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Abstract: A programmable low-profile array antenna based
on nematic liquid crystals (NLCs) is proposed. Each an-
tenna unit comprises a square patch radiating structure and a
tunable NLC-based phase shifter capable of achieving a
phase shift exceeding 360° with high linearity. First, the
above 64 antenna units are periodically arranged into an 8 X 8
NLC-based antenna array, and the bias voltage of the
NLC-based phase shifter loaded on the antenna unit is ad-
justed through the control of the field-programmable gate ar-
ray (FPGA) programming sequences. This configuration en-
ables precise phase changes for all 64 channels. Numerical
simulation, sample processing, and experimental measure-
ments of the antenna array are conducted to validate the per-
formance of the antenna. The numerical and experimental re-
sults demonstrate that the proposed antenna performs well
within the frequency range of 19. 5-20. 5 GHz, with a 3 dB
relative bandwidth of 10% and a maximum main lobe gain of
14. 1 dBi. A maximum scanning angle of +34° is achieved
through the adjustment of the FPGA programming sequence.
This NLC-based programmable array antenna shows promis-
ing potential for applications in satellite communication.
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Wireless communication systems are indispensable
in the information age''”". The rapid advancement
of wireless communication technology requires continu-
ous improvements in antenna performance across mul-
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tiple dimensions. According to the 6G white paper™ ,
high-frequency operation and beam-scanning are key vi-
sions for future wireless communication systems. Cur-
rently, beam-scanning can be achieved through various
technologies, including microelectromechanical sys-
10) " pin diodes ''"'>', and varactors ', However,
owing to processing limitations and parasitic effects, tun-
able devices based on conventional semiconductor com-

temsL

ponents operating in the microwave frequency band face
challenges in maintaining performance at higher frequen-
cies. To address these challenges in the millimeter-wave
(mmW) bands, exploring novel
phase-shifting techniques based on the unique properties
of various materials, including liquid crystals, graphene,
and VO, Notably, nematic liquid crystals (NLCs)
exhibit a distinct response to electromagnetic (EM)
waves in the mmW frequency band, offering advantages
such as low loss and ease of integration. Studies have
shown that array antennas incorporating NLC materials
facilitate dynamic regulation of high-frequency EM

Waves[lg'm

researchers are

. However, the electromagnetic properties of
these NLC-based devices are often controlled through the
manual adjustment of the bias voltage applied to the
NLCs, which restricts the advancement of the devices to-
ward intelligent and autonomous operation.

This study presents the design, fabrication, and evalua-
tion of an 8 X 8 NLC-based Ka-band programmable
phased-array antenna. The NLC-based phase shifter in
each antenna unit plays a critical role in enabling dynamic
regulation. Additionally, a 64-channel adjustable power
supply module, controlled by a field-programmable gate
array (FPGA) ', has been developed to provide inde-
pendently controllable bias voltages to each NLC-based
phase shifter unit. By loading different coding sequence
streams into the FPGA, the 64 output channels apply dis-
tinct voltages to the NLC-based phase shifters, thereby
achieving beam-scanning functionality. Experimental re-
sults demonstrate that when different coding sequences
are loaded into the FPGA, the antenna beam can be
scanned from -34° to 34°. Within the frequency range of
19.5-20. 5 GHz, the antenna achieves a 3 dB relative
bandwidth of 10% and a maximum main lobe gain of

14.1 dBi. These experimental findings closely align
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with numerical simulations, validating the proposed de-
sign. The concept of the NLC-based programmable array
antenna potential
low-Earth-orbit (LEO) satellite ground station terminals.

shows for future application in

1 Antenna Design

1.1 Design of antenna unit based on NLCs

To implement the proposed programmable array an-
tenna, as illustrated in Fig. 1 (a) , we first design an
NLC-based antenna unit capable of achieving full-phase
(2m) coverage. As illustrated in Fig. 1 (b) ,
tenna unit comprises a multilayer structure with six lay-
ers: upper metal, upper substrate, middle metal,
NLCs, bottom metal, and bottom substrate. The opera-
tional principle involves coupling the EM wave signal
from the power divider network on the upper glass sub-
strate to the NLC-based phase shifter through a slot.
The signal is then coupled to the radiation patch on the
upper glass substrate through another slot,

the an-

where it radi-

ates as EM waves. This coupling structure is designed
to effectively minimize the size of the array antenna
while simultaneously preventing crosstalk between radio
frequency and direct current (DC) signals. The radia-
tion patch is square, with a side length of 2. 8§ mm.
The dielectric constant of the NLC material varies from
2.4 to 3.2 under the application of a tunable DC volt-
age, with a tangent loss of 0. 005 at 20 GHz. The ra-
diation patches, metal ground, power divider, and
phase shifter are photoetched on a silicon glass (BF33)
substrate, which has a permittivity of 4.55 and a loss
tangent of 0. 001 in the operating Ka-band. The radia-
tion patch is fed via coupling slot 1, which has dimen-
sions L, X L, = 1.5 mmX 0.6 mm. The thicknesses of
the silicon glass dielectric substrate, NLC material
layer, and metal copper are H,= 0.7 mm, H; .= 0.07
mm, and ¢ = 0.002 mm, respectively. Notably, the
metal thickness is five times the skin depth at the de-
signed frequency, which ensures that electromagnetic
waves cannot penetrate the metal.
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Fig. 1 Schematic of the proposed programmable array antenna. (a) 3D view of the programmable array antenna; (b) Geometry
of the designed antenna unit based on NLCs; (c¢) Tunable phase shifter with a spiral structure; (d) FPGA-controlled DC bias cir-

cuits; (e) Alignment points indicating placement coordinates and angles for device processing

The core component of the antenna unit is the
NLC-based phase shifter, which features a compact spi-
ral structure etched onto the upper surface of the bottom
substrate, as illustrated in Fig. 1(c). This design mini-
mizes space usage. The NLC-based phase shifter pro-
vides a continuous phase shift ranging from 0° to 360° at
20 GHz, with an insertion loss of 2. 8 dB and a return
loss below 12 dB. The input impedance is set at 50 (),
and the line width is defined as w,= 0. 2 mm. The phase
shift can be calculated accurately using theoretical values
of NLC properties and transmission line theory. The rela-
tionship between the calculated phase change A¢ and the
dielectric constant ¢ of the NLC is expressed by the fol-
lowing formula:

Acb—@ (Jeu = Je ) (1)

where A, is the wavelength of the electromagnetic wave
in a vacuum, and / is the length of the spiral structure of
the microstrip transmission line. A bias voltage V is ap-
plied between the metal patch and the ground to generate
the bias E-field. The axial direction n of the NLC mol-
ecules can be altered by changes in the external environ-
ment, such as temperature, magnetic field, or electric
field. Generally, when the bias voltage satisfies V <V,
the long axis direction n of the NLC molecule is perpen-
dicular to the voltage direction, and the dielectric con-
stant is denoted as &, ,. When the bias voltage satisfies
V = Vgur, the long axis direction n of the NLC molecule
aligns with the voltage direction, and the dielectric con-
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stant is denoted ¢,. V,, and V,, are the deflection thresh-
old and saturation voltages of the NLC molecules, re-
spectively. To avoid insufficient phase shift caused by
machining errors, a 10% phase margin is included in the
design length, resulting in a phase shift of approximately
400°. The total length / of the microstrip line is 90 mm.
Note that the corners of the microstrip lines in the phase
shifter are beveled to prevent unwanted reflections. In ad-
dition, the tested relationship between the relative permit-
tivity (which ranges from 2.5 to 3. 1) and the bias volt-
age is shown in Table 1. The desired relative permittiv-
ity, as indicated in previous simulations, can be
achieved by adjusting the bias voltage. As illustrated in
Figs. 1(d) and (e), the antenna and control circuit are
connected via flexible printed circuit bonding. The 64-
channel controller consists of an EP4ACE15F17C8 FPGA
chip and a 12-bit DAC module. This controller can gen-
erate a 30-Hz square-wave AC voltage signal ranging
from O to 8 V, with a control precision of 2 mV.

Table 1 Measured relative permittivity as a function of the
driving voltage at 20 GHz

Driving voltage/V. 45 5.0 55 60 65 7.0 75 8.0
Relative permittivity 2.51 2.55 2.64 2.82 2.95 3.08 3.12 3.15

The simulation of the designed NLC-based antenna
unit is conducted using CST Microwave Studio software.
After simulation and optimization, the performance of
the antenna unit is illustrated in Fig. 2. As illustrated in
Fig. 2 (a) , the reflection coefficient S, of the antenna
unit is below —-10 dB in the Ka-band, from 19.5 to
20. 5 GHz. Fig. 2(b) illustrates the far-field characteristics
of the designed antenna unit. As illustrated in Fig. 2(b),
the radiation patterns of the E-plane and H-plane are
nearly identical, which facilitates the subsequent imple-
mentation of circular polarization and beam scanning
functions. The 3 dB beamwidth of the antenna unit is
78°, and the gain is 3 dB. The relative phase shift of the
antenna unit exceeds 360°, as illustrated in Fig. 2(c).

1.2 Design of the array antenna

The detailed geometric configuration of the proposed
programmable array antenna is illustrated in Fig. 1(a). It
consists of a 64-element linear array arranged in 8 rows
and 8 columns of antenna units. Additionally, the spac-
ing between each antenna unit is half a wavelength,
which helps to minimize the appearance of grating lobes.

To verify the impedance matching performance of the
programmable NLC-based array antenna, the simulated
and measured reflection coefficients are illustrated in
Fig. 3. Good matching characteristics are observed, with
S,, being less than -10 dB across the Ka-band operating
bandwidth, ranging from 19.5 to 20.5 GHz. It should
also be noted that the measured S-parameter results are
shifted toward lower frequencies compared with the simu-
lated results, owing to errors introduced during the manu-
facturing process.
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Fig. 2 Simulated results of the designed NLC-based antenna
unit. (a) S-parameter of the antenna unit; (b) Simulated 2D
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Fig. 3 Simulated and measured S,, of the proposed program-
mable array antenna

1.3 Design of the bias voltage source with FPGA
control circuit

Owing to the large number of units, manually adjust-
ing and controlling the voltage across the NLC is no lon-
ger feasible. To achieve independent control of the an-
tenna unit voltage in such a large-scale array, we use an
FPGA control board to generate coding sequences. In
this work, a 1 kHz square wave signal is used for bias
control of the NLCs’ dielectric constant, with the actual
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bias voltage range being 0 to 5 V. The operating voltage
of the FPGA ranges from 1. 150 to 3. 465 V, and it is pow-
ered by an AMS1117-3. 3 chip in a TO-223 package. The
ADS8801 chip, functioning as a digital-to-analog con-
verter (DAC) , converts the digital coding sequence sig-
nals from the FPGA into analog signals for output. The
analog devices AD8392 chip consists of four high-output

current, low-power operational amplifiers that amplify
the 64-channel coding sequence signals output from the
ADS8801 chip. The schematic diagram of the entire sys-
tem module is illustrated in Fig. 4. This module enables
0-30 V independently adjustable voltage and high-preci-
sion voltage regulation while ensuring 64 independent
programmable feeders.
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Fig. 4 Schematic of the 64-channel adjustable power module system

2 Experimental Results and Discussions

To further validate the proposed array antenna, we fab-
ricate the array and measure its reflection coefficients and

(a)

Absorbing materials

Receiving
ho!

FPGA control
module
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Console

(¢)

radiation patterns. The photographs of the fabricated
sample, the S-parameter measurement setup, the test
scheme, and the far-field test environment are illustrated

in Fig. 5.

(b)

(d)

Fig. 5 Photographs of the fabricated sample and far-field experimental setup. (a) Top view of the sample; (b) S-parameter mea-
surement setup; (c¢) Schematic diagram of the test scheme; (d) Photographs of the sample test in the anechoic chamber

We measure the far-field radiation patterns of the fabri-
cated NLC array antenna in the anechoic chamber, as il-

lustrated in Fig. 5(d). The relationship between the cal-
culated scanning angle 6 and the phase difference A is
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given by the following formula:

ApA
2md ) @)

where A is the wavelength of the vacuum EM wave, d is
the distance between adjacent antenna units (0. 51), and
Ad is the phase difference induced by the NLC.

The change in the dielectric constant of the NLC with
voltage is simulated using numerical simulation soft-
ware, and beam scanning from —34° to 34° is theoreti-
cally achieved.

As illustrated in Fig. 6(a), the maximum antenna gain
of the 8 X 8 array antenna is 14. 1 dB at 20 GHz, which
is reduced by an insertion loss of approximately 3 dB due
to the liquid crystal phase shifter. Compared with other
high-precision adjustable phase shifters in the same fre-
quency band, this loss is acceptable. Additionally, the
array exhibits a sidelobe level of around —11.5 dB and a
cross-polarization of 15 dB. The simulation results for
beam scanning are illustrated in Fig. 6(b), and the mea-
sured results for seven different voltage coding sequences
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Fig. 6 Simulated and measured radiation patterns of the pro-
posed programmable array antenna at a central frequency of 20
GHz. (a) Gain and cross-polarization of the antenna array;
(b) 2D simulated results under seven different coding se-
quences from the FPGA; (c) 2D measured results under seven
different coding sequences from the FPGA

from the FPGA are illustrated in Fig. 6(c). As the FPGA
controls the voltage magnitude applied to the NLC, the
antenna main beam electronically scans from - 34° to
34°. A comparison of the simulation and experimental re-
sults reveals that when the beam is scanned at large
angles, a significant grating lobe appears in the radiation
pattern. The surface phase of the antenna array is tested
in the near-field darkroom, and the measured scanning
angles are in good agreement with the theoretically calcu-
lated values. The results of this study are compared with
other programmable phased-array antennas based on liq-
uid crystals in Table 2. The proposed programmable ar-
ray antenna offers a more convenient approach for beam
scanning while maintaining high performance.

Table 2 Performance comparison with other studies

Reference Radiation Maximum  Scanning Kind of
bandwidth/GHz ~ gain/dBi  coverage/(°)  antenna
Ref. [21] 22 to 26 20.2 +45 Reflecting
Ref. [22] 30 to 40 6.7 -22to23  Radiation
Ref. [23] 101 to 111 13.0 50 Reflecting
C:Vré;i“ 191021 14.1 -341034  Radiation

3 Conclusions

In this study, we present a low-cost, low-profile
Ka-band programmable array antenna based on nematic
liquid crystal, consisting of 8§ X 8 patch antenna units.
We achieve electronic beam scanning control by adjust-
ing the magnitude of the voltage applied across the NLC
through an FPGA. The array antenna is experimentally
validated for operation at the Ka-band satellite communi-
cation terminal downlink frequency of 20 GHz. Addi-
tionally, the antenna demonstrates excellent performance
in continuous, accurate beam scanning from —34° to 34°
by adjusting the FPGA programming sequence. Through
both theoretical design and experimental implementa-
tion, the proposed programmable array antenna is shown
to maintain real-time beam scanning and support wireless
communication with LEO satellites. This array antenna
is expected to have wide applications in Ka-band LEO
satellite communications.
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