigurable Unit Cell

The unit cell with integrated lumped elements for modeling the
on and off states was simulated at 5.8GHz, and the reflection
coefficient was calculated as given in Fig. 3 as a function of the
side length of the resonator P . The magnitude of the reflec-
tion coefficient for on state, as indicated by blue curve, is very
close to 0 dB across the P range (from 10.5mm to 12mm). It
means that the unit cell reflects nearly all incident power in the
on state, which represents a high reflection efficiency. This is
a good characteristic for a reflectarray unit cell. On the other
hand, the magnitude of the reflection coefficient for off state
(red curve) shows a variation with P . As P increases, |S11|
drops to −0.8 dB at P ≈ 11.65mm but never below −1 dB,
which is still acceptable. However, the magnitude of the re-
flection coefficient is lower than that in the on state, implying
some loss or absorption in the off state— possibly due to higher
resistive components or surface wave excitation.
The phase characteristic (as given in Fig. 3(b)) for on state

(blue curve) decreases gradually and nonlinearly with increas-
ing P . It covers a range from about 145◦ to −130◦, which in-
dicates a strong tunability. This tunable range is very useful
for dynamic beamforming. On the other hand, for off state (red
curve), the phase is almost constant (around 150◦) across all
values of P . It suggests that in the off state, the unit cell is not
responsive toP variation, behaving like a fixed passive surface.
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Moreover, Fig. 3(b) shows the phase difference (black curve)
representing the difference between on and off states,

∆φ(P ) = ∠S11,off (P )–∠S11,on(P ) (2)

At P ≈ 11.8mm, the phase difference hits around 180◦,
which is ideal for binary phase modulation (i.e., 0◦ and 180◦

states). This point is marked with green dashed lines and high-
lights an optimal switching condition. The proposed unit cell
design demonstrates excellent performance for 1-bit reconfig-
urable reflectarrays at 5.8GHz. For next observation, the value
P = 11.8mm is used for the design. A further investigation of
this unit cell shows that the condition for binary phase mod-
ulation is effective in the frequency interval of 5.74GHz to
5.89GHz.

3. RESULTS AND DISCUSSION
In this section, a reflectarray consisting of 9×9 patches is built.
In each patch, a PIN diode is attached to allow a direct connec-
tion to the ground. All diodes can be switched on or off inde-
pendently from each other, so that theoretically there are 281

possible connection combinations. The overall dimension of
the reflectarray is 125mm × 125mm × 1.57mm. An aperture
antenna WR137 (dimension 34.85mm × 15.80mm) was used
as a feed for the reflectarray. As illustrated in Fig. 4, the feed
antenna is mounted symmetrically in the middle position with a
focus distance of 34.4mm. This value was chosen to optimize
the balance between illumination loss and spill over loss.
After getting the complete geometrical and electrical data

from Section 2 and additional information given in Fig. 4, the
model is covered by a radiation boundary condition to guaran-
tee that there is only radiation from the reflectarray. We con-
tinuewith the following observations and set some of the diodes
on and the other off as given in Fig. 5. In computer simulation,
the on state is represented by setting the equivalent circuit as
given in Fig. 2(a), whereas the off state is modeled by the rep-
resentative equivalent circuit in Fig. 2(b). For better overview,
the on state is visualized by blue color and the off state by or-
ange color. The results of computer simulation will be com-
pared with measurements later at the end of this section.

FIGURE 4. Perspective view of the computer model for designed re-
flectarray with a feed antenna WR137.

Figure 6 gives the normalized radiation patterns of a recon-
figurable reflectarray antenna operating under three different
control states: Setting 1 (solid red line), Setting 2 (dash-dot
black line), and Setting 3 (dashed blue line). The radial axis

represents normalized gain in linear scale from 0 to 1, while
the angular axis represents azimuthal angle φ in degrees. These
radiation patterns demonstrate how the antenna beam can be ac-
tively controlled by switching among different phase configura-
tions, with each setting producing a distinct main lobe direction
and pattern shape. In Setting 1, the antenna radiates predomi-
nantly towardφ = 0◦, and two side lobes in directionsφ = 90◦

and φ = 270◦. Setting 2 results in a slightly narrower beam di-
rected to aroundφ = 345◦, with a reduction in the forward lobe
compared to Setting 1, and the side lobes remain in directions
φ = 90◦ and φ = 270◦ with reduced intensity. In Setting 3, the
main lobe shifts to reverse direction compared to Setting 2, and
it is pointed to around φ = 15◦, whereas the side lobes are the
same as in Setting 2. This progressive beam redirection con-
firms that the antenna system achieves dynamic beam steering
through reconfiguration, which is crucial for applications such
as adaptive radar, wireless power transfer, or beamforming in
mmWave communications.
From a performance standpoint, each configuration exhibits

unique radiation characteristics, highlighting trade-offs inher-
ent in low-bit reconfigurable designs. Setting 1 offers the high-
est normalized peak gain (1.0), implying optimal phasing and
constructive interference in that state. However, it also exhibits
pronounced sidelobes, especially in the backward direction
(φ ≈ 180◦), which can lead to unwanted radiation and reduced
efficiency. Setting 2, while maintaining a similar beam direc-
tionality, shows a slightly lower peak gain (0.7) but reduced
backlobes, suggesting improved suppression of backward scat-
tering. Setting 3 demonstrates the lowest forward gain (0.6) and
a broader main lobe, indicating more diffuse radiation likely
due to less optimal phasing or broader coverage requirements.
All three settings display some sidelobe and backlobe struc-
tures, typical in systems employing 1-bit or coarse phase quan-
tization, where each element can only shift the phase between
two values (e.g., 0◦ and 180◦). This quantization limits beam-
forming precision and increases spectral leakage. Nonetheless,
the demonstrated control over the main beam direction—even
with moderate peak variation—validates the design’s effective-
ness as a directionally reconfigurable antenna. Future improve-
ments could focus on increasing phase resolution (e.g., to 2-
bit or 3-bit levels), integrating amplitude tapering to suppress
sidelobes, or optimizing the array’s surface geometry. Overall,
the plot successfully confirms the functionality of the antenna’s
dynamic reconfigurability, while also providing a clear basis
for analyzing and improving directional gain, beamwidth, and
sidelobe behavior across operational modes.
In order to verify the simulated radiation pattern, the com-

plete reconfigurable reflectarraywas fabricated. Tomake a pas-
sive reflectarray antenna into an active reflectarray is to add a
circuit as a controller when the PIN diode is on and off. As pre-
viously discussed to turn on the diode, a certain direct current
(DC) voltage must be applied with forward bias on the diode.
The applied voltage value ranges from 0.6 volts to 0.8 volts. In
this study, a switch circuit was implemented as a controller or
provider of DC voltage from the battery to the diode. To pre-
vent the alternating current (AC) voltage to enter the DC con-
troller, an inductor (L) needs to be installed on the DC path.
The inductor component acts to block AC voltage but passes
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FIGURE 5. On-off setting combinations, (a) setting 1, (b) setting 2, (c) setting 3.

FIGURE 6. Simulated radiation diagram in horizontal plane.

DC voltage. Moreover, to prevent excessive DC voltage on the
PIN diode, a resistor component needs to be installed in series
with the inductor. This resistor acts to withstand excess current
passing through the PIN diode. In this work, 0603 SMD/SMT
1% Resistors with the value of 1 kOhm and 1206 SMD SMT
Chip Inductors with the value of 22µH were used. They have
an impedance value of around 800 kOhm at the frequency of
5.8GHz, which represents an ‘open’ circuit for the RF signal.
Another important thing in designing a controller is how the

DC path does not interfere with the patch performance. Be-
cause the position of the controller is far from the reflectarray,
there will be a cable path from the controller to the diode pin on
the antenna patch. This reflectarray antenna design has a total
of 81 patches, meaning that the number of diode pins and DC
lines is also a minimum of 81, plus one ground line. In order not
to interfere with the antenna patch, the DC line was placed on
a printed circuit board (PCB) that is separate from the antenna
PCB. In Fig. 7, there are two PCBs. Fig. 7(a) shows PCB 1 as
the place where the antenna patches are printed, and Fig. 7(b)
gives PCB 2 for DC supply. PCB 2 is located behind the an-
tenna PCB. Between PCB 1 and PCB 2 there is a ground layer
to block the electromagnetic fields. For the sake of miniatur-
ization, surface mounted device (SMD) diodes, inductors, and
resistors were used.
After all antenna components are assembled, the reflectar-

ray antenna is located on a rotating table 1.0m apart from RS
HF907 as measuring antenna, as given in Fig. 8(a). The anten-

nas were connected to RS ZVA67 Vector Network Analyzer
(VNA), and the measurement was carried out in Microwave
Laboratory Universitas Mercu Buana, Jakarta. For comparison
purposes to the simulation results, here the same three settings
were done as indicated by color LEDs in Fig. 8(b).
Figure 9(a) shows the comparison between the calculated

(red solid line) and measured (blue dashed line) radiation pat-
terns in the horizontal plane for Setting 1. Both patterns are
normalized, with amplitude values ranging from 0 to 1. The
comparison reveals good agreement in terms of main lobe di-
rection, with both the simulation and measurement showing
strong radiation toward φ ≈ 0◦. However, some discrepancies
are evident: the measured pattern shows more irregular side-
lobes and ripples, particularly between φ = 180◦–300◦, likely
due to fabrication imperfections, measurement noise, or envi-
ronmental reflections. The calculated pattern is smoother and
exhibits idealized symmetry, which is typical of simulation re-
sults that assume perfect material properties and boundary con-
ditions. Overall, the plot demonstrates that the antenna per-
forms as designed, with acceptable alignment between theory
and experiment, though refinements may improve the match
further.
Figure 9(b) presents a comparison between the simulated

(red solid line) and measured (blue dashed line) radiation pat-
terns of a reconfigurable reflectarray antenna in the φ-plane for
Setting 2. The simulation predicts a strong main lobe around
φ ≈ 345◦, which is generally confirmed by the measured
pattern, though with some angular shift and reduced ampli-
tude, especially in the 60◦–120◦ region. Notably, the measured
pattern shows more distortion and sidelobe fluctuation, likely
caused by environmental reflections, manufacturing tolerances,
or array element mismatch. Despite these deviations, the over-
all beam directionality and shape are in reasonable agreement,
confirming the antenna’s beam-steering functionality. The dif-
ferences between the calculated and experimental data high-
light practical limitations often encountered during prototype
testing but also indicate that the design model is fundamentally
sound, offering a good foundation for further refinement.
Figure 9(c) displays the comparison between simulated (red

solid line) and measured (blue dashed line) radiation patterns of
a reconfigurable reflectarray antenna for Setting 3. The patterns
are normalized, indicating relative radiation intensity across the
azimuthal angle φ. The main beam direction in both curves
aligns around φ ≈ 15◦, suggesting consistent beam steering
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(a) (b) (c)

FIGURE 7. Fabricated reflectarray, (a) the structure of the patch side with 81 PIN diodes, (b) connection lines for DC supply with 81 SMD resistors
and SMD inductors, (c) complete reflectarray system.

(a)

(b)

FIGURE 8. Measuring the radiation diagram, (a) testbed, (b) reflectarray with setting 1, 2 and 3.

between simulation and measurement. The measured pattern,
however, exhibits more irregularities, particularly in sidelobes
and backlobe region (φ ≈ 180◦–300◦), which may result from
measurement noise, fabrication tolerances, or finite array ef-
fects not captured in simulation. Despite these discrepancies,
the general shape and beam direction are well preserved, in-
dicating a successful realization of the antenna’s design ob-
jectives. The red (calculated) pattern shows a smoother and
more idealized lobe structure, while the blue (measured) pat-
tern reflects practical deviations common in experimental se-
tups. Overall, the agreement confirms the antenna’s directional
behavior and validates the theoretical model.
Figure 10 shows the gain versus frequency plot of calcu-

lated and measured results between 5GHz and 7GHz. The
red curve represents the calculated gain, which remains rela-
tively flat at around 10.5 to 11 dB across the entire frequency

range. In contrast, the blue curve shows the measured gain,
which varies more significantly but peaks at approximately
11.1 dB near 5.8GHz. The measured bandwidth, defined be-
tween 5.435GHz and 6.5GHz, is 1.065GHz. Within this
range, the gain remains relatively high, mostly above 9.5 dB,
indicating effective performance across a wide frequency band.
There is a good agreement between the simulated andmeasured
gain values in the central portion of the frequency range, par-
ticularly near the peak. However, some discrepancies are ob-
served at the lower and upper ends of the band, where the mea-
sured gain drops below the simulated values. These differences
are common and can be attributed to real-world factors such as
fabrication tolerances, material losses, and measurement uncer-
tainties. Overall, the results confirm that the design performs
well, offering a broad operational bandwidth with consistently
high gain. The close match between simulation and measure-
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FIGURE 9. Horizontal radiation diagram, (a) setting 1, (b) setting 2, (c) setting 3.

FIGURE 10. Calculated and measured gains as function of frequency.

ment also reflects the reliability and accuracy of the design pro-
cess.

4. CONCLUSION
A 1-bit reconfigurable reflectarray antenna operating at
5.8GHz has been successfully designed, simulated, and
fabricated. The use of PIN diodes allows binary phase control
of each unit cell, enabling effective beam steering through
three distinct radiation configurations. Both simulation and
measurement results confirm the reflectarray’s ability to
redirect its main lobe dynamically, demonstrating its suit-
ability for adaptive wireless applications. Future work will
focus on enhancing phase resolution, improving sidelobe
suppression, and developing control algorithms for real-time
beam optimization.
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