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ABSTRACT This paper presents a novel dual-linearly polarized liquid crystal reflectarray antenna (DLP-
LCRA) based on a printed circuit board (PCB) process. The proposed design employs a bridge-shaped
biasing topology to reduce RF losses typically associated with bias lines in PCB-based implementations.
While conventional DLP-LCRAs are often fabricated using glass substrates due to the difficulty of achieving
sufficiently thin bias lines in PCB processes, this work demonstrates that a cost-effective and practical
solution is possible through optimized biasing structures. The proposed reflectarray cell structure and
biasing scheme enable wide 2D beam scanning with high aperture efficiency. Specifically, the bridge-shaped
topology mitigates polarization-dependent RF losses and supports broad beam coverage in the E-, H-, and
D-planes. The influence of the biasing layer is analyzed in detail using an equivalent circuit model for TE
and TM modes. Experimental results validate the performance of the proposed DLP-LCRA, achieving a
maximum aperture efficiency of 46.5 %, which represents a 106.67 % improvement over state-of-the-art
designs.

INDEX TERMS Dual-polarization, high aperture efficiency, liquid crystals, reflectarray, reconfigurable
reflectarray, 2D beam coverage

. INTRODUCTION Liquid crystals (LCs) are candidates for future midband,

EFLECTARRAY antennas are planar reflector anten- 5G/6G reconfigurable intelligent surface applications, such
R nas comprising two-dimensional (2D) periodic patterns as fixed wireless access because of their low cost and broader

printed on a grounded substrate. Reflectarray antennas are operational band compared with other components [8]-{14].

extensively used in space, repeaters, and radar applications 1 addtion, because the high frequency spectrum is a one of
owing to their advantages, such as ease of fabrication, low advantages of the LC, LC can be candidates for antennas

weight, and low cost [1]-[4]. Recently, several researchers automotibe radar applications at the W-band [15]. Compared

have actively studied electronically controllable reflectarrays with the PIN and VaracFor diodes, the loss tangent of the
to construct scattered beams in a desired direction [5]- LC decreases as a function of frequency. An LC-based re-

[7]. Suitable candidates for controlling the phases of the  fectarray (LCRA) radiates scattered waves in the desired
elements have been introduced, including PIN diodes, var- direction as the effective permittivity of the LC changes. The

actor diodes, and microelectromechanical system (MEMS) permittivity of an LC can be controlled by biasing the quasi-
switches. These components were employed to change the electrostatic field toward the LC cavity. When a biasing field

phase responses of the cells by reversing the direction of the is appliéd to the met‘allic layers, quasistatic electric ﬁe.lds
electric field by 180° or altering the physical dimensions. perpendicular to the dipoles of the LC are generated, leading
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to a change in the LC permittivity. The main advantage of
LCs is their high resolution reconfigurability, in which the
permittivity can be controlled proportionally to the applied
voltage. Additionally, LC technologies have already seen use
in satellite communication systems and are gaining recogni-
tion as promising alternatives to mechanically reconfigurable
antennas, like motorized gimbal systems.

Numerous studies have been conducted on LCRAS operat-
ing in various frequency bands [16]-[20]. In [16], a wideband
LCRA in the F-band, whose electrode for the LC consisted
of a multiresonant cell, was designed and demonstrated.
Another wideband LCRA in the K-band was reported in [17],
where a delayed biasing line of the cell provided broadband
responses. In contrast to the structure in [16], the LCRA
in [17] focused on the biasing line to achieve a wideband.
In [18], an LCRA was introduced whose LC cell gap was
modeled as a varactor diode because of the very thin cell gap.
However, these reported LCRAs have limited performances,
such as one-dimensional beam coverage and low aperture
efficiencies [16], [18]. Moreover, although the LCRAs in
[17], [19] achieved 2D beam coverage and moderate aperture
efficiency, they are only responsible for single-polarization
operations because of several challenges, including the de-
teriorating effect of the biasing line for one polarization or
imbalance of the number of biasing lines of each unit cell.
The LCRA in [17] consists of a rectangular slotted metal
layer, a rectangular radiating patch, and a delay line. Such
a structure only operates with a single-polarized wave.

Dual-linearly polarized liquid crystal reflectarray antennas
(DLP-LCRAs) have already been reported in the millimeter-
wave (mmWave) band [21]-[24]. These designs were fabri-
cated using glass-based processes, enabling sufficiently thin
bias lines to be implemented without introducing significant
RF losses. Despite several advantages, glass-based processes
are cost-ineffective and impose limitations on standard fab-
rication procedures, such as substrate stacking and via-hole
drilling. Moreover, glass substrates are fragile and prone to
breakage. In [21], the DLP-LCRA structure exhibited a large
gain discrepancy and low sidelobe levels (SLL) due to phase
errors and significant variations in reflection amplitude. An-
other DLP-LCRA design in [22] employed an anisotropic
metal layer to control polarization. However, it faced several
issues, including one-dimensional beam coverage, low aper-
ture efficiency, and degraded SLL performance, mainly due
to limited inter-layer spacing that introduced coupling effects
among the metallic elements. Compared to glass-based pro-
cesses, printed circuit board (PCB)-based processes are more
cost-effective and widely adopted across various research
fields, owing to their ease of integration with other PCB
components and structural flexibility. Nevertheless, PCB-
based processes pose challenges such as limited resolution
in metal line width and spacing, which can cause RF losses,
particularly for waves whose polarization is aligned with
the metal lines. A significant advantage of the proposed
DLP-LCRA, which is based on PCB processes, is that it
supports mass production and can be readily extended to

2

(b)

FIGURE 1. Example of the (a) conventional and (b) the proposed biasing
topology.

higher frequencies. First, the design leverages standard PCB
processes, making it straightforward to implement using con-
ventional PCB technology. Moreover, as long as the feasible
resolution of PCB manufacturing is maintained, the design
methodology and biasing approach proposed in this study can
be applied even at higher frequencies.

This study employs PCB-based process to implement the
DLP-LCRA. It is important to design the biasing layer
because it affects the LCRA performance, where the bias-
ing line is modelled as an inductance for parallel-polarized
waves. In addition, the biasing layer generates an RF current,
resulting in reflection loss in the LCRA. Moreover, unlike
PIN diodes or varactor diodes, it is difficult to mitigate the
detrimental effect of the biasing layer for single-polarization
operations or to utilize a radial stub or via owing to the nature
of the liquid characteristic of the LC layer.

In this study, a bridge-shaped biasing topology is intro-
duced to enable dual-polarization responses without requir-
ing thinning of the bias lines. Fig. 1 both the conventional
and the proposed biasing topologies designed to achieve the
2D beam scanning capability. In conventional approaches,
the bias lines are directly connected to the electrodes to
activate the LC. There are two typical types of direct bias-
ing topologies: inter-layer and via-through. The interlayer
method places both the bias line and the electrode on the
same layer, while the via-through method locates the elec-
trode and bias line on different layers, connected through a
via. To achieve dual-polarized responses, glass-based pro-
cesses can suppress the RF effects of bias lines by thinning
the electrodes. However, such thinning is not feasible in
PCB-based processes, making it challenging to mitigate the
RF losses induced by bias lines. Therefore, the impact of bias
lines must be carefully considered when implementing DLP-
LCRAs. Fig. 1(b) illustrates the proposed biasing topology
introduced in this study. Six different bias signals are applied
along three bias lines to each patch through metallic vias.
This novel biasing scheme enables dual-linearly polarized
(DLP) responses, owing to the morphological uniformity of
the bias lines. Furthermore, because each unit cell is excited
by distinct voltage levels through the bias lines, the designed
LCRA is capable of achieving 2D beam scanning.

The proposed DLP-LCRA based on the bridge-shaped bi-
asing topology can be easily fabricated using the printed cir-
cuit board (PCB) process at a lower cost than the glass-based
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process. In addition, to achieve high aperture efficiency, an
additional patch whose lateral dimension is larger than that
of the patch electrode on the LC layer is stacked on top of
the cell. The additional patch successfully suppressed the RF
current caused by the bias line, resulting in a high aperture
efficiency for both polarization cases. In the transverse mag-
netic (TM) case, an RF current is induced, causing RF losses.
Finally, the proposed DLP-LCRA based on the bridged-
shaped bias topology achieves maximum aperture efficien-
cies greater than 46.5 % and 37.8 % with SLL values of -
16.5 dB and -15.3 dB for each polarization. In addition, the
beam scanning ranges for the TE and TM polarizations were
0°-62° and -49°-51° and -50°-50° and 0°-60°, respectively.
This study presents, for the first time, a method for designing
a dual-linearly polarized liquid crystal reflectarray antenna
(DLP-LCRA) using a PCB-based process in the millimeter-
wave (mmWave) band, achieving wide 2D beam coverage.
Moreover, the proposed design demonstrates a maximum
aperture efficiency improvement of 106.67 % compared to
state-of-the-art designs.

The remainder of this paper is organized as follows:
Section II-A explains the principle of the unit cell of the
LCRA and several challenges for achieving dual-polarization
responses. Section II-B introduces the structure of the pro-
posed cell. The frequency responses, equivalent circuits, and
corresponding real impedance simulations for the w/o and
w/ metallic patches are discussed in Section II-C. Section III
introduces the fabricated sample, and the phase extraction
results for obtaining a phase-voltage graph are presented.
Additionally, the measured results are discussed. Finally,
Section IV concludes this paper.

Il. DLP-LCRA DESIGN
This section introduces the proposed bridge-shaped biasing
topology for dual-polarized LCRA with 2D coverage.

Fig. 2(a) shows an enlarged view of the LCRA cell with the
proposed bias topology, and Fig. 2(b) depicts the bias layer.
Six bias lines were implemented because 12x 12 cells were
used in this study. A metallic via was employed to provide a
bias signal to the patch electrode. The substrates utilized in
this study comprised TLY-5 and FR4. The dielectric constant
and loss tangent of TLY-5 were 2.2 and 0.0009, while FR4
exhibited values of 4.4 and 0.02, respectively. The relative
permittivity of the LC is characterized by a complex relative
permittivity € - jsu) because of its loss feature. A GT7
LC (Merck KGaA, Darmstadt, Germany) was employed in
this work. Based on the datasheet, the tunable range of the
dielectric constant of the LC adopted here is expected to be
in the range of 2.5-3.5 (from ¢ to ¢))). The corresponding
loss tangent decreases from 0.012 to 0.0064. The periodicity
of the cells was set at 10 mm.

Fig. 3 shows the simulation results for the LCRA cell
using ANSYS HFSS. The frequency response versus the via
position for each polarization is shown in Fig. 4(a). Owing
to the symmetric topology, the responses of p; and p3 were
the same as those of ps and pg. The black and red lines
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FIGURE 2. (a) Exploded view of the bridge-shaped bias topology embedded
liquid crystal reflectarray (LCRA) cell and (b) the top view of the bias layer.
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FIGURE 3. (a) Frequency responses versus offset position p (solid lines:
zero bias state (e, dashed lines: saturation states (¢, black: TE, red: TM,
circle symbols: p1, triangle symbols: p3), and (b) current distribution on the
bias line for the TM mode at the resonance frequency.

represent the TE and TM mode responses, respectively. In
addition, the extreme phase states associated with the initial
bias state (¢, ) and saturation state (g)) are represented by
solid and dashed lines, respectively. Unlike the responses of
the TE waves, extremely large losses occurred in the TM
case due to the RF current induced on the bias lines, as
shown in Fig. 3(a). Because of the asymmetric geometry, the
responses for TE and TM modes differ. Fig. 3(b) shows the
RF current distribution at the resonant frequency in the TE
and TM modes. The current density of TM waves is higher
than that of TE waves because more current is induced by
the electric fields parallel to the bias lines, resulting in RF
losses. To reduce the effect of the bias line in the TM cases,
this study introduces a metal shield with a lateral dimension
larger than that of the electrode patch was introduced.

Fig. 4(a) and (b) show the proposed LCRA unit cell
(LCRUC) where an additional metal patch was introduced
to the top of the unit cell. The role of the metal patch can
be interpreted in two ways. One is as an impedance tuner,
which is further explained in the Appendix. In terms of
an equivalent circuit, the metal patch can be modeled as a
capacitance. With the addition of this capacitance, a resonant
frequency is generated due to the added capacitance, and by
increasing the real term of the impedance, the reflection loss
can be significantly reduced. Another interpretation is that
the metal patch replaces the existing LC resonator’s electrode
with the main resonator and acts as a metal shield. Therefore,
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FIGURE 4. (a) Final design and (b) side view of the proposed LCRUC.
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FIGURE 5. Reflection loss responses versus frequency at various patch
dimensions (case 1: Ps_x = Ps_y = PLc_x = PLo_, = 8.4 mm, case 2:
Ps_x=Ps_y=Prc_,=84mm;=Prc_, =9.0mm, and case 3: Ps_x =
Ps_y=9.0mm;=Prc_, = PLc_, =8.4mm).

by covering the bias line, less RF current is induced, which
also helps reduce the reflection loss.

It should be noted that the lateral dimension of the shield
has to be larger than that of the patch electrode to create
the desired resonance. Fig. 5 shows the frequency responses
versus lateral patch dimensions for TM polarization. The
solid and dashed lines represent the initial bias state (¢ ) and
saturation state (¢)), respectively. Three cases were consid-
ered, and the loss in case 3 was small. If the lateral dimension
of the patch electrode is larger than that of the patch resonator
(case 2) for the main resonance in the claimed band, the
RF current deteriorates, resulting in an extremely high loss.
However, in case 3, there was a low loss owing to the electric
field distribution, as shown in Fig. 3(b). The patch resonator
serves as a metal shield for the RF current and resonates with
the RF ground with less effect from bias lines.

Fig. 6(a) and (b) show the field distribution plots for two
different cases—when Pro_,,y < Ps_z,y and Pro_,,y >
Ps_x,y, respectively—for TM modes at 9.65 GHz. Depend-
ing on the dimensions of the metal patch and the electrode,
the main resonance occurs at different layers at 9.65 GHz.
When Prc_,,y < Ps_x,y, the main resonance occurs at the
electrode, leading to high losses due to the presence of bias

4

FIGURE 6. Field plot @9.65 GHz versus two cases (@) Prc_z,y < Ps_z, y,
and (b) Prc_x,y > Ps_x,y for TM mode.

() (d)

FIGURE 7. Current distribution on the bias line for (a) the TM mode (b) the TE
mode at the resonance frequency of the proposed LCRUC.

lines. In contrast, when Prc_,,y < Ps_x,y, the main reso-
nance shifts to the additional metal patch, resulting in lower
losses due to the shielding effect. Finally, the dimensions of
the metal patch and the electrode are selected so that they
resonate at the desired frequency band for both the TE and
TM modes.

Fig. 7 shows the current distribution on the bias line for
both the TM and TE modes at the resonance frequency of the
proposed LCRUC. Although these currents, which degrade
RF performance, are more pronounced in the TM mode than
in the TE mode, they are significantly reduced compared to
those observed in Fig. 3(b), thanks to the metal shielding
provided by the additional patch.

Fig. 8 depicts the magnitude responses and phase dynamic
range of the final design of the proposed LCRUC versus the
extreme bias states at p;-ps for each polarization. The black
and red lines represent the magnitude and phase responses,
respectively. The offset position of the metallic via affects
the responses in the TE mode, resulting in an undesired
resonance that is not in the claimed frequency band. The
maximum reflection loss and phase dynamic range are 1.8
dB and 240° in the TE mode, and those are 2.2 dB and 260°
in the TM mode, respectively. The operating band exhibits
a stable gain variation of 1 dB across the bandwidth. The
geometric parameters of the final design are listed in Table 1.

lll. DESIGN AND MEASURED RESULTS OF THE
DLP-LCRA
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FIGURE 8. Reflectance responses versus frequency in (a) the TE responses
and (b) the TM responses versus via offset position p# of the proposed
LCRUC (solid lines: zero bias state (¢ 1 ), dashed lines: saturation state (),
black: magnitude, and red: phase responses.

TABLE 1. Geometric Parameters of the Proposed LCRUC

Parameter Ps_x Ps_y Pro_x Prc_y
Value 9 mm 8.6 mm 8.8 mm 8.2 mm
Parameter n to 13 7
Value 04mm 025mm 0.13mm 0.5 mm
Parameter Ly Ly P1 P2
Value 0.2 mm 0.2 mm -09mm  -0.5 mm
Parameter P3 Py Ps Pg
Value -0.1 mm 0.1 mm 0.5 mm 0.9 mm

A. DESIGN AND FABRICATION PROCESS OF THE
DLP-LCRA

The section describes the proposed biasing topology of the
DLP-LCRA in detail as well as the fabrication process,
including the integration substrates and LC injection. In
addition, the measurement setup, phase extraction, and beam-
forming results are presented to demonstrate the proposed
structure.

Fig. 9 illustrates an enlarged view of the proposed DLP-
LCRA and the biasing topology. Unlike the other layers, the
first layer with dimensions of 120 x120 mm? was filled
with the LC, as shown in Fig. 11(a). Other areas under the
first layer exist for biasing lines stretched to the edges of the
second layer, where 0.2 ¢ holes were drilled and pin headers
were embedded. In total, 144 biasing lines were introduced
to form the antenna beam. The third layer was divided into
three compartments to create a cavity that accommodates the
LC. Spacers between the compartments supported the layer.
In the fourth layer, metallic vias were introduced for easy
integration of the DC ground. The fabrication processes of
the proposed DLP-LCRA were as follows: 1) The three parts
were fabricated using a PCB process. 2) The three parts were
integrated into one. 3) The LC was injected into the three
cavities. When the LC was injected into the LC holes, the
air slowly escaped. Three pairs of injection and air holes
were employed to match the three compartments. The total
dimensions of the proposed DLP-LCRA are 150 x 160 mm?,
with bias lines placed on the surface. There are certain trade-
offs in the design to achieve dual-polarization responses. For
example, embedded vias in the layer 4 substrates increase
manufacturing complexity. However, to prevent LC leakage,
the use of embedded vias is essential.

VOLUME 4, 2016
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FIGURE 9. (a) Enlarged and side views of the proposed DLP-LCRA and (b)
the top view of the bridge-shaped biasing topology and details.

Fig. 9(b) illustrates the second layer, which consists of
biasing lines and patch electrodes. In the proposed biasing
topology, indicated by the black dashed box, the center lines
were cut to achieve 2D beamforming. Therefore, two sets of
6—12 biased lines were arranged. In addition, the metallic
vias at p;—pg in the blue and purple dashed boxes were
connected to the corresponding line to provide various bias-
voltage signals to each LC cavity. This topology enables the
2D beamforming and dual-polarization responses.

B. EXPERIMENTAL SETUP AND RESULTS

The section introduces and discusses the proposed DLP-
LCRA sample, phase extraction, and measured results. Con-
sidering that the intermediate states of the LC are difficult to
extract owing to anisotropy and inhomogeneity, the phase-
extraction method can be useful for obtaining the desired
phase for the applied bias voltage.

Fig. 10 illustrates a photograph of the proposed DLP-
LCRA fixed to a support structure. The supporting struc-
ture was fabricated using 3D printing technology, and an
additional region outside the reconfigurable region of the
DLP-LCRA was covered with absorbers to avoid unwanted
scattering. A standard horn antenna with a gain of 16.5 dBi
at 9.65 GHz was chosen as the feed antenna, and the focal
distance between the feed and the LCRA was 12 cm with
an offset angle of 20°. The focal length was calculated by
obtaining the spillover and taper efficiency [25]. The control
circuit provided an external voltage from 0 to 30 Vin 0.1 V
steps within 144 output channels.

Fig. 11 illustrates the 3D beam patterns of the proposed
DLP-LCRA at different angles. The results confirm that the
proposed structure can steer not only in the E- and H-planes
but also along the D-plane. Four arbitrary angles were se-
lected to demonstrate its 2D coverage. Thanks to the biasing
topology, each unit cell can be controlled independently. The
field distributions corresponding to the beam pattern plots on
the xy-planes are shown in Fig. 11(d), (e), (f).

Fig. 12 illustrates the measurement setup to obtain phase-
voltage curves and beam patterns for each polarization case.
Because of the anisotropy and inhomogeneity of the inter-
mediate states in the LC, the bias voltage for the desired
phase shift should be extracted. The measurement tasks were
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FIGURE 10. Photograph of the fabricated DLP-LCRA supported by 3D
printed jig with a control circuit.

(d (e) ()

FIGURE 11. (a)-(c) 3D beam pattern restults and (d)-(f) field distribution
corresponding to the beam pattern on the xy-planes. ((a), (d) 6=¢=0°, (b), (e)
0=30°, p=45°, (c), (f) 6=90°, ©x=60°

implemented in an anechoic chamber, and phase extrac-
tion was performed using a vector network analyzer (VNA)
(MS4647A, Anritsu). The distance between the reflectarray
and the receiver is set to 1.3 m. The proposed DLP-LCRA is
mounted on a rotator to enable angular scanning. The bias
code is provided via the laptop connected through a USB
cable, which interfaces with the controller.

The overall measurement procedure is illustrated in
Fig. 13. The process begins with a two-port SOLT (Short-
Open-Load-Thru) calibration, followed by verification using
standard references. The calibration is considered valid if
the reflection coefficients (S11, Sa2) for open/short and load
conditions are approximately O dB + 0.1 dB and below -40
dB, respectively, and the transmission coefficients (S21, S12)
are around 0 dB £ 0.1 dB with phase error less than 5°.
Once the calibration is verified, the device under test (DUT)

6

FIGURE 12. Measurement setup for obtaining phase-voltage curves for both
polarization cases.

is set up, and the So; phase is measured for both X- and Y-
polarizations as a function of the applied bias voltage. This
continues until phase saturation is observed. The bias voltage
was obtained using the following steps: 1) Apply the same
voltage to all cells 2) Check the S21 phase by using the VNA
3) Calculate the phase difference from the phase at the zero
bias. The phase difference is expressed by ((1))

PS8y = Pf T PLC T Prad (1)

where ¢y refers to the phase shifts from the feed antenna,
wrc represents the reflection phase shifts as a result of the
change in the LC, and ¢,,q refers to the phase shift of the
radiated waves from the reflectarray to the receiver. After
calibration, beam pattern measurements are performed based
on the reference phase configuration. The gain is evaluated,
and if it does not reach its maximum, the bias setting is
adjusted, and the measurement loop is repeated. Once the
maximum gain is achieved, additional beam patterns are
measured at various scanning angles. Finally, 3 dB coverage
is established to evaluate the beam-steering capability of the
proposed structure. The extracted phase responses for the
two polarization responses as functions of the bias voltage
are presented in Fig. 14. The phase difference between 0 V
and a certain bias state is depicted, and the maximum phase
difference matches the dynamic phase range of the unit cell
obtained using the full-wave simulator.

Fig. 15(a) and (b) show the measured H- and E-plane beam
patterns for the TE cases at 9.65 GHz. On the H-plane, that
is, the measured gain and SLL are in the ranges of 16.7-18.5
dBi and -16.50—10.02 dB, respectively. Beam coverage was
confirmed from -49° to +51°. In addition, on the E-plane,
the measured gain and SLL are in the ranges of 16.5-19.4
dBi and -11.07—5.66 dB, respectively. The beam coverage
ranges from 0° to 62°. The waves reflected toward the feed
antenna were degraded because of the blockage.

Fig. 16(a) and (b) show the measured results of the E- and
H-plane beam patterns, respectively, for the TM cases at 9.65
GHz. On the E-plane, the measured gain and SLL are in the
ranges of 15.8-18.1 dBi and -11.31—8.61 dB, respectively.
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FIGURE 14. Measured results of phase-voltage curves.

Beam coverage was confirmed from -50° to +50°. On the
H-plane, the measured gain and SLL are in the ranges of
16.8-18.5 dBi and -15.28—7.45 dB, respectively. The beam
coverage ranges from 0° to 60°. The beam coverage was
based on a 3 dB gain variation.

Fig. 17 illustrates the measured gains versus the operating
frequency range. The 1-dB gain bandwidths of the TE and
TM modes (illustrated by solid lines) are in the ranges of
9.15-9.75 GHz and 9.05-9.7 GHz, respectively. The 3-dB
gain bandwidths of the TE and TM modes (illustrated by
dashed lines) are in the ranges of 8.9-10.2 GHz and 9-9.95
GHz, respectively.

Table 2 presents a comparison of the performance of all
LCRAs from the microwave band to the terahertz band. It
appears that many LCRAs are capable of steering the beam in
2D, and the LCRA in [13] has limited scanning capabilities
that can only steer the beam in the E- or H-planes. Addi-
tionally, the proposed structure achieves a maximum aperture
efficiency of 46.5 %, representing a 106.67 % increase com-
pared to [26]. The proposed bridge-shaped biasing topology
enables the simultaneous realization of dual polarization and
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FIGURE 15. Simulated and measured beam patterns for TE waves (a) on the
x0z and (b) yoz planes.
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FIGURE 16. Simulated and measured beam patterns for TM waves (a) on the
xoz and (b) yoz planes.

2D beam steering, while the additional patch contributes to
achieving high aperture efficiency. Table 3 lists the efficiency
budget for each polarization used to explain the high aperture
efficiencies. The aperture efficiency of the reflectarray can be
divided as expressed in ((2)),

Eaperture = Ereflection * Ephase * Espillover * (2)

Eedge * Epolarization * Eblockage * Eete (3)

where reflection is the average reflected energy from the
unit cells, and the phase efficiency represents the phase dy-

1 dB Gain Bandwidd
| for TE |

1 dB Gain Bandwidth
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3 dB Gain Bandwidth
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10 . i
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FIGURE 17. Measured gains versus operating frequency range (red line: TE
mode, black line: TM mode).
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namic range and quantization losses. The taper, spillover, and
edge efficiencies are related to the feed antenna and configu-
ration of the reflectarray aperture. The power received at the
aperture and the uniformity of the power amplitude indicate
the spillover and taper efficiency, respectively. The edge-
taper loss increased when the incident waves that diffracted
from the edge of the aperture increased. The polarization
efficiency can be calculated as the ratio of co-polarized waves
to the sum of co- and cross-polarized waves. Blockage loss
occurs when the scattered waves from the reflectarray are
blocked by a feed antenna. The fabrication and coupling
losses were classified as efficiencies.

IV. CONCLUSION

This study proposed PCB process-based DLP-LCRA with
high aperture efficiency, 2D coverage, and low SLL. By
introducing bridge-shaped biasing topology, the proposed
DLP-LCRA can achieve 2D coverage. In addition, due to
the limitation of the resolution of PCB process, RF current
should be carefully treated to reduce RF losses for dual-
polarization responses. The deleterious effect of the biasing
layer on the TM modes was reduced by adding a metallic
patch and increasing the dielectric thickness. Additionally,
a bridge-shaped biasing topology was introduced in which
the uniformly arranged biasing layer did not affect the TM-
mode responses according to the number of biasing lines. By
using a metallic via, the proposed biasing layer enables the
formation of a 2D beam. The effects of the biasing layer on
the two polarization responses were verified using full-wave
and circuit simulations. Accordingly, an aperture efficiency
of 46.5 % and an SSL value of -16.5 dB were attained.
The proposed DLP-LCRA is promising for designing dual-
polarization LCRAs with high efficiency, broad beam cov-
erage, and 2D beam-scanning. The proposed DLP-LCRA
will be a promising solution for dual-polarization LCRA
fabricated by PCB-process. To extend the design to higher
operating frequencies, the DLP-LCRA can be realized by
scaling down the aperture proportionally to the frequency.
In addition, operating at higher frequencies enables cost
reduction in large-scale production of the DLP-LCRA, as the
aperture size and the amount of LC required decrease.

V. APPENDIX
This section describes the equivalent circuit of the proposed
LCRUC for each polarization.

Fig. 18(a) illustrates the magnitude responses for each
polarization w/ and w/o bias layers. To construct equivalent
circuits, the metallic via between the biasing line and the
metallic patch on the third layer was not considered in the
simulation results. The via effect is illustrated in Fig. 5(a).
Assuming lossless to layers 1 and 2 and no interlayer cou-
pling effect, the corresponding equivalent circuits for each
polarization are presented in Fig. 5. The left- and right-
side networks depict the equivalent circuits for the TM
and TE modes in an infinite periodic array of the DLP-
LCRUC. The propagation constant kq represents a semi-
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FIGURE 18. (a) Reflection coefficient versus frequency responses in the with
(w/) and without (w/0) biasing layer cases (solid lines: w/ biasing lines, dashed
lines: w/o biasing lines, black: TE mode, and red: TM mode) and (b) the
corresponding equivalent circuits.

infinite free space. The TE and TM characteristic impedances
are ZI'F = wpp/k and ZI™M = k/we, respectively, where
ZIM = k/weg and ZTF = wpp/k are the characteristic
impedances of the TE and TM modes. The propagation con-
stant is k is defined as k = +/(k% — k?), where k; = kqsinf
is the transverse wavenumber. When the normal angle of
incidence is considered, the value of § = 0°, and the TM
and TE waves become x- and y-polarized waves, respectively.
For the TE and TM modes, the shunt impedances related
to the metallic patch array were modeled as ZlT MTE) _
JwLTMTE) _ Gy, TMTE) 197,

2D mD — Ps_x
OTM = epeespa 7[09(0802—1)_@))) (€]
2D 7D — Ps_x(y)) k3 sin*0
TE 0
CT™ =eo€eff1 7log(csc 5D )y(1— kgffl 5
(%)

kers1 = koy/Eers1 is the effective propagation constant
in an effective host medium with an effective permittivity
€ers1 [28]. The inductance Z; can be effectively calculated
using a full-wave simulator [29]. The LC employed here is
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TABLE 2. PERFORMANCE COMPARISONS OF LCRA ANTENNAS

Frequency Aperture Side Lobe Dimension
Efficiency Level Coverage Scanning Range [°] ) JRON Polarization
[GHz] (%] (SLL) [dB] [\lambda_0"2]
\cite{secl_r17} 24 5.8 - 1D -60-0 15x72 Single
\citesecl_r16} 24 23.1 - 2D 'i};l_‘j‘“; T;l_j‘;e 66 Single
\cite{secl_revl_x2} 28 15 ; 2D Ellane H tane 42 x 42 Dual
\cite{secl_r18) 9.55 35.8 155 2D B e O tane 3.82 x 3.82 Single
\cite{sec]_rev_x5} 35.5 38.9 -15.3 2D Efgg’e Hsgl‘;'(‘)e 497 x 4.97 Single
\cite{sec]_r20} 285 253 - 2D £ Plane - Hane 374 x 374 Dual
\cite{secl_revl_x3} 98 24 -9 1D 5-40 - Dual
\cite{secl_r21} - 225 - 2D '?;P(’)l_as‘z)e P_Iigl_‘";‘z)e 3.74 x 3.74 Dual
\cite{secl_r13} 37.5 - ; 2D Erlane H-Hane 5 % 4.875 Single
This TE | T™M | TE ™ TE ™
9.65 2D E-Plane | H-Plane | E-Plane | H-Plane 3.86 x 3.86 Dual
Study 46.5 | 378 | -16.5 | -15.3 T 95T e o
TABLE 3. Efficiency Budgets of the Proposed DLP-LCRA for Each
Polarization " "
kz —& k‘QE
— Rije=—F"F—|— LC t(ln(k/’gt?,)—tg, ,LC (1+tan2(k‘2t3)]
Efficiencies [%] TE ™ WEVELe ELc 25LC
Reflection 0931 0.872 (10)
Phase 0.901 0.925
Taper 0.872  0.872 ko
Spillover 0.881  0.881 Lpc = ——=—tan(kats) (11)
Edge 0.938 0.938 WENE L &
Polarization 0.995 0.989 . . . . .
Blockage 0794 0794 A groqnded dielectric slab with thickness t3 is expres§ed
etc. 0974 0.828 according to 11. ky = ko,/Ec5f2 represents the propagation
Total 0.465 0.378

a lossy material that imposes the metallic patch, and the
ground slab of the LC layer is modeled as Zg M(TE)

Ry + JuLTM TP _ j(1/uCIMTE) ang ZHTE)

R3 + jwlLic.

2 D — PLC—(L‘
C’:,)TM = €0€eff2 7l0g(cscT(y))) (6)
2D ™™D — Pro_s k2 sin?0
C’;FE = E0Ecff2 7log(csc 5D ) )(1— k2f0f2 5 )
NG

Because the metallic patches introduced in this study were
printed on a thin dielectric substrate, higher-order Floquet
mode reflections from the ground plane should be considered
[30].

—artp o
D

TM(TE
C(moal( ) =

) (®)

The resistance of the metallic patches adjacent to the LC
layer is expressed as

2D
Og"M(TE) . 6(;6eff2 log(l e

—fLc
TM(TE)
weef2Cy

Rs = ©)

VOLUME 4, 2016

constant of the LC. The lossless transmission lines related to
TM(TE)
1st(2nd)
where the 1o means free space permeability. ZZ * denotes

the bias in the second layer. Although the metal strip line is
expressed in [?], the impedance of the biasing layer should be
carefully chosen because of the coupling between the biasing
lines. The value of ZI™ can be calculated using a full-wave
simulator using [29] or a circuit simulator.

Fig. 19(a) depicts the two-port Floquet simulation setup
in the full-wave simulator used to calculate Z . As shown
in the corresponding equivalent circuit, the capacitance and
mutual inductance between the adjacent lines were consid-
ered. Fig. 19(b) illustrates the full-wave and circuit simula-
tion results. Considering the periodicity of the unit cell, the
simulated frequency range was set to 2—15 GHz to avoid
grating lobes [31].

are jwliz) = jwpoly(z) of the series inductor,

_ —Zp(14T)
- 2

As shown in Fig. 19(a), Y is modeled differently with
respect to the mode, where Y., (TM mode) is seen as
inductive in the claimed frequency band, and Y, (TE mode)
is matched. The parameters in the red box are general models
of the conventional LCRUC. The input impedances of the
TM and TE modes equivalent circuits are expressed by 13
and 14, respectively.

Ys 12)
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FIGURE 19. Floquet simulation setup of the biasing layer with the
corresponding equivalent circuit and (b) frequency responses of the reflection
coefficient of the two modes.

Ry

R Zin =
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Ry
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fee 15t [ayer, 0.25 mm =" 2nd Jayer, 0.25 mm
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'
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FIGURE 20. Real impedances of the TM and the TE modes responses w/ and
w/o the metallic patch onto the first layer. (a) TM, w/o patch; (b) TE, w/o patch;
(c) TM, w/ patch; and (d) TE, w/ patch).

angle of incidence to extract the TE and TM mode re-
sponses. Fig. 20(a) depicts the real impedance in the blue
box in Fig. 18(b) added by an inductance modeled by the
first substrate (Rs + 7 X2 + jwlL1). Additionally, Fig. 20(a)
represents real impedance results in the red box in Fig. 18(b)
added by an inductance modeled by the second substrate
(R1 + jX1 + jwLs). In the absence of a metallic patch, the
real impedance does not increase as the thickness of the first
or second layer increases, as shown in Fig. 20(a) and (b).
However, if a metallic patch is present, the real impedance
increases with the thickness of the first or second layer,
as shown in Fig. 20(c) and (d), respectively. Consequently,
the metallic patch affects the reflection loss. In particular,
the TM-mode responses that are deteriorated by the biasing
layer can be improved, eventually leading to a dual-polarized
reflectarray. A metallic patch can also be used to miniaturize

Re {Zin} =

(14)

In addition, the maximum reflection loss occurs at reso-

nance, as defined in 15. Thus, if the real input impedance of
the unit cell increases, the reflection loss can be reduced.

-~ Re {Zzn} — Zo
- Re {Zm} + Zo

In contrast to the conventional design modeled as the red
box in Fig. 18(b), the proposed design reduces the reflection
loss without increasing the LC thickness. This is accom-
plished by placing a metallic patch in the first layer.

Fig. 20 illustrates the real impedance results related to
the parametric studies of the first- and second-layer thick-
nesses. The results were obtained by assuming a normal

(15)

10

((JJClTERl)Q + (wzClTE(Ll + L2) + (JJClTEXl —

1t unit cell dimensions by increasing the substrate thickness,
as shown in Fig. 20(c) and (d).
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