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A Wideband Beam-Scanning Reflectarray Based
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Abstract— In this article, a wideband beam-scanning reflectar-
ray antenna is proposed. The reflecting surface is built based on
the 1-bit tightly coupled elements. The phase control is achieved
by loading radio frequency (RF) switches on the delay lines of
the elements. To obtain better sidelobe levels (SLLs) and beam
directions, the state of the RF switch on the reflecting surface
is optimized by applying particle swarm optimization (PSO).
Additionally, a novel method for calculating the reflection phase
of the strongly coupled elements is proposed. To verify the
design, a prototype reflectarray consisting of 27 × 9 elements
is simulated, fabricated, and measured. Measured results show
that the proposed reflectarray can achieve ±45◦ beam scanning
from 4 to 6 GHz with the stable main beam.

Index Terms— Beam-scanning, strongly coupled elements,
wideband reflectarray.

I. INTRODUCTION

BEAM-SCANNING reflectarray has received extensive
interest from many researchers in recent years. Compared

with traditional phased-array antennas that use complex beam-
forming networks, the beam-scanning reflectarray adopts the
spatial feed structure, offering the advantages of lower cost
and simpler structure [1]. The beam-scanning reflectarray
can achieve beam focusing and beam scanning by changing
the reflection phase distributions on the reflecting surface.
Many researchers have employed methods such as intro-
ducing devices like varactor diodes [2], [3], [4] and p-i-n
diodes [5], [6], [7], as well as using tunable materials like
tunable liquid crystals [8], [9], to achieve dynamic beam
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scanning. In [10], a novel dual-port dual-beam reconfigurable
antenna is presented. By changing the states of the p-i-n
diodes on the reconfigurable metal lines, the two ports can
independently perform beam scanning.

In [11], [12], and [13], the 1-bit reconfigurable reflectarray
based on radiating element rotation is proposed. This approach
can achieve the 180◦ phase difference while maintaining low
losses. In [14], [15], [16], and [17], p-i-n diodes are embedded
in the delay lines. In this way, the length of the current path on
the delay line is controlled, thus achieving the reflection phase
change. Specifically, unlike the traditional method of placing
p-i-n diodes on the microstrip line, in [17], the p-i-n diodes
are inserted into the center of a coupling slot on the ground
plane. This method significantly reduces the losses caused by
the p-i-n diodes. In [18], a highly integrated reconfigurable
electromagnetic (EM) surface is proposed, which integrates p-
i-n diodes onto the radiating patch. By changing the state of
the p-i-n diode, the operating mode and phase response of the
unit are adjusted.

Whether using unit rotation or controlling the length of
delay lines to achieve the 1-bit phase difference, these reflec-
tarrays face the challenge of narrow bandwidth. The main
reasons for this limitation are the bandwidth constraints of
the unit cell and the differential spatial phase delay. Many
methods have been introduced to improve the bandwidth of
the reflectarray. In [19], a broadband reflectarray based on
magneto-electric dipole unit cell is proposed, which eliminates
the influence of frequency by resonating the magnetic and
electric dipoles at the same frequency. In [20], a wide-
band reflectarray based on the polarization rotating wideband
element is proposed, which achieves the 180◦ phase shift
from 5.4 to 12.7 GHz. In [21] and [22], by introducing the
tightly coupled elements, the single-polarized and the dual-
polarized tightly coupled wideband reflectarrays are proposed,
respectively. The reflection phase is controlled by changing
the length of the delay line. By introducing the concept of
equivalent distance delay, the influence of frequency on the
reflection phase is eliminated. However, these two designs only
achieve broadband reflectarrays when the beam direction is
fixed.

In this article, a wideband 1-bit tightly coupled beam-
scanning reflectarray is proposed. The element of the proposed
design is based on the tightly coupled element in [21]. First,
to achieve beam scanning, radio frequency (RF) switches
are introduced on the delay lines of the reflectarray ele-
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Fig. 1. (a) Side view and (b) front view of the 1-bit reconfigurable unit cell.

ments. The reflection phase of the unit cell can be controlled
by RF switches. Since the switches have two states, on and
off, the unit cell also has two reflection phases. This method
conveniently implements the broadband 1-bit reconfigurable
unit cell. Although, in [23], RF switches have been introduced
into tightly coupled elements to control the reflection phase,
there are some limitations. On the one hand, the impact of dc
bias lines is not considered, and only simulation results are
given. On the other hand, two RF switches are applied in one
element to control the reflection phase [23], while the proposed
reflectarray in this article only employs one RF switch in one
element. Second, after achieving the 1-bit reconfigurability
of the unit cell, it is necessary to determine the switch
states on the reflecting surface. This requires mapping the
required reflection phase on the reflecting surface to the RF
switch state of the unit cell. When applying the traditional
geometric optical mapping (GOM), the sidelobe levels (SLLs)
of radiation patterns are high. To improve SLLs, particle
swarm optimization (PSO) is proposed to optimize the states
of the RF switch on the reflecting surface. More importantly,
a novel method to calculate the reflection phase of elements
with strong coupling is proposed. By applying this method,
the radiation patterns at low frequencies are computed more
accurately.

This article is organized as follows. Section II discusses
the design of the broadband 1-bit beam-scanning reflectarray.
Section III presents the design and optimization of the switch
states on the reflecting surface. Section IV gives the simulated
and measured results of the fabricated prototype. Section V
concludes this article.

II. DESIGN OF WIDEBAND 1-BIT BEAM-SCANNING
REFLECTARRAYS

In this section, the tightly coupled 1-bit unit cell is designed.
Based on the proposed unit cell, a wideband beam-scanning
reflectarray is built.

A. 1-bit Reconfigurable Tightly Coupled Unit Cells

The structure of the tightly coupled unit cell is shown
in Fig. 1. The unit cell includes a tightly coupled dipole,

Fig. 2. Solder pad of the RF switch and the dc lines.

TABLE I
PARAMETERS OF THE UNIT CELL

a pair of delay lines with two metalized vias at the ends,
an RF switch, and the dc lines. The dipole is printed on the
Rogers 4350B. The dimension of the unit cell is dx × dy , and
the distance from the top of the unit cell to the first metal
plane is h1. dx , dy , and h1 affect the impedance bandwidth of
the unit cell significantly.

To control the reflection phase of the unit cell, the RF switch
is introduced. The RF switch is placed on one of the delay
lines, which is divided into two parts: delay line 1 and delay
line 2. The RF switch is a single-pole double-throw switch
(NJG1818K75). The solder pad structure and dc lines of the
RF switch in the unit cell are shown in Fig. 2. Pin 1 and pin 3
are two RF ports of the switch, and pin 5 is the RF common
port. In the proposed design, pin 3 is connected to delay line 1,
and pin 5 is connected to delay line 2. Pin 2 is connected to
the ground. Pin 4 is used to input the control signal, and pin 6
is the dc voltage supply input. The parameters of the unit cell
are listed in Table I.

The reflection coefficient of the unit cell is shown in Fig. 3.
For the unit cell without the RF switch, the reflection coef-
ficient is below −10 dB from 2 to 7 GHz. When the
RF switch and dc lines are introduced, the reflection coef-
ficient deteriorates slightly, which remains below −7 dB
from 2 to 6 GHz.

The reflection phase difference between the ON-state and
OFF-state of the unit cells 1ϕ can be written as follows:

1ϕ = ϕO F F − ϕO N (1)

where ϕO F F is the reflection phase when the RF switch is off
and ϕO N is that when the RF switch is on. The unit cell could
reflect the EM energy from the feeding antenna. Fig. 4 shows

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on July 23,2025 at 05:04:31 UTC from IEEE Xplore.  Restrictions apply. 



LI et al.: WIDEBAND BEAM-SCANNING REFLECTARRAY BASED ON THE 1-bit TIGHTLY COUPLED UNIT CELL 4513

Fig. 3. Reflection coefficient of the unit cell.

Fig. 4. Energy flow on the delay line when the RF switch is (a) on and
(b) off.

the energy flow on the delay line when the RF switch is on
and off. Therefore, 1ϕ can also be expressed as follows:

1ϕ = 1ϕ1 + 1ϕ2 (2)

where 1ϕ1 is the phase shift caused by delay line 2, and 1ϕ2
is the phase shift caused by the RF switch. 1ϕ1 can be
expressed as follows:

1ϕ1 = 2 ∗ l2 ∗
2π f

√
εre

c
+ π (3)

where f is the frequency. εre is the relative permittivity. c is
the speed of light in the vacuum. 1ϕ2 can be expressed as
follows:

1ϕ2 = 2 ∗ phase(SRF ) (4)

where phase (SRF ) is the transmission phase of the RF
switch from pin 3 to pin 5. As both 1ϕ1 and 1ϕ2 are

Fig. 5. (a) Amplitude response and (b) phase response of the unit cell.

affected by frequency, 1ϕ changes with varying frequency.
At the same time, the introduction of dc lines also affects
the reflection phase of the unit cell. Therefore, to achieve the
1-bit reconfigurable unit cell over a wide frequency range, it is
crucial to determine l1 and l2.

1ϕ at frequency fn is 1ϕ( fn). Assume that there are
N frequency points in the working band. D(ϕ) is given by

D(ϕ) =

N∑
i=1

|1ϕ( fi )−180◦
|. (5)

If 1ϕ is 180◦ for all frequencies, D(ϕ) should be zero.
By scanning l1 and l2, it is found that when D(ϕ) is minimized,
l1 = 7 mm and l2 = 1.65 mm. Fig. 5 shows the amplitude
and phase responses of the unit cell. It can be seen that
when the RF switch is on, the reflection magnitude of the
unit cell is above −2 dB. When the RF switch is off, the
reflection magnitude of the unit cell deteriorates at 5.5 GHz,
reaching around −3.5 dB. Table II shows ϕO F F , ϕO N , and
1ϕ of the unit cell at different frequencies. It can be seen
that at 4, 5, and 6 GHz, 1ϕ( fn) is within 180 ± 20◦.
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TABLE II
ϕO F F , ϕO N , AND 1ϕ OF THE UNIT CELL (l1 = 7 mm AND l2 = 1.65 mm)

Fig. 6. Structure of the LPDA.

However, at 2 and 3 GHz, 1ϕ( fn) deviates significantly
from 180◦. Therefore, 4–6 GHz is chosen as the working band
of the unit cell.

B. Feed Antenna

The broadband feed antenna is a log-periodic dipole
array (LPDA), which is shown in Fig. 6. The antenna con-
sists of a pair of microstrip and a dipole array. Both the
dipoles and the microstrip lines are printed on Rogers 4350B
with a thickness of 0.762 mm. The antenna is fed by a
coaxial cable. The dimension of the substrate is a_feed ×

b_feed. The width of the microstrip is 2.2 mm. The angle
α = 19.22◦. The length bl1 and width bw1 of the first dipole
are 21.86 and 5.83 mm, respectively. The ratio between the
adjacent dipoles satisfies

bl1

bl2
=

bw1

bw2
= 1.18. (6)

According to [22], to generate a beam in a specific direc-
tion, the required reflection phase of each element on the
reflecting surface is related to the distance from the phase
center of the feed to the element di , which can be written as
follows:

di =

√
(xi − x f )

2
+ (yi − y f )

2
+ (zi − z f )

2 (7)

where (xi , yi , zi ) is the coordinate of the unit cell on the
reflecting surface and (x f , y f , z f ) is the coordinate of the
phase center of the feed at frequency f . The phase center of
LPDA changes at different frequencies. The phase center of the
LPDA p(x, y, z) at each frequency point is shown in Table III.

TABLE III
COORDINATES OF THE PHASE CENTER OF LPDA

Fig. 7. Structure of the reflectarray.

C. Reflectarray Configuration

To verify the beam scanning capability of the proposed
design, a reflectarray consisting of 27 × 9 unit cells is
constructed. The structure of the reflectarray is shown in Fig. 7.
The dimension of the reflecting surface is 207 × 202.5 ×

38 mm3, and the distance from the feed antenna to the
reflecting surface lh is 111 mm.

III. DESIGN AND OPTIMIZATION OF THE STATES OF THE
RF SWITCH ON THE REFLECTING SURFACE

In this section, RF switch states on the reflecting surface
are determined and optimized. A new method is pro-
posed to calculate the reflection phase of strongly coupled
elements.

A. RF Switch States Distribution

To generate the main beam with the specific direction, the
required reflection phase 8( fn) for each unit cell on the
reflecting surface at frequency fn can be calculated according
to [21] and [24]. Then, the states of the RF switch for each
unit cell are determined by

states =

{
O F F, 8( fn) ∈

[
1ϕ( fn) −

π

2
, 1ϕ( fn) +

π

2

]
O N , else.

(8)

This method to calculate the RF switch states is
called GOM. Take the beam direction being 30◦ at 5 GHz for
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Fig. 8. Distribution of RF switch states when the scan angle is 30◦.

Fig. 9. (a) Ideal reflection phase. (b) Quantized reflection phase.

an example. Fig. 8 shows the RF switch states by GOM on the
reflecting surface, where 0 represents the ON-state and 1 repre-
sents the OFF-state. Fig. 9 shows the ideal reflection phase and
the quantized reflection phase calculated by GOM. It can be
seen that the ideal reflection phase is continuously distributed
on the reflecting surface, while the reflection phase calculated
based on GOM only has two states, which inevitably leads to
the deterioration of the radiation pattern.

The radiation patterns of the reflectarray are calculated
according to the array antenna theory. The radiation patterns
when the beam directions are 0◦, 15◦, and 30◦ at 4, 5,
and 6 GHz are shown in Fig. 10. It can be observed that
the radiation pattern from GOM deteriorates significantly in
SLLs compared with those from the ideal reflection phase.
Specifically, at 4 GHz, with beam directions being 15◦ and 30◦,
the SLLs are only around −8 dB.

B. Particle Swarm Optimization

To obtain better radiation patterns, PSO is introduced. The
variables to be optimized are the states of the RF switches
on the reflecting surface. The loss function Ftotal includes

Fig. 10. Calculated radiation patterns at (a) 4, (b) 5, and (c) 6 GHz.

2-D radiation pattern loss function F2D and the 3-D radiation
pattern loss function F3D . F3D is used to maintain the basic
shape of the 3-D radiation pattern, while F2D is used to
optimize the 2-D radiation pattern. Ftotal is expressed as
follows:

Ftotal = aF2D + bF3D (9)

where a and b are normalized weighting coefficients. The
2-D radiation pattern loss function F2D includes the SLL loss
function FSL L and beam direction loss function FB D . It is
written as follows:

F2D = a1 F SL L + a2 FB D (10)

where a1 and a2 are normalized weighting coefficients.
FSL L is defined as follows:

FSL L =

{
0, SL Lcal < SL L0

(SL Lcal − SL L0)
2, SL Lcal ≥ SL L0

(11)

where SL Lcal is the SLL calculated in PSO. SL L0 is the
desired target SLL. When SL Lcal is below SL L0, it meets
the requirement, and the loss function is set to 0. Otherwise,
the loss function is the square of the difference between
SL Lcal and SL L0.

FB D is defined as follows:

FB D =


(θ cal − θmin)

2, θcal < θmin

(θ cal − θmax )
2, θcal > θmax

0, θmin ≤ θ cal ≤ θmax

(12)

where θcal is the beam direction of the 2-D radiation pattern
calculated in PSO. θmax and θmin are the upper and lower
bounds of the target beam direction, used to constrain the beam
direction. When the calculated beam direction is between θmin

and θmax , it is considered to meet the requirement, and the
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Fig. 11. Defined mask model. (a) Side view. (b) Top view.

TABLE IV
HYPERPARAMETER VALUES FOR A BEAM DIRECTION OF 30◦ AT 5 GHz

loss function is 0. Otherwise, the loss function is the square
of the difference between θcal and θmax or θmin .

The loss function F3D for the 3-D radiation pattern mainly
involves the SLL. Before defining F3D , it is necessary to define
the mask of the 3-D radiation pattern [25], which is defined
as follows:

Mask(u, v) =

{
0, (u, v) ∈ main beam
SL Lmask, (u, v) /∈ main beam

(13)

where SL Lmask is the SLL of the mask, which is applied
to maintain the basic shape of the 3-D radiation pattern.
Therefore, the value of SL Lmask can be set slightly higher
than SL L0. u and v are two intermediate variables, which can
be expressed as follows:{

u = −kdx sinθcosϕ
v = −kdysinθsinϕ

(14)

where k is the propagation constant in free space. The range
of the “main beam” is expressed as follows:

Main beam(θ, ϕ) =

{
θl < θ < θu

ϕl < ϕ < ϕu
(15)

where θl , θu , ϕl , and ϕu are hyperparameters used to define
the main beam range. The mask is shown in Fig. 11. F3D is
defined as follows:

F3D =


∑

u

∑
v

(N P(u, v) − SL Lmask)
2,

N P(u, v) > Mask(u, v)

0, N P(uv) < Mask(uv)

(16)

where N P(u, v) is the normalized 3-D radiation pattern. The
hyperparameter settings vary for different frequencies and
beam directions. The relevant hyperparameter settings for a
beam direction of 30◦ at 5 GHz are shown in Table IV.

After determining the loss functions for both 2-D and
3-D radiation patterns, an iterative procedure is employed
to optimize the RF switch states at frequencies of 4, 5,
and 6 GHz, respectively, when the beam directions are −30◦,

Fig. 12. 2-D radiation patterns from PSO and simulation at 4 GHz.

Fig. 13. Change of the strong coupling element states.

TABLE V
SIMULATED REFLECTION PHASES AT 4 GHz

−15◦, 0◦, 15◦, and 30◦. To reduce the number of iterations,
the initial RF switch states are given by GOM.

C. Strong Coupling Elements Reflection Phase Calculation

After the radiation patterns are optimized by PSO, the
reflectarray is simulated. However, it is found that the
simulation radiation patterns at 4 GHz are significantly dif-
ferent from the results calculated by PSO. This difference
is particularly noticeable when the scanning angle is large.
Fig. 12 presents the calculated and simulated radiation pat-
terns, with beam directions being 15◦ and 30◦ at 4 GHz.
It can be seen that the SLLs of the simulated radiation
patterns are quite different from the calculated results. When
the beam direction is 30◦, the simulated radiation patterns are
totally distorted. At 5 and 6 GHz, the differences between
the simulated and calculated radiation patterns are much
smaller.

This phenomenon may result from the coupling effect
between the elements. As the proposed reflectarray is based
on the tightly coupled element, the coupling between adjacent
elements is much stronger than that of the conventional reflec-
tarray element. At the same time, the coupling is enhanced
as the frequency decreases, because the electronic distance
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Fig. 14. Simulated and calculated radiation patterns from PSO with SCERPC
at 4 GHz.

Fig. 15. Prototype of the reconfigurable reflectarray.

Fig. 16. Reflection coefficient of the feed antenna.

between adjacent elements becomes shorter. At 4 GHz, the
coupling becomes so strong that the reflection phase of the
certain element is determined not only by the RF switch state
on itself but also by those on the elements near it. As the
element is affected by its two adjacent elements along the y-
axis the most, the number of the states for a certain element
changes from 2 to 23, which is shown in Fig. 13. The reflection

Fig. 17. Measured and simulated patterns at (a) 4, (b) 5, and (c) 6 GHz.

phase of these eight states at 4 GHz is given in Table V. It can
be seen that the reflection phase of the unit cell is related to
the number of “0” in the states. When there are three “0” in
the states, the reflection phase is about −105◦. With two “0,” it
is about 109◦. With one “0,” it is about 85◦. And with no “0,”
it is about 77◦.
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Fig. 18. Measured and simulated gains.

TABLE VI
MAX APERTURE EFFICIENCY OF THE REFLECTARRAY

In this work, only three elements along the y-axis are
considered. For the elements with stronger coupling, more
elements should be considered, and elements along the x-axis
may also need to be considered. This way of calculating
the reflection phase is called the strong coupling elements
reflection phase calculation (SCERPC) method.

Then, the SCERPC at 4 GHz is applied in the PSO, and
the radiation patterns are calculated. Simulated and calculated
radiation patterns from PSO with SCERPC at 4 GHz are
shown in Fig. 14. It can be seen that the simulated radiation
patterns agree well with the calculated results. The simulated
SLLs are mostly below −10 dB, approximately worse than
the calculated ones by about 5 dB.

IV. SIMULATED AND MEASURED RESULTS OF THE
PROPOSED REFLECTARRAY

To validate the performance of the proposed beam-scanning
wideband reflectarray, a prototype is fabricated, simulated,
and measured. The photograph of the prototype is shown
in Fig. 15. The reflectarray is connected to a microcontroller
to control the states of the RF switches on the reflecting
surface.

The reflection coefficient of the feed antenna is shown
in Fig. 16. The simulated and measured results agree well.
The reflection coefficient is mostly below −10 dB from
2.6 to 7 GHz.

Fig. 17 presents the measured and simulated radiation
patterns. The measured and simulated radiation patterns are
in good agreement. When the beam scans from −45◦ to 45◦,
the radiation patterns remain stable. In most cases, the SLL is
below −8 dB.

Fig. 18 shows the measured and simulated gains of the
reflectarray and the feed antenna. It can be seen that the

TABLE VII
COMPARISON WITH REPORTED RECONFIGURABLE REFLECTARRAYS

gain is between 7.89 and 13.82 dBi, with the beam scanning
ranging from −45◦ to 45◦. The gain of the LPDA is approx-
imately 7 dBi. Table VI shows the max aperture efficiency
of the reflectarray, with the beam direction varying. There
are some differences between the measured results and the
simulated results in terms of beam direction and the gain,
which may be attributed to the fabrication and measurement
errors.

The proposed design and some recent related works are
compared in Table VII. Although the profile of the proposed
beam-scanning reflectarray is relatively high, it realizes the
widest bandwidth. Additionally, using RF switches as tuning
devices reduces the structural complexity of the element.

V. CONCLUSION

A beam-scanning reflectarray based on tightly coupled
1-bit reconfigurable unit cells is proposed. By loading RF
switches on the delay lines of the unit cells, the reflection
phase can be switched. This method reduces the structural
complexity of the elements compared with those loaded by
p-i-n diodes. Additionally, PSO is introduced to optimize the
switch states on the reflecting surface, significantly improving
the SLLs of the radiation pattern. Finally, a novel method of
calculating the reflection phase of strongly coupled unit cells
is proposed. The proposed design can achieve ±45◦ beam
scanning from 4 to 6 GHz.
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