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Abstract - In this paper we propose a miniaturized large-
angle beam scanning phased array antenna using liquid
crystal. We innovatively combine the liquid crystal elec-
trically tunable structure with the wide-beam antenna
element structure and design an integrated multi-layer
antenna structure which realizes large-angle beam scan-
ning within the working bandwidth. The problems of
low beam control accuracy and narrow scanning angle of
traditional array antenna are effectively addressed. The
overall dimensions of the prototype are 74 x 60 x4 mm.
Based on the test results of the prototype the gain has
reached 20.2 dBi at 27 GHz and the scanning angle was
greater than £60°.

Index Terms — Large-angle beam scanning, liquid
crystal, miniaturization, phased array antenna.

I. INTRODUCTION

In recent years, antennas in wireless communication
systems are required to meet the requirements of many
high performances, such as high gain pattern, wide-
beam scanning angle and wide bandwidth. A phased
array antenna has the functions of beam scanning, beam
control, and anti-interference. As a representative of
high-performance antenna, phased array antenna have
been widely studied, and play an important role in vehi-
cle radar, satellite radar, 5G mobile terminal and other
fields. As a key device of phased array, the phase shifter
makes the beam superposition in a specific direction
by changing the feed phase of the radiation element to
achieve the function of beam forming. The traditional
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phase shifter unit usually adopts PIN diode-based phase
shifters [1-6], varactor diode-based phase shifters [7,
8], digital phase shifters [9, 10], ferrite-based phase
shifters [11] and other methods [12-15] to achieve phase
shift, among which PIN diode and varactor-diode based
phase shifters have high insertion loss and can only
achieve step phase shift. Although a digital phase shifter
has higher phase shift accuracy, the cost and volume
increase exponentially with the increase of phase shift
accuracy, which is not conducive to large-scale array
and miniaturization. As a tunable material, ferrite can
realize continuous phase shift, but its high insertion loss
limits its application in high frequency. Therefore, how
to design a continuously tunable phase shifter and the
associated matching antenna system is vital to develop a
new generation of phased array antennas.

Liquid crystal, as a new passive tunable material,
exhibits obvious polarity under electric field, so it has
the ability to continuously tune permittivity under bias
voltage. The thermal expansion coefficient of liquid
crystals is usually between 1073/K and 10~%/K. This
numerical range indicates that the size change of liquid
crystal materials is relatively small when the temperature
changes. This dimensional stability makes liquid crys-
tals an ideal material for manufacturing high-precision
optical instruments and high-precision antennas. Liquid
crystal molecules have an ordered arrangement struc-
ture, which makes liquid crystals exhibit anisotropy in
physical properties. Compared to some lumped phase-
shifting devices, liquid crystal devices have no parasitic
effects in higher frequency bands and have smaller
losses. This feature enables liquid crystal antennas to
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maintain high efficiency and less energy loss when
transmitting signals.

This study demonstrates a liquid crystal based
phased array antenna with significant innovations in both
architecture and performance. We propose a novel inte-
grated structure combining a wide-beam dipole radiator
array, a high-isolation feed network, liquid crystal-based
phase shifting, and a dedicated liquid crystal bias control
circuit achieving unprecedented miniaturization while
overcoming traditional scan limitations. Experimental
validation confirms breakthrough beam-scanning capa-
bilities: continuous 1D scanning over 120° with a peak
gain of 20.2 dBi.

II. STRUCTURE OF DESIGNED ANTENNA
A. Liquid crystal phased shifter design

In this paper we use a slow wave transmission
line as the phase-shifting structure, which is suspended
upside down under the first layer substrate, and whose
lower surface is in contact with the liquid crystal. The
second layer substrate adopts a slot design to contain
the liquid crystal, and the third layer substrate is used
to print the metal ground and form a bias electrode with
the transmission line. By changing the paranoid voltage
applied to the metal ground, the dielectric constant of the
liquid crystal is controlled, then the transmission coeffi-
cient of the electromagnetic wave on the transmission
line can be changed, and thus the phase shift can be
controlled.

Metallic ground
structure

Copper column
Upper medium

Transmission line
phase shifter

Liquid crystal

Underlying medium

Biased ground
structure

Fig. 1. Diagram of liquid crystal phase shifter.

To ensure that the primary working mode of elec-
tromagnetic waves passing through the phase shifter
remains a quasi-TEM (Transverse Electromagnetic,
where both electric and magnetic fields are transverse
to the direction of wave propagation) wave and to
maximize energy transfer to the output end, the liquid
crystal tank is designed in two sections. A row of
metal copper columns is placed in the middle, replacing
the traditional metal electric wall, to optimize energy
confinement within the transmission line. The diameter
of the metal copper column is 0.2 mm and the spacing
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is 0.3 mm, which can effectively reduce return loss
and transmission loss. The structure diagram of the
designed phase shifter is shown in Fig. 1. The simulation
results of the phase shifter base on liquid crystal material
are shown in Fig. 2, from which we can see that the
maximum phase shift is 410° by changing the dielectric
constant of the liquid crystal and the insertion loss of the
phase shifter is kept within 3 dB, in bandwidth of 26—
28 GHz.

0 : & c= 2.5|
tep = 0.1
-200 = .
ELc=2.5 6o =32
-400 \
e -600
2
E -800
G
o -1000 A
2 g = N
S 1200 N
-1400 Y,
-1600
25 26 27 28 29
Freq(GHz)
(a)

1
i
o
1
r
!
I
'
1
T

S parameter (dB)

27
Freq (GHz)
(b)

Fig. 2. Simulation results of the designed phase shifter:
(a) relationship between phase and dielectric constant
and (b) S parameter of the phase shifter.

B. Power division network design

To ensure the miniaturization of the power division
phase-shifting network while further improving port
isolation, we propose a novel network structure. In
this design, the power dividers are distributed across
different layers, effectively reducing coupling between
the transmission lines.

As shown in Fig. 3 (a), a multistage combined
Wilkinson power divider is used to realize the cascade
of phase shifters after equal phase power divider. The
structure of the power divider adopts a copper col-
umn to reduce electromagnetic interference and leakage
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Fig. 3. Structure of designed power divide: (a) cascade
of phase shifters and power divider and (b) structure of
post-phase shifter power division network.

between adjacent lines and improve port isolation. The
design of the post-phase shift power division network is
shown in Fig. 3 (b). The multi-layer hierarchical power
division structure is adopted to reduce the horizontal size
to achieve miniaturization. The output end of the phase
shifter is cascaded with the upper power divider through
eight metallization holes to distribute the power of the
post-phase shift signal.

C. Radiation patch design

In this work, we used a binary magnetoelectric
dipole antenna to broaden the beam, as shown in Fig. 4.
The traditional dipole antenna is divided into a driver
patch and a parasitic patch, allowing for more flexi-
ble control of the current loop direction and enabling
miniaturization of the patch. By increasing the diversity
of the direction of the magnetic current, the structure
can broaden the beam width by more abundant field
distribution around the radiating element. The designed
patch antenna demonstrates favorable performance, as
shown in Fig. 5. It achieves excellent impedance match-
ing at 27 GHz with a reflection coefficient of —18 dB
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and delivers a peak gain of approximately 5 dBi at
the boresight direction, verifying its effective directional
radiation characteristic.

Parasitic patch

Dielectric substrate

Drive patch

Short-circuited
copper column

Fig. 4. Structure of designed radiation patch.

0
-2 99000000,
_4 """"" at 'o.'.'" """"" "'.'-‘ """""
61— B
5 8 R
3.1
=-1g N7
@ N f
-14
i v/ .
.18 S [ Suf
=20 J
22 24 26 28 30 32
Frea (GHz)
()
9
-
6
4] phi=180° phi=0°
2-
0] 60° 60°
24
~4
=]
= -6 x
E P 90° 90° —>
0_4_
24
)]
5] 120° 120°
o]
6_

180°

(b)

Fig. 5. Simulation result of designed antenna patch:
(a) S parameter of antenna patch and (b) gain of antenna
patch.

D. Array integration design

The phased array adopts an 8x8 uniform array
model structure. A schematic diagram of the array
structure is shown in Fig. 6. The array consists of
antenna layer, power layer and phase shift power divi-
sion network layer, and each layer is connected through
metallized holes. In addition, in order to further reduce
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Fig. 6. Structure of array antenna multi-layer integration
diagram.

the coupling between the antennas and improve the
overall gain, the copper column structure is used as the
electric wall between the units to inhibit electromagnetic
leakage. By means of simulations, we found that optimal
spacing between adjacent array elements is 5.55 mm,
and optimal spacing of the decoupled copper columns
is 0.3 mm.

Figure 7 shows that the maximum gain of the
proposed array antenna is 21.8 dBi, the array realizes
H-plane scanning by adjusting the dielectric constant of
the liquid crystal to change the feed phase in the working
band of each column antenna unit, and the maximum
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RO
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Fig. 7. Simulation results of radiation patterns under
different dielectric constants at the operating frequency.
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deflection angle can reach +£60°. Due to the structural
design of phase shifter and power splitter, only the phase
of each column is controlled, and the array can only
realize one-dimensional beam scanning.

III. FABRICATION AND MEASUREMENT
Based on the previous design, the designed princi-
ple prototype and antenna test environment are shown
in Fig. 8. The overall size of the prototype is 74 x60x4

(d)
Fig. 8. Antenna array under measurement: (a) prototype
of designed antenna, (b) profile structure of the proto-
type, (c) measurement in the anechoic chamber and (d)
test environment and test equipment.
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Table 1: Key parameters of the designed array antenna (mm)

Lc.W | Le L | Ph_L | PhodL | At L | At W | G h

10.6 5.2 5.6 1.2 3.1 2.8 0.21 | 0.508
Table 2: Comparison with other phased array antenna
Ref. Tuning Element Peak Range Size of Operating Bandwidth

Material Number | Gain (dBi) Antenna (mm?®) | Frequency (GHZ) (%)

[1] PIN 1x4 9.3 +58 35x65%x1.524 2.85 26
[11] LM 1x4 8.3 +38° 57.2x14x8 10 12
[2] PIN 24x2 13.8 +60° | 250x50x1.881 14.8 6.7
[8] Varactor-diode 4x4 8.1 +25° | 70x70x1.524 12 10
[9] CMOS 1x4 17.6 +32° - 16.5 16.4
[12] LC 1x4 6.7 +23° 35x50x2.5 35 5.1
This Work LC 8x8 20.2 +60° 74x60x4 27 7.4
mm, and a stepped laminated design is adopted to 4

meet the requirements of wiring and perforation process.
The array is independently tuned by eight columns
of liquid crystal phase shifters. The phase shifters are
filled with VMLC-2101 liquid crystal with a thickness
of 0.254 mm. The relevant parameters are €., = 2.28,
& =2.28,tand, = 0.009 and rand,| = 0.009 at normal
temperature.

The key dimensional parameters of the designed
array antenna, corresponding to the labels in the struc-
tural diagrams, are summarized in Table 1. Different
bias voltage groups are applied to the antenna, and the
radiation signal of the standard antenna at the far field
end is received and processed by using the antenna to
be tested. Results of the far-field pattern parameters are
obtained and saved, and the test results are shown in
Fig. 9. The maximum gain of the antenna to be tested is
20.2 dBi. Attenuation is 1.23 dB at 30°, 2.64 dB at —30°,
4.48 dB at 60° and 4.63 dB at —60°. A comparison of
phased arrays fabricated by different methods is shown
in Table 2.

Compared with the simulations, the test results of
the prototype are asymmetrical and the gain of the beams
are degraded to a certain extent. There are four main
reasons to explain the discrepancy between the simula-
tions and the tests. First, the antenna array is designed
with a non-strictly symmetric structure, and the scanning
beam is not strictly symmetrical due to the influence of
the boundary conditions of the antenna unit during the
scanning of E-plane beam. The second reason is that
the liquid crystal molecular direction is affected by the
time of applying bias voltage and the initial state, so it
is difficult to achieve quantitative unification, and there
are bubbles in the perfusion process leading to errors in
the change of dielectric constant. The third reason is that
the liquid crystal layer is too thin, resulting in uneven
liquid crystal contact. By thickening the liquid crystal
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Fig. 9. Test results of radiation patterns under different
dielectric constants at the operating frequency.

layer and re-matching the impedance, this effect can
be reduced. The fourth reason is that, due to the high-
frequency band and small size, even slight deviations in
the processed metal via holes and PCB lamination can
cause impedance variations, leading to losses.

IV. CONCLUSION

In this paper, we present a design method for a
large-angle beam scanning antenna based on liquid crys-
tal. The antenna achieves single-frequency beam scan-
ning. An innovative design structure of liquid crystal
antenna is proposed to enable wide-angle beam control.
The test results show that the antenna can achieve £60°
beam scanning at 27 GHz and gain is higher than
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20 dBi, which verifies that the design of the antenna
meets the requirements for large-angle beam scanning
and supports the theory of liquid crystal reconfiguration.
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