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A Novel Systematic Design of High-Aperture-Efficiency 2D Beam-Scanning
Liquid-Crystal Embedded Reflectarray Antenna for
6G FR3 and Radar Applications

Hogyeom Kim™, Jongyeong Kim

Abstract— This communication presents a novel systematic design of
a high-aperture-efficiency and 2-D beam-scanning nematic liquid-crystal
(LC)-based reflectarray (LCRA) that operates in the sixth-generation
(6G) midband (7-24 GHz). Despite a 260° phase range, the maximum
aperture efficiency is 35.8% at an aperture dimension (F/D) ratio of 0.58,
the highest aperture efficiency at the lowest F/D ratio among LCRAs
designed to operate on the mmWave band. The proposed LC-based
reflectarray unit cell (LC-RUC) has significantly low reflection loss
compared to other LC-RUCs. Also, the bias topology of the proposed
LC-RUC makes the LCRA capable of 2-D beam scanning. The beam-
scanning range of the proposed LCRA is +50° on the xoz plane and
0°-65° in the yoz plane at 9.55 GHz. A 2 x 2 patch array antenna
is designed as the feed antenna to achieve a small F/D ratio system
and ease of optimization. When designing the feed antenna, the number
of elements or the element spacing is considered to achieve high feed
efficiency. In addition, the fabricated planar feed antenna can be easily
integrated with a 3-D printed jig in which the focal length can be adjusted
for optimization. The lowest side lobe level (SLL) of the proposed LCRA
is —15.5 dB.

Index Terms—Liquid crystals (LCs), radar, reconfigurable unit cell,
reflectarray antennas, sixth-generation (6G) midband.

I. INTRODUCTION

Recently, sixth-generation (6G) standardization and numerous cor-
responding antennas have been actively reported and studied [1], [2],
[3], [4]. While the potential 6G frequency band is being considered to
be sub-THz [5], [6], midband within the 7-24 GHz is also regarded
as a future 6G band [7]. Implemented tasks, such as antenna design,
manufacturing, and measurement in that band, are more modest
than those of the sub-THz. In the midband, many types of planar
patch, transmit, and reflectarray antennas are employed in the radar
application [8], [9], [10], and this study addresses a reflectarray
antenna.

A reflectarray antenna consists of 2-D periodic patterns printed
onto a grounded substrate. This structure has several advantages,
including ease of fabrication, planarity, and low cost. Recently,
numerous studies of electronically controllable reflectarray antennas,
which operate on the mmWave band, have been conducted. Examples
include the pin diode, varactor diode, and liquid crystal (LC) types
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Fig. 1. Schematic of the proposed LCRA.

[11], [12], [13], [14]. LC-based reflectarray (LCRA) antennas radiate
scattered waves toward the desired direction as the permittivity of
the embedded LC changes. LCRA antennas offer several advantages,
including continuous phase control and low heat [15], [16], [17].
Also, the LCRA can be operated on various frequency bands ranging
from the X-band to the THz band [18], [19]. Compared to other
active components, such as a pin diode and a varactor diode, the loss
tangent of the LC decreases as the frequency increases [20], [21].

However, an LCRA with an aperture efficiency exceeding 30%
has not yet been reported due to fabrication errors, a lack of opti-
mization, and high reflection loss of the unit cells. There are several
LCRA structures published in the prior works. In one study [13],
multiresonant cells resembling a dipole array are employed for a
broadband reflectarray antenna. The unit cell has a high reflection
loss, and the bias layout limits the beamforming along one dimension,
resulting in low aperture efficiency. In another study [20], employing
a delay line near the LC layer introduces broadband characteristics,
and such an antenna is capable of 2-D beam scanning. Although the
aforementioned LCRA structure [20] was the first to be capable of
2-D-beam scanning on the mmWave band, the aperture efficiency is
low due to the high reflection loss (a maximum reflection loss is
7 dB) of the unit cell. In order to achieve high aperture efficiency,
the unit cell and feed efficiency are the key factors.

Recently, Kim et al. [22] reported a low-loss LC-based reflectarray
unit cell (LC-RUC) for use on the X-band. Generally, the reflection
loss of an LC cell can be reduced by increasing the LC thickness.
However, when the LC thickness increases, the response time of
the LC also increases. In the low-loss LC-RUC, a metallic patch
is added onto the superstrate, resulting in a change of the input
impedance. Then, the reflection loss decreases as the superstrate
increases without increasing the LC thickness. Also, the optimization
of the feed efficiency is described in this communication. Fig. 1 shows
a schematic of the proposed LCRA composed of the feed antenna,
the LCRA, and the control circuit. The proposed LCRA consists of
a 12 x 12 LC-RUC, where each cell is based on a low-reflection-
loss design [22]. The significant low reflection loss enables achieving
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Fig. 2. Exploded view of (a) proposed LCRA and (b) LC-RUC.

high aperture efficiency despite a lack of phase shift range due to
the short electrical length. A 2 x 2 patch array antenna is chosen
as the feed antenna to achieve a small ratio of focal length to
aperture dimension (F/D) ratio system owing to its wide beam-width.
The proposed LCRA is capable of 2-D beamforming, achieving an
aperture efficiency of more than 35% with a side lobe level (SLL)
of —15.5 dB.

This study is organized as follows. In Section II-A, the design of
the proposed LCRA and LC-RUC is introduced. Also, the frequency
responses of the LC-RUC are discussed. In Section II-B, the optimum
focal length of the feed antenna and the corresponding feed efficiency
are calculated in a full-wave EM simulation. In Section III-A, the
measurement setup and phase extraction are introduced for 2-D beam
scanning. In Section III-B, the measurement results are presented and
discussed. Finally, the study is concluded in Section IV.

II. LCRA DESIGN
A. Design of the Proposed LCRA

The geometrical details of the proposed LCRA are shown in Fig. 2.
The radiating region is 120 x 120 mm, and the periodicity of the
proposed LC-RUC is 10 mm. The additional area, except for the
radiating region, will be covered by the absorber. On the second layer,
the bias lines are connected to the control circuit through metallic
vias on the edges of the layers. The third layer is divided into three
compartments in order to create a cavity to accommodate the LC. The
metallic surface on the top of the fourth layer acts as radio frequency
(RF) and dc ground at the same time. Also, in order to easily connect
the dc ground to the outer control circuit, the metallic surface is
placed at the bottom side and connected to the surface on the top side
through the via. Fig. 2(b) shows an exploded view of the LC-RUC.
A metallic patch on the first layer is introduced to achieve low
reflection loss. The metallic patch affects the actual input impedance,
enabling a reduction of the reflection loss by increasing the thickness
of the first layer or the second layer. Six types of bias lines are
employed to ensure dc bias in the second layer. Each bias line is
connected to the metallic patch on the third layer in order to excite the
E-field toward the LC layer. The third layer consists of the LC, and

11195

0.0 T T 400

=) )
=3
s

Reflectance (dB)

IS
8
Phase dynamic range (deg)

——,=2.5 == =25 —A— =33 -7Ir- =33
—8— £,c=2.9 =<+ =£,c=2.9 —¥= =35 = 7 = ¢,=3.5
-10.0 T T T -400
85 9.0 9.5 10.0 10.5

Frequency (GHz)

(2)

0.0 T

-0.5

=)
L

o
L

Reflectance (dB)

n
o
L

—— 1line (zero) —— 3lines (zero) —— 5 lines (zero)
-~-3lines (max) -~ * -5 lines (max)
-2.54 —— 2lines (zero) —— 4 lines (zero) —— 6 lines (zero)
- - - 2 lines (max)

y g
\
W, o/
\{ ==1 line (max)

-“-4lines (max) - -6 lines (max)

—*—wi/o line (zero) - - -wi/o line (max)
-3.0 T T T
8.5 9.0 9.5 10.0 10.5
Frequency (GHz)
(b)

Fig. 3. Frequency responses of (a) magnitude and phase dynamic range
versus permittivity of the LC-RUC and (b) magnitude responses versus the
number of lines [solid lines: zero bias (¢ ) and dashed lines: maximum bias
state ()]

the relative permittivity of the LC has a complex value (gic —J EZC)
due to its loss feature. Based on its datasheet, the tunable range of
the dielectric constant of the LC used in this study is expected to be
2.5-3.5 (from & to g)) [23], and the corresponding loss tangent
decreases from 0.012 to 0.0064. The dimensions of the metallic
patches are 8.4 x 8.4 mm and the width and length of each bias line
are shown in Fig. 2(b). The Taconic TLY-5 and FR4 are chosen as the
low-loss dielectric and the rigid dielectric, respectively. The dielectric
constant and the loss tangent of the TLY-5 are 2.2 and 0.0009,
respectively, and those of the FR4 are 4.4 and 0.02, respectively.

Fig. 3(a) shows the frequency responses of the magnitude and
the phase dynamic range versus the permittivity of the proposed
LC-RUC. The simulation results were obtained from a Floquet
simulation in Ansys HFSS. In the simulation, the permittivity of the
LC is considered as an effective scalar value [20], [24], [25].

Solid lines and dashed lines represent the magnitude and phase
responses, respectively. The maximum reflection loss and the
dynamic phase shift range at the 9.55 GHz target frequency are 2.3 dB
and 260°, respectively. The reflection loss of 2.3 dB is significantly
low compared to those of other LC-RUCs that run on the X-band
[18], [30]. The proposed LCRA can achieve high aperture efficiency
even with a phase shift range of 260° compared to other published
LCRA. Fig. 3(b) shows an effect of the bias layer. The reflection
magnitude responses in the zero and maximum bias states of the LC
versus the number of lines are shown in Fig. 3(b). The number of
the bias lines has little impact on the unit cell.

B. Feed Antenna Design and Configuration

In this communication, to achieve a small F/D ratio system,
a 2 x 2 patch array is utilized as the feed antenna because it has
a wider 3 dB beamwidth and smaller size than the horn antenna.
There are several advantages when employing this type of patch array.
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Fig. 4. (a) Designed 2 x 2 patch array antenna. (b) Impedance bandwidth.
(c) 3 dB beamwidth.

First, the 3 dB beamwidth can be adjusted easily by increasing the
number of elements or the element spacing. The 3 dB beamwidth is
an important factor in the design of the high-efficiency reflectarray.
Second, the fabrication cost can be reduced by the PCB-based process
compared to that of a horn antenna. Finally, a planar antenna can
easily be integrated with the 3-D printed jig, enabling optimization
of the LCRA.

Fig. 4 shows the designed feed antenna, impedance bandwidth,
and the 3 dB beamwidth. The TLY-5 is employed to design the feed
antenna. Here, a fractional bandwidth (FBW) of 10% and a 3 dB
beamwidth of 40° are obtained. The optimum focal length should
be selected when the feed efficiency (taper x spillover efficiencies,
without consideration of radiation efficiency) reaches its maximum
value for high efficiency.

The taper and spillover can be calculated as shown in the following.
First, the symmetric feed-power pattern can be modeled as expressed
in the following equation:

Gfeeq < cos? 6. (1)

If the antenna’s 3 dB beamwidth narrows, the value of q increases.
By employing this equation, the taper and spillover efficiency are cal-
culated as correspondingly expressed in the following equations [26]:

. 2 1 —cos@/2=1g., @
aper = 5 5

tan= g, p (4 = 1)7 (1 = cos? Ogp)
Nspillover = 1 — cos? ! Osub- 3)

Here, 0y,, is the subtended angle, defined via the following
equation:
Osup = tan~ ! % 4)
In addition, A and f represent the aperture dimension and focal
length, respectively. This method is very fast in terms of time because
the calculation is processed in MATLAB. However, when considering
the sidelobe or offset feed angle, this method lacks accuracy. Second,
by employing a full-wave simulator such as the Ansys HFSS, the feed
efficiency and optimum offset feed angle can be calculated. The feed
efficiency is obtained by multiplying (5) by (6) [27]

2
Niaper = lM (5)
P A [f,1112dA
S-dA
Nspillover = ffAP y . (6)
ra

Here, I, S, and Pp,q are the field intensity, Poynting vector, and
radiated power from the feed antenna, respectively. This method is
more accurate than the first method but is time-consuming as well.
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Fig. 6.
sample.

Therefore, the approximate focal length was calculated with the
first method, after which fine-tuning optimization was done with
the second method. Fig. 5 shows the calculated results of the feed
efficiency as a function of the focal length at the target frequency.
An offset angle of 30° and a focal length of 60 mm were selected
as the candidate value for the feed antenna configuration. The
corresponding feed efficiency is 76.3%.

III. MEASUREMENT RESULTS AND DISCUSSION

A. Measurement Setup and Phase Extraction

Fig. 6 shows a fabricated example of the proposed LCRA sample
integrated with the feed antenna and control circuit by the 3-D printed
jig. The focal length can be adjusted from 6 to 9 c¢cm in the 3-D-
printed jig. In Fig. 6(b), the absorber is placed on the jig, covering
the additional region. Therefore, the incident and scattered waves
occur at the radiating region.

The measurement setup is shown in Fig. 7. The distance between
the reflectarray and the receiver is set to 1.5 m. The control circuit is
connected to a laptop. The control circuit can support voltage levels
from O to 30 V in steps of 0.1 V. When the desired voltage levels
are typed into the software tool, the tool orders the control circuit
to provide the corresponding voltage level, resulting in bias in each
LC in the RUC. In order to form the beam, bias voltage sets for the
desired phase shift should be obtained. Also, due to the anisotropy
and inhomogeneity in the direction of the bias field for intermediate
states in the cells, the bias voltage for the desired phase shift can
only be determined after measuring the phase [28]. The desired bias
voltage levels can be obtained via the following steps.

1) Apply the same voltage to all unit cells.
2) Allow the phase of Sp; in the vector network analyzer (VNA)
to change as the bias voltage level changes.
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Fig. 7. Measurement setup.
TABLE I
VOLTAGE LEVELS FOR THE DESIRED PHASE SHIFT
AND THE MAGNITUDE FLUCTUATION
Voltage level (V) Phase A (°) Magnitude A (dB)
0 0 0
1.6 -40 -1.6
2.0 -90 -1.8
2.3 -130 -2.0
5.1 -180 -1.4
6.5 -230 -0.8
11.0 -260 +0.2

A represents the difference between the no-bias state and a certain bias
state. The maximum voltage level is 11.0 V.

3) Obtain the bias voltage level for the desired phase shift from
the following equation:

?Sy1 = Pfeed + PLC + Pradiation @)

As shown in Fig. 7, ¢feq refers to the phase shift of the
radiated waves from the feed antenna to the reflectarray, and
orc represents the reflection phase shift resulting from the
change of the LC. In addition, ¢,ugjarion refers to the phase
shift of the radiated waves from the reflectarray to the receiver.
If all unit cells are biased with the same voltage level, only
¢orc will change. Thus, the desired phase shift can be obtained.
Table I shows the obtained voltage levels for the desired phase
shift and the corresponding magnitude fluctuation.

B. Discussion of Measured Results

This section discusses the measured results for the proposed
LCRA. The measurements were implemented in an anechoic cham-
ber, and the measurement of the S-parameter was obtained by a VNA,
the MS4647A type from Anritsu. The measured results were obtained
by applying various voltage sets according to the reference phase [27].

In Fig. 8, the simulated and measured results at 9.55 GHz are
shown. The final focal length is 7 cm. Although the calculated focal
length is 6 cm, the fabricated sample shows a maximum gain at
7 cm. On the xoz plane, the simulated gain and measured gain are
15.6-18.4 dBi and 14.7-17.1 dBi, respectively. Also, the simulated
and measured SLLs are —10.2 to —17.4 dB and —8.2 to —15.5 dB,
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Fig. 8.  Simulated and measured beam pattern results at 9.55 GHz on
(a) xoz plane and (b) yoz plane.

TABLE II
PERFORMANCE COMPARISON OF LCRA ANTENNAS

Feature Ref. Ref. Ref. Ref. This
[13] [30] [31] [20] work
Frequency
[GHz] 100 9.4 24 24 9.55
Max. AE
(%] 18.5 - 5.8 23.1 35.8
Max. RL
[dB] 7 18 2.5 7 2.3
SLL [dB] -13.0 - - - -15.5
Scanning 1D 1D 1D 2D 2D
capability
Scanning 55 40 20 90 100
range [°]
F/D - 1.07 - 1.0 0.58

X% AE: aperture efficiency, RL: reflection loss

respectively. The maximum gain occurs at 0°. There is a lower SLL
in measurements than in simulation because of the low magnitude
fluctuation. The error range between the simulated and measured
gains is 0.2-1.3 dB. The cause of the error is the coupling among
biased cells and fabrication error. The scanning range is —50° to
50°. However, the scanning range on the yoz plane is 0°-65° due
to the blockage of the feed antenna. The simulated gain and the
measured gain on the yoz plane are 16.0-18.4 dBi and 15.4-17.1 dBi,
respectively. The simulated and measured SLLs are —8.8 to —14.2 dB
and —8.7 to —13.8 dB, respectively. Although the maximum gain
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occurs at 0°, the maximum aperture efficiency is at 65° because
the effective aperture decreases as the scan angle increases [19].
Therefore, the aperture efficiency at 65° on the yoz plane is 35.8%.
The 1 dB gain bandwidth is 9.05-9.95 GHz over the entire beam
coverage. Table II shows a performance comparison of the LCRA.
The proposed design has higher aperture efficiency and a wider
beam-scanning range than other designs with a short focal length.
The high aperture efficiency can be achieved with significantly low
reflection loss, 2-D beam-forming capability, and optimization of the
feed antenna.

IV. CONCLUSION

A novel systematic design of a 2-D beam-scanning and high-
aperture-efficiency LCRA is introduced in this communication. The
reported aperture efficiency of the LCRA proposed here is 35.8%
at 9.55 GHz, the highest efficiency among LCRAs that operate on
the mmWave, even given its low F/D ratio. Despite a lack of phase
shift range, significant low reflection loss enables achieving high
aperture efficiency. Also, the proposed design can steer the beam
along two axes. The scanning range is £50° on the xoz plane and
0°-65° on the yoz plane. Furthermore, a 2 x 2 patch array antenna
is selected as the feed antenna to achieve a short F/D ratio system
due to its wide beamwidth and ease of optimization. The proposed
LCRA will be promising when designing high-efficiency 2-D beam-
scanning LCRAs in the 6G midband.
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