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Abstract— In this article, a reconfigurable reflectarray (RA)
system which can steer reflected beam at two dimensions based
on liquid crystal (LC) technology at Ka band is proposed. In the
RA system, an individually controlled RA unit is come up with
and utilized to generate a 12 × 12 elements RA, a novelty bias
network composed of metalized vias holes and driving lines are
proposed and used to control each element independently, and
a Ka band standard horn antenna is offset 20◦ at H-plane as
the primary feed. The manufactured RA model is checked for
the reconfigurability with bias voltage under the microscope, then
the model is measured that a continuous phas-varying ability can
be achieved. During the measurement of beam steering, far-field
patterns at E-plane from 0◦ to 35◦ are measured; and scanning at
H-plane can cover from 0◦ to 40◦; for the special beam direction
ϕa = 115◦, θa = 15◦, a near-field measurement is used and proves
that the 2-D beam scanning is possible. Then LC RA is applied as
reconfigurable intelligent surface (RIS) in the simulated narrow
street model, and the results show that it could indeed enhance
the received power of electromagnetic waves. The innovation of
this study is to propose a single controllable LC RA unit and
a corresponding bias network composed of metallized vias and
driving lines; thus, each element in RA can be controlled to
change reflection coefficient and beam steering of greater freedom
with LC technology is achieved, which is a potential RIS and
provides a possible solution for the beam scanning property.

Index Terms— 2-D, beam steering, liquid crystal (LC), recon-
figurable intelligent surface (RIS), reflectarray (RA).

I. INTRODUCTION

RECONFIGURABLE intelligent surfaces (RISs) are cur-
rently being widely studied [1], [2], [3], [4], [5] as a

potential key to open the door of high-frequency wireless
communications owing to their unique configurabilities such
as controlled-direction beam, multibeam, and beam forming,
such a steering property of beam can be used in programmable
transmitters or receivers to further strengthen the signal to
the end users in need and guide the electromagnetic wave
transmitting to the desired districts. As a promising bridge, RIS
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can significantly lower the extreme requirements of wireless
transmitters while avoiding the high costs of employing a
large number of micro-cells in unit area. Nowadays, various
means [6], [7], [8], [9] are being tried to achieve reconfigura-
bilities in RIS. Among them, reconfigurable reflectarray (RA)
[9], [10], [11], [12] is the most popular one due to its unique
properties: low loss due to the absence of a corporate feed,
ease of fabrication, planarity, and low weight and lower cost.

In the research of reconfigurable RA, the reconfiguration
is realized by various means, mainly including programmable
lumped devices, mechanical devices, and tunable materials.
RA element based on lumped devices have been widely
studied [13], [14], [15]. By controlling elements such as p-
i-n diodes and varactor diodes with different circuits, the
lumped devices can be used as switch. Although practical,
these lumped elements cannot be used as ideal switch in
millimeter wave regime, owing to the intrinsic parasitic effects.
Mechanical approaches [16], [17], [18] use mechanical sys-
tems like MEMS to physically modify the structure sizes
which are sensitive to EM response. While mechanical mech-
anisms can provide high accuracy, the cost increases since
EM devices at high-frequency bands require high accuracy,
and mechanical approaches are relatively slow compared to
electrically controlled methods. As a tunable material, liquid
crystal (LC) can be integrated to the RA by treating it as
a permittivity-changeable media [19], which can respond to
voltage quickly [20] and cost is low.

The first LC RA is proposed in [21] and beam scanning
is achieved by the LC RA with three-dipole structure [22],
it can just steer beam at the E-plane, similar works are
found in [23] and [24]. The same unit design employing the
idea of subarray [25], a group of elements can be controlled
differently both in line and rows, thus beam scanning at
two dimensions can be achieved. By controlling the effective
length in the unit, some scholars achieved controlling the
2-D phase varying and beam scanning [26] with four-layer
structure. In this study, a novel and simpler LC RA unit
has been designed with only three layers, featuring a unique
bias circuit with metallized perforated vias and driving lines.
This design allows for a larger range of phase variation
while also scaling down the fabrication cost, although it
comes at the expense of a certain reduction in reflected wave
magnitude. However, the advantages of this LC RA design are
significant. The designed LC RA unit achieves independently
controllable elements, allowing for precise control of the
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phase of the reflected waves. Moreover, this LC RA enables
2-D beam scanning, where the scanning direction is not just
limited to the E-plane and H-plane, providing greater beam
scanning freedom and flexibility. By utilizing this novel LC
RA design, the study successfully addresses the limitations
faced by conventional LC RA designs, such as limited phase
shifting range and fixed scanning directions. This advance-
ment offers promising potential for various applications in
wireless communication and beam forming systems, with the
added benefit of cost-effectiveness in fabrication. In the realm
of high-frequency antennas, approaches based on reflection
characteristics have garnered increasing attention in recent
years. Notable examples include the utilization of cardiac
pulse for detection [34] and the application of reconfigurable
RAs in RIS setups to achieve blindness trapping [6], [35].
While diode-based RAs have been previously employed for
RIS [6], [35], our study introduces a novel concept by intro-
ducing LC RA as RIS. This innovation represents a significant
step forward as it addresses and improves upon the issue
of quantization lobes associated with low-bit RAs. Different
from previous studies focus on increasing the receiving power
in the path-loss model [35], [40], we present a solution
to eliminate the blind zones of electromagnetic wave in
a simulated congested urban experimental scenario by RIS
incorporating LC RA as the receiving power from RIS in
practical communication environment is more complicated.

Expanding the previous studies on beam scanning at both
E-plane and H-plane [27], this work upgrades unit cell struc-
ture based on LC technology and considering a biasing circuit
and mechanical spacers for realistic full-wave results. These
improvements are in view of our plan to prototyping the
system not just now, but also in the future works. There-
fore, as many engineering problems and details as possible
to obtain more accurate predictions of what would hap-
pen are considered. To improve the reliability and accuracy
of scanning beam, the polarization response of full-wave
simulation-derived unit cell, which consists of potentially
impactful effects from material losses, coupling effects, pos-
sible surface wave, and edge taper. In addition, the incident
wave from the feed antenna to the RA surface is calculated by
method of moments (MoM), which could give more accurate
information of field with co-polarization and cross-polarization
compared with approximate cosin q pattern. Based on these
careful considerations, we design a LC RA system with feed
antenna, LC RA, bias network, and voltage controller [shown
in Fig. 1(a)]. And the proposed LC RA system exhibits
great potential to serve as a RIS, as shown in Fig. 1(b), the
future wireless communication system is forced to move to
high-frequency bands (e.g., mm wave) due to the tightening of
spectrum resources, but the mm wave is hard to penetrate the
building, and the path loss is large, which is prone to cause the
end user to receive weak signals. If the LC RA is assembled on
the surface of the building, the beam can be controlled to point
of the blind zone of the base station by adjusting the unit of
the LC RA, so as to improve the problem of communication.

This article is organized as follows: Section I introduces
the development of LC RA, talks about the advantages and
disadvantages of previous studies on LC RA. Section II

introduces the single controllable LC RA unit, explains the
working principles, describes the details of the unit, andthen
shows the simulation results of the LC RA unit at the periodic
structure in commercial software HFSS. Section III presents
the manufactured LC RA model and shows the innovated bias
network connecting to the element, then measures the steered
phase of LC RA with bias voltage. Section IV exhibits the
measured steered beams and proves the beam steering proper-
ties at two dimensions. Section V shows an experiment which
is valuable for RIS in actual application scene. Section VI
concludes this article.

II. DESIGN INDIVIDUALLY CONTROLLABLE LC RA UNIT

A. Developed LC RA Unit

Based on the RA unit of two-finger structure [see Fig. 2(a)],
we have developed a new LC RA unit shown in Fig. 2(b); a
slot along the direction x is added at the ground. Thus, the
ground of the LC RA is separated into square metallic ground,
which can be biased with the needed voltage relative to the
patch layer. The small square-shaped ground on FR4 replaces
the original discrete ground on quartz glass; to control the state
of LC, a metalized vias through FR4 connects to the electrode
on other side of FR4. In the former LC RA [see Fig. 2(c)],
the reflection phase can just be controlled along one direction;
with the updated unit, each unit in the LC RA can be biased
with the voltage to compensate the incident wave, thus beam
scanning in 2-D is achieved.

The LC RA element with multilayer structure is shown in
Fig. 3; different from the former 2-fringer structure, a slot
on the bottom metal layer of glass is attached to separate the
ground in the direction y which is orthogonal to the path layer.
The 3-D view model is presented in Fig. 3(a) and the top
view of RA unit is presented in Fig. 3(b). The schematic of
controlled states of RA are compared in Fig. 3(c) and (d),
the LC molecules inside the LC RA are along direction x
after the prearrange, the relative permittivity of LC is εr ,⊥; the
LC molecules will rotate along direction z with bias voltage
increases, the maximum value of relative permittivity for LC
is εr ,//. The detailed information of each layer is exhibited
in Fig. 3(e). The top of the RA unit is quartz glass which
has good electromagnetic properties (εr = 3.78, tanδ =

0.002) and strong rigidity, the patch layer of metalized 2-finger
structure is coated under the quartz glass. The third layer and
the fifth layer are polymide which is used to guarantee the
initial state of LC molecules. LC is sealed at the fourth layer
by solid media with the polymide coated on the surface. The
six layer is the square metalized sheet to add bias voltage
relative to the patch layer. The bottom layer is FR4 board
with metalized vias through the board and the metalized vias
is added to connect voltage. The parameters of the LC RA
unit are marked in Fig. 3. The same model is simulated in
software HFSS. By choosing the same material properties
of 5 µm-thick-golden for metalized layer next to LC, the vias
and bias point is set silver, and the values of the parameters
with wavelength at target frequency 37.5 GHz are listed
in Table I.

The parameters listed in Table I exert varying effects on
the reconfiguration performance of the LC RA. Here is a
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Fig. 1. Schematic of applying LC RA as RIS. (a) LC RA system consists of primary feed horn antenna, LC RA, bias network, bias lines, voltage controller,
and computer. (b) Application of RIS to increase the receiving signal power in future crowded areas.

Fig. 2. Updated LC RA to achieve beam scanning in two dimensions.
(a) Original LC RA unit. (b) Individual controllable LC RA unit achieved
by adding slots at the bottom of ground. (c) Beam scanning at 1-D achieved
by bias scheme along one direction. (d) Beam scanning at 2-D achieved by
individual controllable LC RA unit and corresponding bias voltage at 2-D.

TABLE I
UNITS PARAMETERS

breakdown of how these parameters influence the LC RAs
behavior. Glass thickness (hG): the thickness of the glass
affects the equivalent port impedance of the LC RA, leading
to periodic variations in the reflection coefficient magnitude
with frequency. However, it does not significantly impact the

phase shift range. Unit period (x): the period of the LC RA,
x , is often set equal to or less than λ0/2 to minimize sidelobe
level (SLL) when scanning the beam. Ground length (G): the
size of the square metallic ground is usually chosen to be
similar to X to prevent leakage of the incident wave. When
G approaches the size of the patch, the reflection coefficient
magnitude becomes smaller, and phase shift may be negligible.
Finger lengths (L x1 and L x2): L x1 and L x2 determine the
resonant frequency of the LC RA, increasing their lengths
typically leads to a decrease in the resonant frequency. Metal
finger width (W ): W affects the current distribution, increasing
W can lower the resonant frequency to some extent. Driving
linewidth (W0): the width of the driving line should be kept
thin to avoid interfering with the current distribution along
the x-direction on the patches. Dielectric thickness (hG B):
the thickness of the FR4 board, a thicker hG B is chosen
to prevent deformation during processing, as electromagnetic
waves reflect from the metal layer above. Thickness of LC
layer (hLC): increasing hLC enhances the reflection magnitude
but simultaneously reduces the phase shift range. Distance
between metallic finger (Gap): a small Gap value increases
the mutual inductance of the patches, causing a decrease in
the reflection magnitude and compression of the phase shift
range, a Gap of λ0/4 is often considered suitable. Connection
parameters (R and Rb): R and Rb mainly serve as connec-
tors between the vias and driving lines, and do not have a
significant impact on the reflection magnitude or phase shift.
Considering these effects helps in optimizing the design and
performance of the LC RA.

In this work, all the parameters in Table I tried to sweep
and optimize the parameters of this structure to achieve larger
phase shift range over 300◦ and relative high reflection coeffi-
cient, which are two basic principles for RA element design.
The type of LC used in this study is TD-1020XX with mixture;
its material parameters at Ka band are measured as: relative
permittivity changes from εr ,⊥ = 2.4 to εr ,// = 3.2, loss
tangent varies from tanδ⊥ = 0.014 to tanδ// = 0.004, and the
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Fig. 3. Structure of LC RA unit. (a) 3-D view of LC RA unit. (b) Top view of LC RA unit. (c) Side view of LC RA unit when the LC is not biased.
(d) Side view of LC RA unit when the LC is biased. (e) Detailed description of LC RA layers.

relationship of relative permittivity increase with bias voltage
increasing with a quasi-linear curve has tested in [28] and [29].
Even though the distribution of εr,LC at different part of LC RA
unit is inhomogeneous according to the structure of electrodes,
simulating the LC partition with different values may be more
realistic [37], simulation and experiments in former studies
showed that the simulation of LC with inhomogeneous LC and
homogeneous LC are almost the same [38], and simulating LC
with homogeneous εr,LC value is acceptable for studying the
variation properties of LC and prediction for beam steering.
So electrically controlled reconfiguration can be applied by
adding voltages to change the dielectric constant and loss
tangent of LC in each unit cell, and the permittivity of the
LC has strong relationship with voltage [30]. If the RA unit
has different performance of reflected wave when dielectric
constant is steered, which means the proposed LC RA unit
can be steered by electivity.

B. Performance of LC RA

The performance of the LC RA unit under normal incidence
is simulated in commercial software with the infinite periodic
structure approximation based on Floquet theory. The LC RA
unit model of Fig. 3 is simulated in HFSS with the LCs initial
state (εr ,⊥ = 2.4, tanδ⊥ = 0.014). The relationship between
the reflected wave and the incident wave can be characterized
by reflection coefficient considering the polarization influence.
The reflection coefficients at the interested frequency band
from 33.0 to 43.0 GHz are shown blew; in the scattering
matrix, the first alphabet of the subscript denotes the polar-
ization of reflected fields, along with the second alphabet of
the incident fields[

Er,x

Er,y

]
=

¯̄0

[
Ei,x

Ei,y

]
(1)

¯̄0 =

[
0xx 0xy

0yx 0yy

]
. (2)

Fig. 4 presents the simulated reflection response comparison
between the LC RA with slots and without slots. The sim-
ulation results depict 0xx , which corresponds to the cell’s
co-polarization along the x-direction, within the frequency
range of 33.0–43.0 GHz. Comparing the LC RA with the cell
that lacks a slot, the introduction of a slot leads to several
notable changes. Resonant frequency: the resonant frequency
of the LC RA is increased by the inclusion of the slot, shifting
from 39.3 to 40.6 GHz. Reflection magnitude: with the addi-
tion of a slot, the reflection magnitude diminishes. Specifically,
the minimum reflection magnitude decreases from −4.4 to
−5.7 dB. Phase shift: the introduction of a slot just shifts
the resonant frequency while phase still varies from −600◦ to
100◦, and reflection phase decrease with frequency increase.
The phase variation range and trend remain consistent despite
these shifts. In summary, the addition of slots to the LC RA
increases its resonant frequency shift upward and decreases the
reflection magnitude, but the overall phase variation range and
tendency of the LC RA cell keeps still; they are not greatly
affected by the addition of slots.

In this study, the LC TD-1020XX is used for manufac-
turing LC RA. Prior to the LC RA design, we conducted
comprehensive tests to assess the reconfigurability of the LC
TD-1020XX within Ka band. The results of our tests revealed
that the equivalent relative permittivity of the LC ranged
from 2.4 to 3.2, corresponding to bias voltage variations
from 0 to 36 V. Moreover, the equivalent loss tangent of LC
demonstrated a notable decrease, ranging from 0.014 down
to 0.004, as the voltage was increased. This empirical data
play a crucial role in guiding the design and optimization of
our LC RA system. Thus, the change εr,LC from 2.4 to 3.2 is
accompanied by a variation in tanδLC from 0.014 to 0.004 in
the simulation model at frequency band from 33.0 to 43.0 GHz
to mimic the bias condition. The frequency response of the
reflection coefficients (0xx ) for different values of equivalent
relative permittivity in the LC layer is shown in Fig. 5. The
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Fig. 4. Comparison of simulated reflection coefficient of the LC RA unit
with and without slot on the ground.

magnitude of the reflection coefficient of RA is shown in
Fig. 5(a), when the LC RA is not biased, the magnitude of
reflection coefficient changes from −0.2 to −5.9 dB at the
band from 33.0 to 43.0 GHz; when the unit is biased, the
relative permittivity increasing and loss tangent decreasing, the
reflection coefficient magnitude varies from −0.3 to −8.9 dB.
The phase of the reflection coefficient from RA is shown in
Fig. 5(b), and the phase variation scale of more than 330◦ is
achieved in the structure at the frequency band from 37.4 to
39.7 GHz when relative permittivity changes. From the results
of frequency response vias reflection coefficient when LC
presents different values of relative permittivity, it can be tried
to compensate phase continuously, and this property can be
applied to steer beam.

Incident angle is also an important factor for the RA. When
the feed antenna is located somewhere near the RA, the inci-
dent wave always has angle differences with different elements
distributed on the RA aperture. The reflection coefficient (0xx )

response with relative permittivity of LC is simulated when
incident wave changes incident angles from 0◦ to 45◦ at target
frequency f = 37.5 GHz, results of 0xx from incident angles
0◦, 15◦, 30◦, and 45◦ are shown in Fig. 6(a). From the figure,
the magnitude variation appears when incident angles relative
to normal direction increase. When incident angle increases,
the magnitudes of 0xx at different state of LC varies a lot;
at the initial state (εr ,⊥ = 2.4) and final state (εr ,// = 3.2)
of LC, the magnitude varies little, and at the middle state
(εr = 2.7), |0xx | at 45◦ decrease 2.1 dB compared with
normal incident condition. The reflection coefficient phase
with relative permittivity of LC varies little compared with
magnitude. The phase difference has a maximum difference
of 24◦ when there is a change in the incident angle, just 6.9%
deviations in the critical phase performance. The electrical
field distribution of three cross sections and electrical current
distribution on the metallic layer at f = 37.5 GHz are plot in
Fig. 6(b) when the LC is not biased. The same distributions
are plot in Fig. 6(c) when LC is biased to the maximum value
of εr,LC. With the relative permittivity changing, the currents
distribution on the patch structure and RF field at three sections

(L x1, Lx2, and D) around the metal shows that when the
relative permittivity of LC increases, the resonant states of
two dipoles shift to one dipole (the longer one).

III. LC RA MODEL

A. Bias Network

From investigation of LC RA, static driving-line bias net-
work is a type of highly integrated and stable method to control
beam scanning. The previous works of reconfigurable LC RA
are mostly focused on 1-D RA, because the electrodes only
connect the patch element of a row or a column to add the
voltage of the same value in this linear group [22], [30]. But
the driving-line bias network ends up in problem when 2-D
reconfigurable RA is controlled, because when the driving
line is connected to the patch layer to achieve the reflection
coefficient of each element in the 2-D RA, the driving-line will
pass through the gaps between patch layers of elements in both
the x and y directions, which is obviously destructive for the
reflected waves of the RA. However, the 2-D beam scanning
of reconfigurable RA requires the phase of each element to be
independently steered, resulting in the fact that uniform biased
voltage within one driving line is no longer sufficient.

To erase the influence of driving lines on electromagnetic
properties of RA, a bias network composed of 2-D driving line
and the metalized vias is utilized in the controlling module.
The LC RA with bias network is sketched in Fig. 7. As can
be seen in Fig. 7(a), the 2-D LC RA has three parts: quartz
glass with metallic 2-finger structure at the bottom, LC layer,
and ground layer with bias network. As the superstrate of LC
RA, the quartz glass has an advantage of low loss and strong
stiffness; underneath the quartz glass is the metallic two-finger
structure patch layer pointing in the x-direction, the two-finger
structures are connected to the drive line along the y direction
with a period of 4.0 mm, and there is a dc pad at the end
of the drive line. The ground layer is shown in Fig. 7(b); at
the upper part [see Fig. 7(c)], the square metallic layers are
discretized by slots in xy plane and connected to driving lines
[see Fig. 7(d)] at the back of the FR4 board through metalized
vias. The driving lines at the same row along direction x has
the same length shift along x and driving lines in one column
have different length shift along y, then the driving lines are
bent to extend to the +x-direction.

The proposed bias network is a crucial component that
empowers each individual cell of the LC RA with the
capability of independent bias voltage control. This control
mechanism is employed to compensate for the reflection phase
of the LC RA, thereby enabling beam scanning in two dimen-
sions. The operational scheme of this network can be described
as follows: to establish a baseline, a reference voltage is
applied to the patch layer of the LC RA unit. For each
specific LC RA unit, a desired voltage difference is introduced
to the driving lines. This voltage difference is determined
in relation to the reference voltage at the patch layer. The
voltage difference from the driving lines is transmitted toward
related square grounds [shown in Fig. 7(c)] at the bias point
[see Fig. 7(b)]. The voltage difference is further conveyed to
the square ground sections through the solid metallic vias,
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Fig. 5. Frequency response of the reflection coefficient for different values of equivalent relative permittivity in the LC layer. Frequency response of reflection
coefficient (a) magnitudes and (b) phases when LC presents different values of relative permittivity.

Fig. 6. Reconfigurability at f = 37.5 GHz. (a) Reflection coefficient response with relative permittivity of the LC when incident wave comes with different
incident angles. Electrical density distribution on the path layer and field distribution at the section marked when LC is (b) not biased and (c) fully biased.

as presented in Fig. 7(b). By implementing this comprehensive
bias network setup, the LC RA units attain phase-independent
controllability. This approach offers greater flexibility and
accuracy in controlling the direction of the reflected beams,
enhancing the overall performance and capabilities of the LC
RA system.

B. LC RA Model Manufacture and Reconfigurability

The fabrication procedures of LC RA are as follows:
Step 1—Cleaning Procedures: The surface of glass and FR4
board with ultra-sound cleaning machine with special liquid
and pure water for a certain time, then air gun was used to dry
the glass. Step 2—Rubbing Process: Polyimide AL1254 was
used as alignment film to cover the metal-side surface of glass
and FR4. After complicated heating procedures, a rubbing
procedure along x-direction is done which allows the LC layer
to change in x-direction, then put glass on the rubbing machine
to use high pressure to rotate in x-direction of the glass to
finish the rubbing. Step 3—Integration Process: Put a small
spacer to support the glass with thickness of hLC on the FR4,
then put the upper glass with a 7 mm shift at y direction on
the FR4 board. After the procedure of inserting LC LIXON-
TD1020-XX (εr,⊥ = 2.4, tanδ⊥ = 0.014, εr,∥ = 3.2, tanδ∥ =

0.004, viscosity at 20 ◦C is 22.5 mPas), glue is used to seal the
edge of glass. The front and back sides of the fabricated model,
a 12 × 12 element LC RA with a size of 50.0 × 50.0 mm,
are shown in Fig. 8(a) and (b), bias lines are connected to
the backside by pins, and the patch layer is also connected to
bias lines.

Since the permittivity change, the refractive index will
also change, thus the observed reflected visual light can be
observed differently. This phenomenon can be used to check
the reconfigurability of the LC RA. The LC RA element is
checked under microscope to observe the reflected light when
LC is biased with different voltage. This experiment is shown
in Fig. 8(c). LC RA is placed under the objective lens and
the enlarged unit image is projected on the monitor. Tune the
diaphragm to observe the intensity of the light, so that the
light of the images of the LC RA at two extreme states is
observed. Fig. 8(d) is the image of the unit when LC RA is
without bias, Fig. 8(e) is the image of the unit when LC RA
is biased with the maximum voltage 36.0 V, and the LC under
the finger structure has changed the relative permittivity under
bias voltage. Even though the material properties at optic band
and RF band are different, but they have the same tendency
but difference in value.
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Fig. 7. LC RA with bias network. (a) Whole structure of LC RA. (b) 3-D view of the ground layer with bias network. (c) Top view of the ground layer,
the top is discrete rectangle ground. (d) Bottom view of the ground layer, the ground side is the metalized vias connected to driving lines.

Fig. 8. Manufactured LC RA model. (a) Front image of the LC RA and its detail. (b) Back side image of the LC RA and its detail. (c) Observe the detail of
the LC RA with bias voltage under microscope and check its reconfigurability. (d) Unit cell when the RA is not biased. (e) Unit cell when the RA is biased
with maximum voltage 36 V.

C. Steering Phase of Reflection Coefficient

To control the reflected wave of LC RA, a steering system
is designed: a Labview program is coded on the PC, which can
control the wave function generator to output voltage signal
with different amplitudes and frequency. Using an amplifier,
enough voltages are attained. The output voltages from the
amplifier are biased to bias channels of LC RA. In this way,

LC can be controlled accurately; at the same time, the scattered
field is measured by the lens antenna and is analyzed by
Agilent PNA N5224A.

To measure the phase varying ability of LC RA, the
experiment setup shown in Fig. 9(a) was used. A lens antenna
which can generate focused plane wave is placed in front of
the LC RA, with E-plane parallel to the direction of dipole
structure of LC RA and the distance from the surface of
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Fig. 9. Measure the reflection coefficient of LC RA. (a) Actual experiment.
(b) Magnitude and phase of reflection coefficient from LC RA.

lens antenna to the LC RA is F = 300 mm. The LC RA
is placed on the platform made of plastic foam behind which
are radio-absorbing materials and all electrodes connected to
the patch layer are connected to all the bias lines; thus, all the
elements are biased with the same voltage, and scattering field
is measured at the broadside of LC RA.

To get the scattered field, inverse Fourier transform (F−1)

is applied to the measured frequency domain S11(ω) to obtain
time domain S11(t). A gate function gτ (t) is multiplied to
S11(t) so scattered field in time domain is obtained; here r =

F = 300 mm, through Fourier transform (F) to frequency
domain, the scattering field can be attained and the details are
expressed by the following equations:

E⃗ |scat = E⃗ |total − E⃗ |inc (3)
S11|scat = S11|total − S11|inc (4)

S11(t) = F−1
[S11(ω)] (5)

S11|scat (ω) = F
[

S11(t)gτ

(
t −

c0

r

)]
(6)

S11|V = S11|scat (ω)e jkr . (7)

As the receiving power decays with increasing distance
between the scatter and Rx antenna, phase also changes at
the same time; therefore, a reference is needed to calibrate

TABLE II
RECONFIGURABILITIES OF LC RA

the reflection coefficient. To the magnitude of reflected wave,
it can be referenced to a copper plate with the same size of
LC RA. For the phase of the reflected wave, a reference phase
of LC RA without bias φ|0V = 0◦ is selected. When different
voltage value is biased to the LC RA, the controlled reflection
coefficient can be observed by the following equations:

|0||V = [S11,scat |V /S11,scat |Copper Plate](d B) (8)
1ϕ = S11,scat (deg)|V − S11,scat (deg)|V =0V. (9)

The voltage steering process starts from 0 to 36.0 V with
steps of 0.2 V and scattered field is measured. The measured
amplitudes and phases [see (9)] of scattered field at different
bias voltages are shown in Fig. 9(b); when the LC RA is
biased with 0 V, magnitude of reflected wave is −6.8 dB, with
bias voltage increasing to 6.0 V where there is no change;
when the bias voltage is higher than 6.0 V, the magnitude
started to change. It gets lower first and then gets higher with
increasing voltage, but at the bias voltage from 7.0 to 10.0 V,
there is a cave, which may be caused by the resonance. The
steered tendency of reflected phase also started to change at
6.0 V; compared with magnitude, the phase changes relatively
monotonously, the phase gets lower, and phase difference can
reach −338◦ when bias voltage reaches 36.0 V. Even though
the phase-varying ability cannot reach 360◦ within bias voltage
of 0–36.0 V, approximation in phase compensation works for
the beam steering.

Reference to a copper plate of the same size, our LC RA
design exhibits a change in reflected wave magnitude from
−6.8 to −10.2 dB as the bias voltage increases from 0 to 36 V,
corresponding efficiency varies from 22.9% to 15.5%. Table II
presents the reconfigurable reflection coefficients of published
LC RAs. In comparison to these LC RA designs, our proposed
design demonstrates relatively small value in maximum loss
in the reflected wave, with only a 3.4 dB difference between
the highest and lowest reflected magnitude values. This small
variation is advantageous for effective beam scanning. Fur-
thermore, our design offers a controllable phase shift range of
338◦, a value that ranks second only to the results reported
in [38]. The comparison reveals that our design provides an
LC RA unit that balances reflection magnitude and phase shift.

IV. BEAM STEERING RESULTS

Since the reconfigurable LC RA is a system which consists
of the feed antenna, LC RA, bias lines, voltage output mod-
ules, and computer, it needs all parts to cooperate properly
to achieve steerable beam to the target direction. When the
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LC RA is manufactured, placement of the feed antenna,
values of bias voltage, and measurement scheme should be
taken into account. And we design our LC RA system as
shown in Fig. 1(a) considering the relationship of position and
controlling model.

A. Position of Feed Antenna

How to locate the feed antenna upon RA should be consid-
ered carefully because the geometrical placement influences
a lot on the system performance. Large F /D brings high
illumination efficiency but also cause high edge taper which
results in low spillover efficiency; small F /D increases the
spillover efficiency and lower the edge taper of RA which can
guarantee that incident wave is mostly utilized to steer beam
although the illumination efficiency declines. Since the total
aperture efficiency equals the product of spillover efficiency
and illumination efficiency, it is a tradeoff to select F when
considering the maximum utilization of RA [31]. The RA
antenna system usually chooses an offset placement of the feed
antenna to avoid feed blockage when the system is controlled
to scan beam, which can lower the physical occlusion effect of
feed antenna, meanwhile oblique incidence from feed to RA
appears, so the oblique incident reflection response should be
studied before final decision.

In most published RA systems, the RA is usually placed
in the near-field region of the feed [32] where high gain feed
antenna causes high illumination efficiency, but the incident
field on elements cannot be considered as plane-wave seri-
ously. Without regarding the proposed LC RA system, the
far-field region of feed antenna is off the center with a diameter
more than 324.0 mm, namely, F /D = 6.48 is required to
satisfy the far-field radiation condition of the feed in the RA
system, where the spatial phase delay of the RA element is
proportional to the distance form phase center of feed to the
element, but the edge taper will influence the pattern of the
RA. In this study, a standard horn antenna of 20 dBi at Ka band
is used as feed, and the reconfigurable LC RA has an aperture
size of 50.0 × 50.0 mm (6.25λ × 6.25λ ). In this condition,
if we put the RA at the far-field of the feed, the edge taper
of the RA aperture is −0.7 dB by approximate calculation
with cosine q pattern, which causes obvious loss of power
and efficiency; besides, the influence of the corner and edge
of the RA will also cause the reflected beam worse. A near-
field region distance of 140.0 mm from the flange of the horn
antenna to the RA surface is selected, as the phase center of
the antenna is 60.0 mm from the flange, with an offset angle
20◦; thus F /D = 1.67. To find the incident wave on the RA
surface more accurately, MoM is used to calculate the incident
near-field distribute on the RA element, which is shown in
Fig. 10. The magnitude of co-polarized incident wave |Ex| is
plot in Fig. 10(a), edge taper is around −7.5 dB, a relatively
low level, the magnitude of cross-polarized incident wave |Ey|

is plot in Fig. 10(b); compared with |Ex|, the values are smaller
and the cross polarized wave influences a little to the RA;
the phase of Ex and Ey is plot in Fig. 10(c) and (d) and
these values have relationship with feed antenna and Euclidean
distance and coupling.

Fig. 10. Field components of incident field from feed antenna on the
LC RA surface. (a) Magnitude of co-polarization field. (b) Magnitude
of x-polarization field. (c) Phase of co-polarization field. (d) Phase of
x-polarization field.

B. Controlling Scheme

The phase compensation scheme-steering beam and
reflected wave from RA unit should compensate the space
phase on the RA surface in Fig. 10(c) since |Ex| is much
larger than |Ey|. When the phase compensation scheme is
applied to the reconfigurable RA, each element is controlled to
achieve steered phase according to the desired direction k̂0; the
phase compensation ability of reconfigurable RA converts the
incident quasi-spherical wave radiated by the feed antenna,
to a collimated beam in the direction r̂0, and the phase of
reflected wave on RA aperture is approximately planar and
progressive phase distribution φpp

ϕpp = −k0r̂0 · r⃗mn (10)

where k0 is free space wavenumber, m and n are the order of
the RA elements along directions x and y, r̂0 is the unit vector
of the direction that EM wave, r⃗mn is the coordinate vector
that form the origin to the mnth element of RA, m represents
the column order in the RA, and n represents the row order
in the RA. The propagation direction vector of EM wave r̂0
can be expressed in a certain direction expressed in spherical
coordinate θo, ϕo, to get a beam directed in a certain spherical
direction (θo, ϕo) relative to axis z, the mnth element with a
coordinate (xmn , ymn) should have a progressive phase, so the
progressive phase distribution φpp can be written in another
expression

ϕpp,mn = −k0(xmn sin θ0 cos φ0 + ymn sin θ0 sin φ0) (11)
ϕR A,mn = ϕpp,mn − ϕNear_Ex,mn + ϕ0. (12)

Here φpp_mn is the compensation phase of the mnth RA
element to form a beam pointing at the direction r̂0, and φ0
is a referenced phase constant, indicating a relative phase is
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Fig. 11. Calculated results of steered beam at far-field. (a) Continuous
phase compensation for RA. (b) Approximation phase compensation for RA.
(c) H-plane. (d) E-plane.

needed for RA elements. The RA element should be biased
with a certain voltage value which can steer the LC unit with a
state that equals the phase φpp,mn , and the relationship can be
obtained from Fig. 9(b). The biased relationship between the
compensation phase of the mnth element and the mnth bias
voltage connection line is

ϕR A,mn = f [g(Vmn)]. (13)

Sometimes the reflection phase of the RA unit is needed
to reach the phase tuning ability over the maximum phase
of our 2-finger structure which has 338◦, so the required
phase from −338◦ to −349◦ can be approximated to −338◦,
approximation 0◦ can be applied from −349◦ to −360◦,
such an error may influence the beam a little. Here the
approximation reflection phase is ̸ 0xx,mn , since in the RA
system, the co-polarization of the antenna and the polarization
response of RA unit in the coordinate of the proposed RA
system are all x-polarized.

To compensate phase of LC RA in Section IV-A to achieve
beam pointing at ϕo = 0◦, θo = 0◦, the required phase
response of the RA to achieve this beam pointing is shown in
Fig. 11(a), which ranges from −180◦ to 180◦. The achieved
phase controlled in our LC RA has a maximum phase variation
of 388◦, and it is added with a referenced phase φ0 to achieve
the desired phase response as shown in Fig. 11(b). After the
phase compensation, the radiation pattern of the LC RA is
evaluated in the E-plane [see Fig. 11(c)] and H-plane [see
Fig. 11(d)]. The results show that the maximum radiation
power of the approximated phase compensation is 0.4 dB
lower than the continuous phase compensation. Additionally,
the first SLL of the two compensation schemes has a difference
of 0.5 dB in the E-plane and 1.1 dB in the H-plane. However,
overall, a good agreement within 1.5 dB error is achieved
in the range of ±20◦ at the maximum radiation. This phase

compensation scheme allows the LC RA to precisely steer
the beam to the desired direction, achieving accurate beam
pointing and radiation performance in both the E-plane and
H-plane, making it suitable for practical applications in recon-
figurable RA systems.

C. Steering Beam at E-Plane and H-Plane

The steered beams of the LC RA antenna have been mea-
sured in experiment for several scan angles at target frequency
of 37.5 GHz. For the scanning plane of H-plane and E-plane,
a far-field radiation pattern measurement system is built: the
standard horn antenna at Ka band is chosen as the receiving
antenna, the LC RA is placed at the center of rotating axis of
the optic turn table, the 20 dBi standard horn antenna is placed
20◦ offset at the place where the flange of antenna is 140.0 mm
from the RA along direction z and it is connected to the bias
lines from the pin points to the amplifier which can output
magnified voltage from voltage controller. If a beam toward
a certain direction is needed, codes from PC can control the
voltage controller, then ac of low frequency can be added to
the LC RA element, the phase of reflected wave changes, and
the beam will change. The RA and antenna are surrounded by
radio absorber. The measuring schemes are shown in Fig. 12.

If we choose the coordinate system same as Fig. 12(a), the
origin locates at the center of RA center, the axis +z is along
the normal direction of the RA upper surface, axis x is along
the dipole of the RA unit, and axis y is parallel to the patch
bias line of the patch layer. Since the feed antenna is placed
with an incident angle θo = 20◦, the maximum radiation is
θ = 20◦, ϕ = 90◦. According to the definition, H-plane
is the yOz plane [see Fig. 12(a)], E-plane is the xOz′ plane
(Fig. 12(b), and z′ is the axis z rotate around x). The measured
results of steered beam toward θo = 0◦, 10◦, 20◦, 30◦, and
40◦ at H-plane are compared in Fig. 13(a), from where we
can see that the maximum radiation pattern in H-plane is
toward 20◦ with a SLL of −10.2 dB, when the beam scans
to broadside or endfire gain decreases; at θo = 40◦, gain
decreased to −3.5 dB, SLL increased to −7.9 dB; when beam
scanned to θo = 0◦, gain reduced to −3.2 dB, SLL reached to
−6.1 dB. The steered beam toward θo = 0◦, 10◦, 20◦, and 35◦

at E-plane are plot in Fig. 13(b) and the maximum radiation
pattern of steered beam is at θo = 0◦, with a SLL of −14.0 dB;
when the angle started to increase, the gain declined and SLL
increased, when it reaches to θo = 35◦, the gain decreased to
−3.7 dB, SLL varied to −8.3 dB.

Compared with steered beams at E-plane, the beams at
H-plane have relatively higher SLLs; this is caused by the
position of feed antenna which is located at H-plane and has an
angle shifted relative to the normal direction; thus, the steered
beam at H-plane had poor beam. According to the discussion
with other scholars, we all think that the feed antennas in the
RA antenna system will cause physical obstacles; thus, the
choice of a proper antenna and placement relationship will
optimize the pattern to some degree.

D. Any Direction at 2-D Space

Since the LC RA system use offset feed can reduce the
obstacle to some degree, but when measure the pattern of the
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Fig. 12. Experimental scene of the steered beam at far-field. (a) H-plane. (b) E-plane.

Fig. 13. Measured results of steered beam at far-field. (a) H-plane.
(b) E-plane.

LC RA system steered at a particular direction, new fixtures
to locate the feed antenna and RA are required, and we shall
make sure that the maximum radiation direction is in the

horizontal plane of turn table during rotation, thus a lot of
machinal work shall be done. To measure the steered beam
toward a particular direction which is not located in H-plane
or E-plane, a near-field measurement system was constructed
[illustrates in Fig. 14(a)], the position details are shown in
Fig. 14(b), LC RA is placed at defined center of the tested
scene, the feed antenna is placed in front of the RA with a
distance of 140.0 mm (from flange of the antenna to the RA
surface) and an incident angle of θ f = 20◦, polarization is
along direction x .

To measure the far-field radiation pattern of LC RA in
the near-field region, it is necessary to collect the near-field
distribution, the schematic of near-field data acquisition for the
RA is shown in Fig. 14(b), the probe is placed with 180.0 mm
from the RA, and the probe measure the co-polarization and x-
polarization field in an area of 500.0 × 500.0 mm with a step
of 4.0 mm (λ0/2 @ f = 37.5 GHz). Once the reflected field E⃗r
on at the Fresnel region of the RA is known, planar near field
to far-field transformation (mainly Fourier transform) can be
applied to calculate the far-field E⃗T of the RA

E⃗T (x = ru, y = rv, z = rw)

=
1

4π2

∫
∞

−∞

∫
∞

−∞

×

[
F⃗ T (kx , ky, z = 0) − êz

k⃗T · F⃗ T (kx , ky, z = 0)

kz

]
· e− j (kx u+kyv+kzw)dkx dky (14)

x = r sin θ cos ϕ = ru

y = r sin θ sin ϕ = rv

z = r cos θ = rw. (15)

Here F⃗T is the spectral component of the reflected near field
of the RA

F⃗ T (kx , ky, z = 0)=

∫
∞

−∞

∫
∞

−∞

E⃗r (x, y, z = 0)e j (kx x+ky y)dxdy.

(16)
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Fig. 14. Near-field measurement of LC RA system. (a) System description. (b) Sample points indication. (c) Radiation pattern.

And the wave far-field is traveling wave, so it should meet the
physical properties when do Fourier transform

0 ≤ kz =

√
k2

0 − k2
x − k2

y ≤ k0 (17)∫
∞

−∞

∫
∞

−∞

E⃗r (x, y, z = 0)e j (kx x+ky y)dxdy < ∞. (18)

When reflected wave at far-field is calculated, the normalized
directivity can be computed by definition; this can be seen
in the radiation pattern expressed in UV shown in Fig. 14(c),
which exhibit the 3-D beam and plane pattern at a direction
that does not locate E-plane or H-plane, for example, ϕa =

115◦, θa = 15◦.

E. Response Time of LC RA

As the response time of RIS is an important performance,
especially at the application scene when the end users are
moving. Related experiment of evaluating the response time
of LC RA is shown in Fig. 15. According to the H-plane
radiation pattern measurement results in Section IV-C, proper
bias voltage is added to the LC RA using the reconfigurable
system. When the beam is controlled toward a certain direction
(θr = 0◦, 10◦, 20◦, 30◦, and 40◦), the S parameter at the delay
time T is collected by the VNA. If the S parameter at time
T is within 5% error tolerance, the response time T of beam
pointing at θr is measured. As the rise time and fall time of

Fig. 15. Schematic of measuring response time for LC RA at several
directions.

LC under the electrodes are different, the response times of
LC RA when turn on and turn off are divergent. The response
time measurement of LC RA is shown in Table III, the term
Ton represents the reaction time when LC RA is biased with
relative voltage, Toff is the response time when the bias voltage
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TABLE III
RESPONSE TIME OF LC RA

is turned off. Form the table, the Ton time toward the directions
θr = 0◦, 10◦, 20◦, 30◦, and 40◦ are 0.95, 1.05, 0.96, 1.03, and
1.08 s. In the similar way, the time of LC RA from bias state to
without bias are measured, the time Toff of five directions are
5.75, 6.05, 5.955, 5.87, and 6.15 s. Therefore, the average time
of switching beam is approximately 1 s, the average response
time of shutting down beam is nearly 6 s.

From the point of the response time switching beam, LC RA
does not have obvious advantages over other technologies in
the future wireless communication system which needs fast
beam switch (such as millisecond [3]), since RIS needs fast
reaction time to point at end users to cover the spot areas.
Therefore, increasing the reaction speed is a hot research topic
for LC RA in communication. It is worthwhile to mention that
the response time can be further reduced by some technologies
borrowed from optic industries (such as the overdrive bias
scheme [19]), thus the response time of LC RA can be reduced
to millisecond range.

V. APPLICATION OF LC RA AS RIS

In practical application of RIS, it is often placed on the
surface of tall buildings to control the direction of incident
electromagnetic waves and direct scattering wave to specific
areas that may be uncovered. In our LC RA system, we assume
that a plane wave is incident from the direction of ϕ = 0◦,
θ = 8◦ onto the surface of the LC RA. By controlling the
LC RA unit and adjusting the phase of the reflected wave,
we can manipulate the direction of the scattered wave to
ϕ = 0◦, θ = 0◦. In the context of low-bit phase quantiza-
tion schemes, quantization lobes can be a problem in RIS
applications [33]. However, our proposed LC RA system is
capable of continuous phase compensation and has a large
phase shift range, effectively avoiding this issue. Fig. 16
illustrates calculated scattering patterns of four different phase
compensation schemes: 1-bit quantization, 2-bit quantization,
LC RA with continuous phase compensation, and LC RA with
phase compensation + random phase optimization.

From Fig. 16, we observe that the 1-bit quantization scheme
exhibits two symmetric main beams, while the 2-bit quantiza-
tion scheme only has one main beam pointing exactly to ϕ =

0◦, θ = 0◦, with a SLL of −8.1 dB. On the other hand, the LC
RA with continuous phase compensation enables the scattered
beams to point accurately to ϕ = 0◦, θ = 0◦, with an SLL of
only −11.2 dB. By further adding a random phase ϕ0 through
the optimization process described in (12), the SLL can be
further reduced to −13.9 dB. Therefore, our proposed LC
RA system, with its all-phase compensation and random phase
optimization, effectively reduces the SLL compared to low-bit
quantization schemes, making it a promising solution for RIS
applications to achieve precise and efficient beam steering.

Fig. 16. Scattering pattern of LC RA with different phase compensation.

Fig. 17. Experiments for RIS application. (a) Experiment scene of application
of LC RA as RIS. (b) Schematic of steered field to blind areas. (c) Steered
beam to building A and B. (d) Measured routine on building A and B.

To imitate a realistic urban environment, a modern and
highly developed urban area was constructed with models
as shown in Fig. 17(a), with plastic models representing
tall buildings to imitate a crowded environment. The base
station antennas were found to be unable to reach the back
of some buildings [building A and B shown in Fig. 17(c)],
creating blind spots in coverage. In outdoor electromagnetic
wave transmission scenarios, brick pillars and tinted glass,
commonly found in building structures, can cause considerable
loss of electromagnetic waves in the Ka band, with reported
losses ranging from 20 to 30 dB [36]. The reflection of
electromagnetic waves is mainly determined by the dielectric
constant, also known as relative permittivity, of the medium.
Glass typically has a relative permittivity ranging from 2.2 to
7.0, while the plastic materials used in the construction of the
scene have relative permittivity values ranging from 2.2 to 4.4.
Due to the differences in relative permittivity between glass
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Fig. 18. Compare the received power at the condition of the scene with RIS
and without RIS.

and plastic, using a model built with plastic materials can
provide a simulation of the crowded urban electromagnetic
environment to a certain extent. To address this issue, RIS
is researched to be added to extend the coverage area of the
base station. By responding to user demand, the RIS can form
a directional beam toward users in the shadow area, effectively
covering the blind spots [see Fig. 17(b)].

In the simulated practical experiment, a lens is placed in
front of a 20 dBi Ka band horn antenna to transverse the
spherical wave to plane wave, which is practical and agrees
well with the practical case. The addition of this lens enhances
the intensity of the wave incident on the RIS surface and
increase signal noise ratio. The LC RA is placed about 1.0 m
from the transmit antenna (Tx antenna) with angle of 5◦ to
the normal direction of Tx antenna, two buildings A and B
are placed between Tx and LC RA and they are set about
600.0 mm from the LC RA whose far-field range is larger
than 324.0 mm, the center of the buildings have angles of
ϕA = 206◦, θA = 35.1◦ and ϕB = 180◦, θB = 34.3◦ relative
to the center of RA, apply proper voltages to the RA by
the controlling scheme expressed in Section IV-B, the waves
can be transmitted to the building A and B, but the phase
ϕNear_Ex,mn is replaced with a constant since the waves coming
from the feed can be approximated to plane wave. A xy scanner
with absorber surrounding the device is used to measure the
receiving power before the building A and B with receiving
(Rx) antenna.

The measured routine is shown in Fig. 17(d), the center
is the coordinate of the buildings, and measured Rx power
is along the x line and y line marked in the figure with a
step of 10.0 mm, in which measured results of Rx power
without and with RIS are compared in Fig. 18. To the building
A, the application of LC RA increased the receiving power
by 18.8–29.2 dB compared the condition without LC RA
during the procedure when Rx antenna moving along line
x , while increased 15.5–32.1 dB along line y. For building
B, the addition of LC RA improves the received energy
by 20.8–27.2 dB in the line x and 17.4–32.5 dB in the
line y, respectively, compared to the absence of RA as an
intermediary. These comparative experiments show that the

Fig. 19. Comparison of field distribution in front of building models with
and without steering beams from RIS. (a) Field distribution w/o RIS. Field
distribution when steer beam toward (b) θ = −15◦, (c) θ = 0◦, and (d) θ =

10◦.

programable LC RA can act as a relay to direct the scattered
wave to the blind areas of the base station antenna and enhance
the received signal strength.

In our subsequent experiments, we focused on evaluating
the 2-D electric field distribution at 37.5 GHz under two
scenarios: one without the presence of a RIS and the other
with RIS-controlled beam scanning. The experimental setup
involved a scanning area represented as a square bordered
by an xy scanner, with dimensions of 500 × 500 mm. The
coordinate origin was established as a point located 250 mm
above the ground at the midpoint between two building models
A and B. This experiment consists of measuring three coverage
scenes: building A, middle between buildings A and B, and
building B. The corresponding scanning angles are −15◦, 0◦,
and 10◦, respectively. The covering area is shown in Fig. 17(c)
plot with transparent green color and probe moves in this area
to measure the receiving power. When there was no RIS in
place, the received power distribution in front of the buildings
was captured, as shown in Fig. 19(a). The received power
ranged from −130 to −90 dBm, illustrating the varying signal
strengths across the scanning area. Subsequently, when the
LC RA was employed as the RIS and beam scanning was
initiated in the horizontal plane (H-plane), distinct scanning
angles were chosen. Specifically, the beams were steered to
−15◦, 0◦, and 10◦, as presented in Fig. 19(b)–(d), respectively.
Upon analysis, it was observed that the power of the EM
waves in front of the building models was significantly boosted
when the beam was steered to the specified angles. The
received power exhibited a notable increase, ranging from
−100 to −60 dBm. This enhancement is quite significant, as it
effectively overcomes the influence of surrounding obstacles
and contributes to covering the blind areas of EM wave
coverage. This enhancement remains effective even in the
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TABLE IV
PERFORMANCE COMPARISON OF LC RA

presence of various obstacles, making it a promising approach
to mitigate blind spots in EM wave coverage.

We compare the performance of our proposed LC RA with
published works in Table IV. Our proposed design has a
relative larger phase shift range 338◦ than other works, the
large phase shift will benefit the beam forming, scanning capa-
bilities, and beam optimization. For the SLL, we have relative
good beam shape compared with a small value of −14 dB,
even though there is better performance in [26]. In terms of its
beam scanning capabilities, by integrating solid metallic vias
and the corresponding bias circuits for LC RA, we achieve 2-D
beam scanning, which represents a notable advancement over
the capabilities of most LC RAs. Furthermore, in comparison
to the methodology presented in [26], we use fewer layers,
which can effectively reduce the cost. Moreover, we measure
the response time of LC RA scanning in all directions, and
the beam change time is less than 1.05 s, which makes this
antenna usable for many applications. Additionally, we have
explored the utilization of the LC RA as a RIS to eliminate
blind spots in electromagnetic wave coverage. Remarkably,
our RIS implementation has demonstrated an enhancement of
over 18.8 dB in the received signal strength, underscoring the
potential impact of our approach in improving communication
quality and coverage.

VI. CONCLUSION

In this article, a LC RA unit with separate ground and bias
point is proposed based on the studies of previous scholars, this
updated unit and the metalized vias network working together
can achieve reflection coefficient steerable at two dimensions,
so each LC RA unit can be controlled individually according to
demands. At target frequency f = 37.5 GHz, the proposed RA
unit can achieve phase shift around 360◦ and high polarization
response with oblique incident condition at a relative wide
angle from 0◦ to 45◦. Then a 12 × 12 element LC RA
is manufactured, checked reconfigurability, and measured the
steered phase by voltage, a phase variation of 338◦ is achieved
by the measurement.

We chose the Ka band standard horn antenna offset 20◦ at
H-plane as the feed, and the incident field on the surface of RA
with element space of λ0/2 calculated by MoM. The steered
beam by voltage at both H-plane and E-plane are measured at
far-field region, beam scanning at H-plane can cover 0◦–40◦

when the maximum radiation direction is at 20◦, when the
beam is steered to 0◦, gain lost 3.2 dB and the SLL increased
to −6.1 dB, as the measured beam pointing to 40◦, the gain
decreased 3.5 dB, SLL reached −7.9 dB; E-plane scanning
is measured from 0◦ to 35◦, the gain declined 3.7 dB, and
SLL rose to −8.3 dB; to measure the special direction beam
(pointing to ϕa = 115◦, θa = 15◦), a near-field measurement
is constructed, and it showed the proposed LC RA can achieve
the beam steering at two dimensions. Then LC RA was used as
a RIS to improve the receiving signal strength and compensate
for the blind spot of two simulated EM wave blind areas in a
crowded neighborhood street model.

In future work, we would like to develop magnitude analysis
and SLL depression synthesis. This will help us to design a
RA with higher total efficiency and a higher gain with lower
SLL even scan to large angles, and we honestly hope it could
be a contribution to the application of RIS in the future.
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