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ABSTRACT Intelligent reflecting surfaces (IRSs) have been attracting attention as a solution to
coverage hole problems in millimeter-wave communication areas. They are considered to be one of
the key technologies of next-generation mobile communication systems. Since polarized multiple-input-
multiple-output (MIMO) is utilized in millimeter-wave communication systems to deliver high-speed data
transmission, an IRS is also required to be applied for polarized MIMO and reflect signals in a wide angle
range. To realize an IRS for the polarizedMIMO, the IRS is required to reflect the signal of each polarization
in the same direction with high isolation. In addition, the IRS is required to control the reflection phase over
a wide range. In recent research, many proposals related to the development of IRSs have been proposed.
However, since the configuration of a conventional IRS with diodes controls the reflection characteristics by
controlling the electric length or shape of the reflecting element, it becomes asymmetrical in the direction of
each polarization and it is difficult to apply polarizedMIMO. To solve this problem, in this paper, we propose
a new design of a dual-polarized liquid-crystal-based IRS for 28 GHz mobile communication systems. Since
the proposed IRS controls the reflecting phase by controlling the electric thickness of the substrate, the IRS
can control the reflecting phase without changing the shape of the reflecting element. By optimizing the
design of the reflecting element, the IRS can achieve a wide reflection phase control of 260 degrees for both
vertical and horizontal polarizations. The IRS can also control the reflection direction of each polarization in
the range of±60 degrees with a high isolation of more than 20 dB. Themain contributions of this paper are 1)
a proposal for the design of a liquid crystal IRS for polarizedMIMO; 2) a proposal of a design method for the
liquid-crystal IRS using unit cell analysis; 3) verification of the proposed IRS through electromagnetic field
analysis; 4) development of the proposed liquid-crystal IRS; 5) experimental verification of the proposed IRS
in an anechoic chamber, and 6) derivation of theMIMO channel capacity of the proposed dual-polarized IRS.

INDEX TERMS Beyond 5G/6G, coverage hole, intelligent reflecting surface, liquid crystal, millimeter
wave, polarized MIMO, channel capacity.

I. INTRODUCTION
A. BACKGROUND
In fifth-generation mobile communication systems (5G),
millimeter-wave bands with wide bandwidths are utilized
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to deliver high data rates and low-latency mobile com-
munication services [1]. These high-frequency bands are
also expected to be utilized in beyond 5G/6G mobile
networks to satisfy the increasing demand for communication
quality. On the other hand, these frequency bands suffer
from high blockage loss due to their rectilinear propagation
characteristics. This creates coverage holes where a signal
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from a base station (BS) is insufficient to provide high
communication quality in the communication area [2].

To overcome the coverage holes, deploying a passive
reflector is an attractive method to enhance the received
power in the coverage holes economically and ecologically
compared to installing additional BSs and wireless repeaters.
In particular, in utilizing meta-surface reflectors, which have
an artificial surface to reflect signals in the designed direction,
the capability of the reflector is enhanced by reducing the
deployment restriction of the conventional reflectors [3].
In addition, since the coverage holes change due to the
appearance and disappearance of physical obstacles such as
new buildings and growing trees [4], an intelligent reflecting
surface (IRS) that can control the reflection direction, has
been gathering attention. Since IRSs can enhance various
aspects of communication quality such as coverage, channel
capacity, diversity gain, etc., IRSs are considered to be
one of the key technologies for next-generation mobile
communication systems [5], [6], [7], [8], [9], [10], [13].

Since coverage holes are caused in a wide area of the
BS, an IRS is required to reflect signals from the BS in
the desired direction over a wide range. In addition, the
polarized multiple-input-multiple-output (MIMO) is utilized
in millimeter-wave mobile communication systems to deliver
high-speed data transmission [11]. Therefore, by applying
an IRS for polarized MIMO, both the coverage and data-
transmission speed are enhanced in the target area of the
IRS [12].

B. RELATED WORKS
IRSs are designed to arrange the reflection phase in unit cells
that are periodically placed at sub-wavelength intervals on
the reflecting surface. The reflection direction is controlled
by controlling the reflection phase of each unit cell. Since
the reflection phase distribution on the reflecting surface
determines the reflection direction, the reflection phase of
each unit cell is required to be controlled with a wide
reflection range and high resolution [13].

The channel capacity of polarized MIMO is maximized
when the received signal of each polarization is isolated
with the same signal strength [14]. To achieve high isolation
between each polarization, the reflection power of the cross-
polarized component should be suppressed. Therefore, IRS
should be designed using cross-polarization discrimination
(XPD) as a design parameter. To achieve the same signal
strength, since the reflection pattern, which is the angular
characteristic of the reflection power, depends on the
reflection phase and amplitude of each unit cell, the unit cell
should be designed to achieve the same reflection phase and
amplitude for each polarization.

The authors of [15] analytically investigated the relation-
ship between the MIMO capacity and XPD of the IRS.
Assuming a non-line-of-sight (NLOS) environment between
the BS and the user equipment (UE) and a line-of-sight
(LOS) environment between each BS and IRS and UE and

IRS, an XPD of more than 10 dB is required to provide
the strong effects of polarized MIMO. Regarding the signal
strength of each polarization, assuming the aforementioned
environment, the direction of each BS and UE from the
IRS does not change owing to the polarization. Therefore,
reflection characteristics such as reflection direction and
reflection power are required to be designed equally for each
polarization to provide the equivalent signal strength of each
polarization.

The development of an IRS requires improvement of the
reflection phase control functions [16]. Recently, many types
of IRS using P-intrinsic-N (PIN) diodes and varactor diodes
have been reported [17], [18].

The authors of [17] developed an IRS with three layers
comprising a patch plane, slot-loaded plane, and ground
plane. The slot-loaded plane has four slot configurations,
and by switching them with the placement of five PIN
diodes, four reflection directions, i.e., 0, 20, 40, and
60 degrees are achieved. However, since the IRS can
only control four reflection conditions, it is insufficient
to reflect signals in the desired directions over a wide
range. In addition, since the diode-based IRS controls the
reflection phase by controlling the electric length of the
reflecting element, the reflecting characteristics depend on
the direction of current flow on the reflecting element. This
causes differences in the reflection characteristics of each
polarization.

To solve these problems, the authors of [18] developed a
dual-polarized IRS with varactor diodes, which alternately
arranges reflecting elements for each vertical and horizontal
polarization. By applying the varactor diodes to the reflecting
element, the reflection phase is continuously controlled by
the bias voltage. In addition, by arranging the reflecting
element for each polarization, the IRS can independently
control the reflection phase for each vertical and horizontal
polarization. However, due to deployment restrictions, the
IRS has an asymmetric configuration. This causes differences
in the reflection characteristics of each polarization. The
reflection phase control range for the horizontal polarization
is 150 degrees although that for the vertical polarization
is 250 degrees. In addition, the isolation between each
polarization changes as the bias voltage of each polarization
changes. This indicates that the IRS cannot reflect the
signals of each polarization in the desired direction with high
isolation.

As another reflection phase control function, recent
research on new materials has been gathering attention. The
authors of [19] focus on liquid-crystals (LCs) to control
the reflection phase. By controlling the bias voltage of the
LC, the IRS continuously controls a reflection phase of
more than 270 degrees at 47 GHz. However, the reflecting
elements of the IRS are designed as dipole elements to
achieve a wide reflection phase range. Therefore, the IRS
has an asymmetrical configuration in the direction of each
orthogonal polarization and cannot be applied to polarized
MIMO.
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FIGURE 1. The System model of IRS for polarized MIMO. In this case,
each vertical and horizontal polarization is considered.

As mentioned above, there have been many reports of IRS
development. However, since it is difficult to reflect each
polarized signal in the same reflection characteristics within
high isolation, the development of a polarized MIMO IRS is
challenging.

C. CONTRIBUTION
To address these problems, we proposed an LC IRS
for 28 GHz mobile communication systems [20], [21]. The
proposed LC IRS was designed with the configuration of an
electrode, LC, and ground layers. The dielectric permittivity
of the LC is controlled by the bias voltage between the
electrode and ground. In contrast to a diode-based IRS,
the reflection phase is controlled by the electric thickness
of the reflecting element. Since the configuration of the
reflecting element does not change, the IRS is expected to
achieve the same reflection characteristics for each polariza-
tion. In this paper, to achieve a wide reflection phase and high
isolation between each polarization, the configuration of each
electrode and the bias line was optimized.

Through an evaluation using an electromagnetic (EM)
simulator [22] and measurements, the proposed IRS can
control each vertical and horizontal polarization in the range
of 260 degrees. In addition, the IRS can control reflection
direction within ±60 degrees with a high XPD of more than
20 dB.

The main contributions of the proposed paper are summa-
rized as follows:

1) Proposal of an LC IRS design for polarization MIMO,
which controls a reflection direction of ±60 degrees
with a high XPD of more than 20dB;

2) Proposal of the design method of LC IRC using an
equivalent circuit model;

3) Verification of a proposed LC for an IRS through EM
field analysis;

4) Development of the proposed LC IRS;

5) Verification of the proposed LC IRS through measure-
ments in an anechoic chamber; and

6) Derivation of the MIMO channel capacity for the
polarized MIMO.

D. ORGANIZATION
The remainder of this paper is organized as follows. The
system model of the polarized MIMO and the design of the
LC IRS for polarized MIMO are introduced in Section II.
In Section III, the unit cell of the LC IRS was analyzed
using an equivalent circuit model and an EM simulator.
In Section IV, the LC IRSwith 24×24 elements was analyzed
using an EM simulator. In Section V, the measurement results
of the developed LC IRS were evaluated. This paper is
concluded in Section VI.

II. SYSTEM MODEL AND DESIGN TARGETS OF
DUAL-POLARIZED IRS
A. SYSTEM MODEL
The system model of the IRS for polarized MIMO is shown
in Fig. 1. For simplicity, we consider a single-user MIMO
model. The BS transmits signals with each vertical and
horizontal polarization antenna. Each signal is reflected at the
IRS and received by the UE. The received signal of the UE is
expressed as

y = Hx + n (1)

Here, xandndenote the transmitting signal and the noise
vectors, respectively. Hdenotes the channel matrix of K × K
MIMO. The channel capacity is calculated as follows:

C = 6K
k=1 (λkγ + 1) (2)

where, γ and
√

λk denote the signal-to-noise ratio (SNR) and
the k-th eigenvalue of the channel matrix, respectively. The
channel capacity is maximized when the channel matrix H
becomes full rank; therefore, the non-orthogonal components
of Hshould be minimized to achieve an increased MIMO
channel capacity.

Assuming polarized MIMO and that only the signal from
the IRS is observed at the UE (HBU ∼= O), the channel
matrixHis expressed by multiplying the gain of BS,GBS, the
channel matrix between each BS and IRS,HBI, the reflecting
gain of the IRS, GIRS, the channel matrix between each IRS
and UE, HBI, and the gain of UE, GUE as follows [15]:

H = GBSHBIGIRSHIUGUE. (3)

Here, HBI, HIU, GBS, GUE, and GIRSaredivided into ver-
tical polarization components, |·|V , horizontal polarization
components, |·|H , and cross-polarized components, |·|X as
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FIGURE 2. Channel capacity by changing the cross-polarization
discrimination and gain difference of IRS. Design of the unit cell of a
conventional IRS.

FIGURE 3. Unit cell configuration of a conventional IRS [16].

follows:

HBI =

[
hBI ,V hBI ,X
hBI ,X hBI ,H

]
,HIU =

[
hIU ,V hIU ,X
hIU ,X hIU ,H

]
,

(4)

GBS =

[
gBS,V gBS,X
gBS,X gBS,H

]
,GUE =

[
gUE,V gUE,X
gUE,X gUE,H

]
,

(5)

GIRS =

[
gIRS,V gIRS,X
gIRS,X gIRS,H

]
(6)

B. TARGETS OF THE IRS FOR POLARIZED MIMO
To clarify the requirements of the dual-polarized IRS, the
channel capacity in the coverage hole is evaluated by
changing the cross-polarization discrimination (XPD) and the
gain difference of the IRS. The XPD of IRS is defined as
ωX = gIRS,V /gIRS,X . The difference in the reflection gain
of the IRS is also defined as ωH = gIRS,V /gIRS,H . Regarding
the XPD of each BS and UE, approximately 20 dB and 6 dB
are expected, respectively [23], [24]. In addition, the expected
XPR of the urban micro street canyon model is 9 dB on
average [25]. Channel capacity is evaluated using (3) and the
expected values above.

Figure 2 shows the channel capacity of the polarized
MIMO when the SNR = 20 dB. By increasing ωX , channel
capacity increases. It also converges to about 7 bps/Hz around
ωX ∼= 15dB, and therefore, the target XPD of the IRS might
be 15 dB. However, the channel capacity decreases with

TABLE 1. Electrical constants of LC [26].

FIGURE 4. Configuration of the LC molecule and its electrical features.

increasing ωH . Since the inflection point is approximately
4 dB, the channel capacity degrades rapidly when ωH is
greater than 4 dB. From these results, the proposed IRS is
designed to satisfy ωX of over 15 dB and ωH of less than
4 dB.

III. DESIGN OF THE PROPOSED IRS
A. CONVENTIONAL DESIGN OF AN IRS
An IRS is designed using meta-surface techniques. It is
designed to arrange the reflection phase in unit cells that
are periodically placed at sub-wavelength intervals on the
reflecting surface. Once the incident wave impinges on the
IRS, current is induced in the unit cell. Since the current also
radiates the reflection wave, the reflection phase is controlled
by the phase-shift function designed in the unit cell.

Figure 3 shows the unit cell configuration of a conventional
IRS [15]. A unit cell consists of a reflecting element,
a substrate, and a ground plane. The reflecting element also
consisted of two patch elements connected to a varactor
diode. The reflection phase can be controlled by controlling
the capacitance of the varactor diode.

However, the current flow on the reflecting element has
directivity that depends on the polarization of the incident
wave. When the incident wave is polarized in the x-direction,
current flows in the x-direction. Since the diode is connected
in the x-direction, the current flows in the diode, and the
reflection phase are controlled. However, since the current in
the y-direction does not flow in the diode, the reflection phase
of the incident wave polarized in the y-direction cannot be
controlled using this configuration. This asymmetry creates a
reflection phase difference between each polarization.
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FIGURE 5. Unit cell and full array configuration of the proposed IRS.

The authors of [18] also proposed arranging an adjacent
unit cell with a rotation angle of 90 degrees to reflect each
orthogonal polarization. However, the reflection phase of
each polarization differs by more than 100 degrees owing
to the implementation limitations. This indicates that a
conventional IRS cannot control the reflection direction of
each polarized signal in the same direction.

B. DESIGN OF THE PROPOSED LC IRS
To solve these problems, we proposed an LC meta-surface
reflector for IRS [20]. In contrast to a conventional IRS,
the reflection phase control function is deployed in the
substrate between the reflecting element and ground plane.
Owing to its configuration, the LC IRS is designed to remain
in a rotationally symmetric configuration, which achieves
reflection control of each orthogonal polarization. In this
paper, an LC IRS for polarized MIMO was designed.

1) FEATURES OF THE LC
Figure 4 shows the configuration of the LCmolecules. LC are
molecules with dielectric anisotropy. The electromagnetic
characteristics of an LC depend on the relationship between
the electric field vector E and the orientation of the LC
molecule. Each dielectric permittivity and loss tangent of the
long axis and short axis of the LC molecule is defined as ε∥

and tan δ∥, and ε⊥and tan δ⊥, respectively. Referring to [26],
the electrical constants of the LC are listed in Table 1. Since
the direction of the LC molecules is controlled by the bias
voltage applied to the LC, the electromagnetic constants of
the LC are electrically controlled. Using this feature, the LC
is utilized as a phase shifter, and reflection phase control is
expected [27], [28].

The phase shift of the LC depends on the thickness of the
LC. Considering the thickness of the LC t and the wavelength

FIGURE 6. Equivalent circuit of the LC IRS assuming the plane wave
impinging in the IRS.

λ, the phase shift of the LC 1σ is calculated as the difference
in the path length:

1σ = 2π t/λ
(√

ε∥ −
√

ε⊥

)
(7)

Since the difference in permittivity is small, the thickness
t requires several wavelengths to achieve a sufficient phase
shift to control the reflection direction. However, owing
to manufacturing restrictions, it is difficult to increase the
thickness of the LC layer.

2) PROPOSED LC IRS
To enhance the reflection phase shift, in this paper, both
the resonance of the reflecting element and permittivity
control of the LC are utilized. Figure 5 shows the unit cell
configuration of the proposed LC IRS. The LC layer is
inserted between the ground plane and the electrode. The
permittivity of the LC is controlled by the bias voltage
between the ground plane and the electrode. To maintain the
LC layer in the structure, the glass substrates are placed above
the electrode and below the ground plane. Here, the electrode
was also utilized as a reflecting element, which determines
the reflecting characteristics.

The reflecting element must be designed to be rotationally
asymmetric in both the x- and y-direction to achieve the
same reflection characteristics for both x- and y-polarization.
In addition, when the current flow includes a non-orthogonal
component, the current generates cross-polarization in the
reflecting wave. Therefore, a reflecting element is required
to maintain orthogonality in each polarization direction.
Therefore, in this paper, a rectangular patch was applied for
the reflecting element.

IV. DESIGN AND ANALYSIS
1) EQUIVALENT CIRCUITS OF THE LC IRS
To symmetrically design the LC IRS, we applied an
equivalent circuit model. Considering that the plane wave
impinges on the IRS, which consists of reflecting an element
and a ground plane, a current is induced on the reflector.

Some of the current flows on the reflecting element, and
the rest flows on the ground plane. Therefore, the equivalent
circuit of the LC IRS is expressed as a parallel circuit of the
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FIGURE 7. Reflection impedance by changing
(
l/p

)
.

FIGURE 8. Prototype of LC IRS for 28 GHz. The IRS consists of 24 × 24
reflecting elements.

reflecting element and ground plane as shown in Fig. 6. The
current flow on the ground plane passes the LC layer. The
permittivity and the loss tangent of the LC are controlled by
bias voltage, and it is expressed as the variable capacitance
and resistance, CLC and RLC , respectively.
From the equivalent circuit, the input impedance Zin of the

unit cell is expressed by the following equation:

Zin = A+ jB (8)

A = RG + RLC

(
ωLE −

1
ωCE

)2

(9)

B =

(
ωLE −

1
ωCE

)
×

(
R2LC −

LE
CLC

+
1

ω2CLC

(
1
CE

+
1
CLC

))
(10)

Here, j is a unit imaginary number andω = 2π f is the angular
frequency. For a rectangular patch element, the inductance
and capacitance of the reflecting elements, LE and CE , are

FIGURE 9. Measurement setup.

expressed as follows [28]:

ωLE =
p
λ

[
ln csc

(
π l
2p

)
+ G (p, l, λ)

] (
l
p

)
(11)

ωCE =
4p
λ

[
ln csc

(
π l
2p

)
+ G (p, l, λ)

] (
l
p

)
(12)

where p, l, and G (p, l, λ) denote the length of the unit cell,
length of the patch element, and gain of the patch element,
respectively. From (11) and (12), the reflection impedance,
Zin, depends mainly on (l/p). Therefore, the IRS is designed
by changing (l/p).

2) PARAMETER STUDY
In the previous section, the input impedance of the proposed
LCmeta-surface reflector also depended on (l/p). In this sec-
tion, we evaluated the input impedance using a commercial
FDTD simulator [21] by changing (l/p). To avoid sidelobe,
the size of the unit cell p was set to less than 0.5λ.
Figure 7 shows the reflection impedance obtained by

changing l/p. The figure shows the simulation results for a
frequency range of 27.8 – 28.2 GHz. The blue, green, and red
lines show the reflection impedances of the lowest, middle,
and highest permittivies, respectively. Since the permittivity
of the LC varies continuously, the locus from the blue line
to the red line, which is the black dashed arrow in the
figure, is the reflection impedance shift caused by changing
the permittivity of the LC. The inner angle of the black
dashed arrow indicates the phase shift and the distance from
the center (normalized impedance) to the locus indicates
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the reflection amplitude of the LC. When the amplitude
was lowered, the reflection loss increased. Therefore, the
parameters should be optimized to achieve a large inner
angle, which indicates the phase shift, and avoid close-to-
normalized impedance. In the simulation results, the radius
of the locus increased as l/p increased. This implies that
the reflection loss is reduced with a large l/p. However,
when l/p is 0.8 l, the inner angle of the locus is the largest
among the four. To achieve both high reflection phase control
and low reflection loss, we optimized the parameters to
achieve the lowest loss satisfying a phase shift of more than
270 degrees.

3) PROTOTYPE
Based on the analysis in Fig. 7, the LC meta-surface reflector
was developed for the 28 GHz band. An overview of the
prototype is presented in Fig. 8. The size of the prototype was
88 mm ×88 mm and the number of reflecting elements was
24 ×24. The bias voltage was controlled by the control PC
via a control board.

Regarding the configuration of the bias voltage, the
prototype has 256 states of bias voltage, and the reflection
phase is therefore continuously controlled comparedwith that
of PIN diodes.

V. SIMULATION AND MEASUREMENT
1) SIMULATION METHOD
The simulation was performed using the commercial FDTD
method [19]. The reflection phase and reflection ampli-
tude were calculated through unit cell analysis using
the Floquet periodic boundary conditions. In the unit
cell analysis, the plane wave impinged from the front
of the unit cell and the reflection impedance, S11, was
calculated. The radar cross-section (RCS) pattern of the
meta-surface reflector was evaluated through a full model
analysis using perfectly matched layer boundary condi-
tions. The plane wave impinged from the front of the
meta-surface reflector and the far-field RCS pattern was
calculated.

2) MEASUREMENT METHOD
The measurement was performed in an anechoic chamber.
Figure 9 shows the measurement setup. The reflection phase
and amplitude were obtained by measuring S11 of the
reflector using a vector network analyzer (VNA). The plane
wave impinges from the transmitting (Tx) horn antenna,
which is defined as port 1, in front of the device under test
(DUT). The reflected signal was received using the same horn
antenna.

In the measurement, the distance from the Tx antenna and
DUT were set at 400 mm. Since the meta-surface reflector
was implemented with 24× 24unit cells, the reflection phase
and amplitude of each unit cell were difficult to measure
directly. Therefore, the reflection phase and amplitude of the
entire 24 × 24 unit cells were measured by setting the same
bias voltage to each unit cell. In addition, since the measured

S11 includes propagation characteristics between the meta-
surface reflector and the horn antenna, the reflection phase
and amplitude of the meta-surface reflector are evaluated
by calculating the difference of each S11 of the DUT and
reflector whose reflection characteristics are known. Since
the reflection amplitude and phase of the metal plate are 0 dB
and 180 degrees, we utilized a metal plate for calibration. The
measured S11 of the DUT and the metal plate are defined as
S11,DUT and S11,Metal , respectively. The reflection phase and
amplitude of the DUT, ϕ and A, were calculated using the
following equations:

ϕ = arg
(
S11,DUT − S11,Metal

)
(13)

A =
∣∣S11,DUT − S11,Metal

∣∣ (14)

Regarding the RCS pattern, the plane wave impinges
on the DUT from the Tx horn antenna in front of the
DUT and receives the signal with the receiving (Rx) horn
antenna, which is defined as port 2, at angle θr . In the
measurement, the distance between the DUT and each Tx
and Rx horn antenna is set at 3.0 m and 2.0 m, respectively
to satisfy the far field conditions. S21 was measured by
changing θr from 0 to 90 degrees to obtain the RCS pattern.
To evaluate the cross-polarization discrimination of the IRS,
the polarization of each transmitting and receiving horn
antenna was rotated while maintaining the IRS setting.
Since the polarization direction was parallel and orthogonal
to the x and y-direction, we evaluated each x- and y-
polarized incident wave. The co-polarization (CP) of the x-
polarization indicates the received power of the x-polarized
incident wave with the x-polarized horn antenna. Cross-
polarization (XP) of the x- polarization is the received power
of the y-polarized incident wave with the x-polarized horn
antenna.

3) EVALUATION OF THE REFLECTION PHASE AND
AMPLITUDE
Figure 10 (a) shows the simulated and measured reflection
phases and amplitudes for the x-polarization at 28 GHz.
The plot shows the observation point for the same bias
voltage. In the figure, each simulated and measured reflection
phase was changed from 0 to −270 degrees by changing
the bias voltage. In addition, each simulated and measured
reflection amplitude was changed between 0 to −7 dB.
Figure 10 (b) shows the reflection phase and amplitude
for y-polarization. Similar to that of x-polarization, each
simulated and measured reflection phase was changed from
0 to−270 degrees and each reflection amplitude was changed
between 0 and −7 dB by changing the bias voltage. These
results verified the validity of the proposed IRS design
method.

Figure 10 (c) shows a comparison of the reflection phase
and amplitude for each polarization. Each polarization had a
similar curve. This implies that the proposed IRS can control
the reflection direction of each orthogonal polarization in
the same direction. The maximum difference between each
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FIGURE 10. Reflection phase and amplitude.

reflection phase and amplitude of the same bias voltage is
27 degrees and 1.5 dB, respectively.

4) EVALUATION OF THE RCS PATTERN
To evaluate the angular characteristics of the LC IRS, the RCS
patterns are designed with the measured reflection phase.
Considering the incident angle (θi, φi) and reflection angle
(θo, φo), the reflection phase of the unit cell at the location

TABLE 2. Reflection Ability of Proposed LC IRS.

(xm, yn), σmn, is calculated using the following equation.

σmn =
2π
λ

{xm (sin θo cosφo − sin θi cosφi)

+yn (sin θo sinφo − sin θo sinφo)} (15)

In this paper, the RCS patterns were designed to reflect the
incident wave from the front of reflector (θi = 0) to the zx-
plane.

Figure 11 shows the RCS pattern of the proposed LC
IRS. The reflection phase of each unit cell was designed to
reflect the incident wave at a reflection angle of (θo, φo) =

(−15, 0), (−30, 0), (−45, 0), and (−60, 0), respectively.
The black solid line in the figure shows the reflection
pattern of x-polarization of the x-polarized incident wave
(XCP is defined as the co-polarized reflection pattern of
x-polarization). The black dashed line shows the reflection
pattern of y-polarization of the x-polarized incident wave
(XXP is defined as the cross-polarized reflection pattern of
x-polarization). Similarly, the red solid line and dashed line
show the co-polarized and cross-polarized reflection patterns
of the y-polarized incident wave, YCP and YXP, respectively.
As shown in the figure, each reflection pattern is directed to
the desired reflection angle, and the proposed LC IRS can
therefore control the reflection angle over a wide range.

Regarding the difference in reflection power between each
polarization,ωH , each reflection pattern in Fig. 11 has a small
difference of less than 1.6 dB. Regarding the cross-polarized
reflection,ωX ,each reflection pattern in Fig. 11 exhibits a low
cross-polarized reflection. XPD of approximately 20 dB was
achieved, as summarized in Table 2.

5) MIMO CAPACITY EVALUATION
As discussed in Section II, the channel capacity of polar-
ization MIMO depends on the reflection power difference
ωH and cross-polarization discrimination, ωX of the IRS.
To evaluate the channel matrix of the proposed LC IRS,
we compared it with the conventional dual-polarized IRS
in [18].

The reflection phase of the IRS was controlled from 0 to
260 degrees for one polarization, and from 0 to 180 degrees
for another polarization. This creates a difference in the
reflected power. Figure 12 shows the reflection pattern
design using the reflection phase in [18] with the same
reflecting element configuration as that in Fig.11. Due to
the restriction of the reflection phase control range, there are
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FIGURE 11. Measured RCS Pattern.

differences in the reflection power for each x-polarization and
y-polarization. The differences in the reflection power, ωH ,
of (θo, φo) = (45, 0) are 2.89 dB.
Regarding the isolation between each polarization, the IRS

in [18] can control the isolation of each unit cell in the
range of 0 to 16 dB by changing the bias voltage of the

FIGURE 12. Calculated RCS pattern using reflection phase in [18].

FIGURE 13. Channel capacity of proposed LC IRS and conventional IRS
in [18].

varactor diode. Therefore, we assume the isolation of the
conventional IRS to be 16 dB in the best case. On the other
hand, since various values of bias voltage are applied to
design the reflection pattern, we assume the isolation of the
conventional IRS 5.5 dB, which is the average value of the
true value.

Figure 13 shows the channel capacities of the proposed
LC IRS and the conventional IRS. The isolation of the
conventional IRS was set at 16 dB for the best case and
5.5 dB for the average case. From the figure, since the
proposed LC IRS achieves a low reflection power difference
and high isolation between each polarization, the channel
capacity of the proposed LC IRS is higher than that of the
conventional IRS, especially compared with that of ωX =

5.5dB. In addition, since ωH and ωX of the proposed IRS
do not depend on the reflection direction, the proposed IRS
can reflect signals with highly polarized MIMO channel
capacities.

VI. CONCLUSION
In this paper, a novel LC IRS for polarized MIMO is
proposed and developed. Since polarized MIMO is utilized
in mobile communication systems, an IRS is also required
to be applied for polarized MIMO to enhance both coverage
and channel capacity. To achieve an IRS for polarized
MIMO, the reflection signal strength of each orthogonal
polarization is required to be the same with high isolation.
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Since the conventional diode-based IRS controls the reflec-
tion characteristics by changing the electric length of the
reflecting element, it has an asymmetric configuration in
each polarization direction. This causes a difference in the
reflection characteristics of each polarization. In contrast,
the proposed LC IRS controls the reflection characteristics
by changing the electric thickness of the reflecting element.
Owing to its configuration, the proposed LC IRS can control
reflection characteristics while maintaining a symmetrical
configuration in each orthogonal polarization direction.
In addition, since the TFT on the reflecting element controls
the bias voltage in 256 steps, the reflection phase of the
proposed IRS can control 256 steps of the reflection phase.
This enables continuous control of the reflection direction.

The main contributions of this paper are as follows:
1) Proposal of the design of the dual-polarized LC IRS

It has an asymmetric configuration to control the reflection
characteristics of each polarization equally.

1) Derivation of an equivalent circuit model of the LC IRS
for design method with the equivalent circuit

2) Verification of the LC IRS through an EM simulator
It can control a reflection phase of more than 260 degrees for
each polarized signal.

1) Development of the proposed LC IRS
2) Verification of the LC IRS through measurement in an

anechoic chamber
The proposed IRS controls the reflection direction of each
polarized signal over a wide range of±60 degrees with a high
isolation of approximately 20 dB.

1) Derivation of the channel capacity of the proposed IRS
The proposed IRS can control the reflection direction
maintaining channel capacity high.

On the other hand, since the reflection amplitude of the
proposed IRS drops 7 dB depending on the bias voltage. This
causes the reflection loss. In addition, the response time of the
liquid crystal is larger than semiconductor switches. These
hardware limitations are considered as future works.
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