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This paper presents a systematic investigation and demonstration of a K-band circularly polarized liquid-
crystal-based phased array (LCPA), including the design, over-the-air (OTA) in-array calibration, and
experimental validation. The LCPA contains 16 phase-shifting radiating channels, each consisting of a cir-
cularly polarized stacked patch antenna and a liquid-crystal-based phase shifter (LCPS) based on a loaded
differential line structure. Thanks to its slow-wave properties, the LCPS exhibits a maximum phase-
shifting range of more than 360� with a figure of merit of 78.3��dB�1 based on a liquid crystal layer with
a thickness of only 5 lm. Furthermore, an automatic OTA calibration based on a state ergodic method is
proposed, which enables the extraction of the phase–voltage curve of every individual LCPA channel. The
proposed LCPA is manufactured and characterized with a total profile of only 1.76 mm, experimentally
demonstrating a scanned circularly polarized beam from �40� to +40� with a measured peak gain of
12.5 dBic and a scanning loss of less than 2.5 dB. The bandwidth of the LCPA, which satisfies the require-
ments of port reflection (|S11|) < �15 dB, an axial ratio (AR) < 3 dB, beam squinting < 3�, and a gain vari-
ation < 2.2 dB, spans from 25.5 to 26.0 GHz. The total efficiency is about 34%, which represents a new
state of the art. The use of the demonstrated low-profile LCPA to support circularly polarized scanning
beams, along with the systematic design and calibration methodology, holds potential promise for a
variety of millimeter-wave applications.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction components, such as varactor diodes [6,7], positive-intrinsic-
With the commercialization of 5G communications [1] and the
development of the Internet of Things [2], planar antenna arrays
supporting electronically scanned beams are indispensable compo-
nents that are widely employed in wireless systems for a variety of
applications such as communications, radars, sensing, and imaging
[3]. Conventional approaches to realize electronically scanned
arrays rely on the usage of a large number of beamforming
circuits/chips with high cost and high complexity [4,5]. Thus,
alternative new array technologies that can accomplish such
functionalities have been actively sought over the past few
decades. These emerging methods either utilize reconfigurable
negative (PIN) diodes [8], and micro-electro-mechanical systems
(MEMS) switches [9,10], or exploit phase-change materials, such
as ferroelectric materials [11], barium strontium titanate (BST)
films [12], and liquid crystals (LCs) [13], to achieve the tunable
phase delays required for dynamically controllable beamforming.
Among these methods, LCs are of particular interest due to their
low cost and maturity for mass production, which have already
been demonstrated in the display industry [14–16]. An LC is a state
of matter partway between a crystalline solid and an amorphous
liquid; one of the most common phases of an LC is the nematic
phase [17]. Nematic LCs inherently exhibit uniaxial electromag-
netic responses and own an electrical tunable permittivity. As a
result, they have attracted a tremendous amount of interest in
the field of microwave engineering, in applications such as phase
shifters [18–20], filters [21,22], polarization agile antennas [23],
rystals:
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and multi-mode antennas [24]. In particular, LC-based beam-
steering antennas [13,16,23–36] have become a promising techno-
logical venue for a number of applications and have thus been
widely studied. Compared with beam-steering antennas based on
existing reconfigurable components [6–10], LC-based beam-
steering antennas have the advantages of a lower cost, better inte-
gration, and/or continuous tunable phases. Moreover, in contrast to
other phase-change materials [11,12] used for beam-scanning
antennas, LC materials allow for a wider operational frequency
range from microwaves to terahertz, while requiring lower bias
voltages. The previously reported beam-steering antennas based
on LCs can be further divided into LC-based lens antennas
[25,26], LC-based leaky wave antennas [16,27], LC-based reflectar-
rays [28–30], and LC-based phased arrays (LCPAs) [13,31–36].
Among these, LCPAs are relatively more promising candidates for
potential applications due to their low profile and ease of
integration.

Over the past few years, various types of LCPAs have been inves-
tigated, with a typical architecture containing multiple channels,
each including a radiating element and an LC-based phase shifter
(LCPS). Different types of radiators have been used for the array
element, such as magneto-electric dipoles [31], patches [13,33],
dielectric resonator antennas [34], and Yagi-Uda antennas [35].
An LCPS usually adopts LCs as the substrate material and provides
tunable phases with a resonant or non-resonant structure; a com-
monly used structure is the LC-loaded inverted microstrip line
(IMSL) [13,19,20,33–35]. As described in Ref. [31], it demonstrates
a Ka-band 1 � 4 LCPA constructed with planar magnetoelectric
dipoles and reflection-type LCPSs based on a 127 lm-thick LC
layer. This LCPA achieves a maximum gain of 6.7 dBi with a small
scanning coverage from �22� to +23�. Another reported K-band
2 � 2 LCPA adopts a single-layer patch as the array element and
a 127 lm-thick LC layer as the substrate of an IMSL LCPS [13]. Since
the two-dimensional (2D) array arrangement is realized by using
miniaturizedradiators and phase shifters, the LCPA suffers from a
relatively small scanning range of less than ±23� and a gain of only
5.9 dBi. As described in Ref. [35], it proposes a 1 � 4 endfire LCPA
based on Yagi-Uda elements. The thickness of the LC layer of the
LCPS is reduced to 20 lm, while the beam can be scanned from
�40� to +40�. However, only a maximum gain of 4.9 dBi is
achieved, due to the thin LC layer. This structure is further modi-
fied by combining the LCPSs with a Butler matrix [37], which
enhances the scanning range and gain to ±60� and 5.8 dBi at the
expense of using a more complicated circuitry.

In addition to depending on the LCPA’s structural design, the
performance of an LCPA strongly relies on the fabrication capabil-
ity, especially the LC filling technology [14]. In general, a fully
closed cavity between the substrates is required to contain the
LC molecules; this can be realized by hollowing out a portion of
the printed circuit boards (PCBs) [31], removing parts from the
metallic plates [33], or separating two layers of glass with sur-
rounding spacers [13]. The thickness and filling accuracy of the
LC layer will directly affect the channel uniformity and switching
time of the LCPA. It can be seen from the previously reported LCPA
designs that several shortcomings still need to be overcome. First,
it is desirable to extend the radiation polarization of LCPAs—which
has been limited to linear polarization—into circular polarization
for applications such as satellite communications and radar imag-
ing. Second, almost all existing LCPAs have a small number of array
elements (i.e., no more than four), resulting in the disadvantages of
a very limited gain and a low beam resolution. Third, the majority
of the LCPAs reported thus far possess an LC layer thickness greater
than 20 lm; however, thinner LC layers are called for in order to
reduce the beam-switching time and material cost.

Another urgent challenge to be solved is the development of a
reliable calibration method for LCPAs. Unlike phased arrays that
2

are based on digital phase shifters with discretized phase shifting,
LCPSs provide continuously tunable phases by rotating the LC
molecules with different bias voltages. Importantly, the relation-
ship between the transmission phase and the bias voltage—that
is, the phase–voltage curve—needs to be experimentally deter-
mined for accurate beamforming. Due to this unknown phase–
voltage relationship, conventional calibration methods are no
longer suitable, including the rotating-element electric-field vector
(REV) method [38,39], phase-toggling method [40], or synthetic
array calibration [41]. Moreover, inaccuracy of the geometrical
dimensions and fluctuation of the material properties of the LCPSs
can lead to performance variation, including in both the initial
phase and the line shape of the phase–voltage curve, particularly
for LCPAs based on an ultrathin LC layer. Thus, all the channels of
the LCPA must be individually calibrated by determining the
distinct phase–voltage curve for each channel.

Although several calibration methods for LC-based antennas
have been proposed, they have significant limitations. One
approach is to measure the phase–voltage curve of every employed
LCPS without being connected to the radiating element [36]. This
method is cumbersome and is only suitable for small-scale LCPAs;
thus, it cannot be applied to millimeter-wave LCPAs with seam-
lessly connected radiating elements and LCPSs. Another method
is to measure a separate LCPS and use its phase–voltage curve for
all the channels in the LCPA for beamforming [35]. However, this
method ignores the differences between different channels. To
date, there is still a lack of an over-the-air (OTA) in-array calibra-
tion method for extracting the characteristics of each channel in
an LCPA; nevertheless, this information is indispensable and criti-
cal, especially for LCPAs with a large array size and a thin LC layer
(e.g., when the thickness of the LC layer is less than 10 lm).

In this paper, a systematic design, OTA calibration, and experi-
mental validation of a circularly polarized (CP) phased array oper-
ating in the K-band based on 5 lm-thick ultrathin LCs are
proposed. The LCPA contains 16 phase-shifting radiating channels,
each consisting of a CP stacked patch antenna and a novel LCPS.
Based on a differential line structure with periodic metallic bar
loadings, the proposed LCPSs offer a phase-shifting range of more
than 360� and a figure of merit (FoM) of 78.3��dB�1 with an LC layer
only 5 lm thick. Moreover, a novel OTA calibration strategy based
on the state ergodic method (SEM) is proposed and implemented
to automatically extract the phase–voltage curves of each channel
in the LCPA. Finally, by applying a phase assignment strategy to the
extracted phase–voltage curves, high-performance beam steering
can be achieved, which is experimentally demonstrated with a
scanned CP beam from �40� to +40�within a frequency range from
25.5 to 26.0 GHz, with a maximum gain of 12.5 dBic and a total
efficiency of about 34%. The proposed generic methodology paves
the way for the design and characterization of LCPAs for communi-
cations and sensing; it can also be applied to different forms of
beam-scanning arrays based on LCs or even other types of phase-
change materials. The advantages of the proposed LCPA include
its high efficiency, low profile, and faster response time. The cur-
rent one-dimensional (1D) beam-scanning ability can be useful
in vehicular communication, assembly line monitoring, geological
detection, and other applications. By expanding the array scale
and extending the arrays to 2D arrays, high-gain and 2D beam-
scanning properties can be achieved with a low manufacturing
cost, holding promise for a broad range of millimeter-wave appli-
cations such as satellite communications, radars, and imaging.
2. Design of the LCPA

The schematic diagram of the LCPA sub-system is displayed in
Fig. 1. The essence of the LCPA’s beam-scanning capability relies
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on the tunable phase shifts of each channel when different voltages
are applied to the nematic LC molecules in the LCPSs. The entire
LCPA sub-system includes the LCPSs, CP array elements, feeding
network, and control board. The control board is used to adjust
the LC states in each LCPS by providing desirable voltages accord-
ing to the commands issued from a personal computer (PC). The
designs of all the modules are described individually below.
2.1. Design of the LCPSs

As critical components in achieving beamforming for the LCPA,
the design of the LCPSs is of great importance in realizing a full
360� phase coverage with a low insertion loss. Considering the
limited available channel space and fabrication technology, the
currently widely used IMSLs suffer from a small tunable phase
coverage and high insertion loss [13,19,33–35]. To address this
issue, a periodically loaded differential line (LDL) is employed,
which enables an ultrathin LC thickness of less than 5 lm and a
high FoM of the phase shifter.
2.1.1. Structure and modeling of the LCPSs
The configuration of the proposed LCPSs is depicted in Figs. 2

(a)–(d). In the top view of the LCPS shown in Fig. 2(a), two micro-
strip lines are printed on the top layer of substrate 1 (TLY-5 with a
thickness of 0.25 mm) in order to connect to the end launch-
connectors for the scattering parameter characterization. The
microstrip lines are coupled to the embedded microstrip lines,
which are printed on the bottom layer of the top glass panel,
through a slot etched out on the ground plane printed on the
bottom layer of substrate 1. As shown in the bottom view of the
LCPS (Fig. 2(b)), the main components of the LCPS include two
baluns, two impedance-matching LDL transition sections, and an
LDL phase-shifting section. The detailed structure of the differen-
tial line transition section with non-uniform loading is illustrated
in the enlarged view (Fig. 2(c)), where the floating metallic bars
printed on the top layer of the bottom glass panel are aligned
perpendicularly to the differential line. For impedance matching,
the lengths of the metallic bars are gradually reduced from the
center to two ends. Indium-tin oxide (ITO) lines are connected to
the differential line and metallic bars, respectively, for biasing.
Fig. 1. Schematic diagram and application scenarios of the proposed K-band circularly
polarized; COM: communication; Vbias: bias voltage; e// and e\: the relative permittivity
Cartesian coordinate system.
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When a bias voltage (Vbias) is applied to the LCPS, the LCs in the
overlapped area between the differential line and the metallic bars
will exhibit a tunable permittivity value, whereas the properties of
the LCs in the other regions will remain almost unchanged. The LCs
in these two different types of regions are denoted as the effective
LC and constant LC, respectively (see side view in Fig. 2(d)). The
parameters of the LC material are the relative permittivity parallel
to the long axis of the LC moleculars e// � 3.84, tand// � 0.007, the
relative permittivity orthogonal to the long axis of the LC molecu-
lars e\ � 2.66, and tand\ � 0.015, where tand// and tand\ are the
loss tangent values parallel and orthogonal to the long axis of the
LC moleculars.

In order to clarify the working principle of the LCPS based on
the periodically LDL, the equivalent circuit and the dispersion
curves of a single unit cell with and without the metallic bar load-
ing are illustrated in Fig. 2(e). The equivalent circuit of the
unloaded differential line, which is a transverse electromagnetic
transmission line, is composed of a series inductor (L0) and a
parallel capacitor (C0) that are almost constant and unaffected by
the LC states [20], as manifested by the dispersion curves (see
the dot-dash lines in Fig. 2(f)). After loading the metallic bars, an
extra shunt inductor (Lbar) is introduced, along with two series-
connected shunt capacitors (CLC) formed in the overlapped regions
between the bars and the differential line. The dispersion curves of
the unit cell with and without the bar loading obtained by a full-
wave eigenmode solver are displayed in Fig. 2(f). It can be seen that
the loaded unit cells exhibit the characteristics of slow-wave struc-
tures [42]. When increasing the permittivity value of the LCs, the
dispersion curves of the unloaded differential line remain almost
unchanged; in contrast, a phase difference of 10.8� occurs in the
LDL across a single unit cell at 25.5 GHz. From the vectorial of
the electric field in Fig. 2(g), it can be seen that the fields of the
LDL structure are strongly bounded in the overlap areas, revealing
that the effective permittivity is mainly controlled by the 5 lm-
thick LC layer instead of the glass substrates. Since a thinner LC
layer can result in a larger CLC, a wide variation range in DCLC can
be achieved by modifying the permittivity value of the 5 lm-
thick LC material. Correspondingly, the propagation constant b
can also be changed to realize the phase-shifting function of the
unit cell. In our design, the number of unit cells is selected to be
41 in order to achieve a smaller size and a lower insertion loss,
on the premise of reaching a phase-shifting range of 360�.
polarized LCPA sub-system. PC: personal computer; RHCP: right-handed circularly
parallel and orthogonal to the long axis of the LC moleculars; x, y, z: the axes of the



Fig. 2. (a) Top view, (b) bottom view, (c) enlarged view, and (d) side view of an LCPS. The ground layer is set to be transparent in the top and bottom view. The geometrical
dimensions in millimeters are as follows: Lf1 = 1.5, Lf2 = 1.3, Lf3 = 1.6, Lf4 = 2.8, Wf1 = 0.4, Wf2 = 0.5, Wf3 = 0.55, Wf4 = 0.6, Wf5 = 0.12, Ls1 = 2.5, Ls2 = 1.9, Ws1 = 0.3, Lb1 = 2.3,
Lb2 = 0.8, Lb3 = 0.9, Lb4 = 0.94, Lb5 = 18.5, dbar = 0.45, gap = 0.52, w1 = 0.12, l1 = 0.33, l2 = 0.37, l3 = 0.42, l4 = 0.47, l5 = 0.52, l6 = 0.57, and l7 = 0.63. The substrates are TLY-5 (er = 2.2,
tand = 0.0009), glass (er � 4.9, tand < 0.01), and bonding film 2 (er � 2.6, tand � 0.004). (e–g) Comparisons between the differential line LCPS unit cell without and with the
metallic bar loading, including the (e) equivalent circuit, (f) dispersion curves with different values of er, and (g) vectorial electric field distributions. C0: parallel capacitor;
L0: series inductor; Lbar: extra shunt inductor; CLC: two series-connected shunt capacitors; b: phase constant; dbar: LDL cell periodicity; er: dielectric constant of the
substrate; tand: the loss tangent values.
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2.1.2. Simulated and measured results of the LCPSs
In order to verify the performance of the designed LCPSs, a

number of prototypes were fabricated and measured. The bottom
view and details of an LCPS are displayed in Fig. 3(a). First, the
top PCBs and the bottom LDL located on the two glass substrates
were manufactured individually. The LCs were filled in between
the two glass panels whose separation distance was controlled
by glue spacers at the periphery of the glass panels. Then, the
two parts were bonded together. Two southwest end-launch con-
nectors were installed at the two microstrip line ports for testing.
In order to adjust the permittivity of the LC material, 300 Hz
square-wave pulses were applied to the LCPS through a flexible
printed circuit. The peak-to-peak value of the bias voltage (Vbias)
was set within the range of [Vmin, Vmax], where Vmin and Vmax,
defined as the minimum and maximum value of Vbias, are set to
be 0 V and 23.5 V in our design.

The simulated and measured scattering parameters of the LCPS,
which are reported in Figs. 3(b) and (c), show good agreement. The
different states of the LCs were realized by changing the permittiv-
ity of the LC material in full-wave simulations and by applying dif-
ferent bias voltages in the experiments. The measured reflection
coefficient indicates that the proposed LCPS achieves a good impe-
dance match from 24 to 27 GHz with port reflection (|S11|) <
�15 dB. Both the simulated and measured transmission phases
of the LCPS are normalized to align with the case of LCs in the ini-
tial state—that is, an unbiased state (Vbias = 0 V), at 25.5 GHz. The
relationships between the transmission phase and the bias voltage
resemble smooth inverted S-shaped curves at all different fre-
quency points from 24.5 to 26.5 GHz. According to the simulations
and measurements, the LCPS achieves maximum phase shifts
(DUmax) of about 366� and 390�, and maximum insertion losses
(ILmax) of around 4 and 5 dB at 25.5 GHz, respectively. The fluctu-
ation of the measured insertion loss is less than 1.3 dB across the
frequency band from 24.5 to 26.5 GHz and less than 0.57 dB among
different states of the LC material.
4

To further evaluate the performance of the LCPS, the widely
used FoM, which is defined as the ratio of the maximum phase shift
to the highest IL [43], was employed:

FoM ¼ DUmax

ILmax
ð1Þ

The simulated and measured FoMs of the demonstrated LCPS
were found to be 91.7 and 78.3��dB�1, respectively. A comparison
between this LCPS and other previously reported LCPSs operating
at frequencies higher than 10 GHz is provided in Table 1
[13,18–20,31,33,35]. It can be seen that the LCPS based on a loaded
differential line structure has the highest FoM, while possessing a
relatively small footprint and low fabrication complexity. The
experimentally achieved full-360� phase coverage of the LCPS,
along with its low and stable insertion loss, makes it highly useful
for realizing LCPAs with good beam-scanning capabilities.

2.2. Design of the CP element

The configuration of the radiating element of the LCPA is
depicted in Fig. 4(a). It contains four substrates and four metallic
layers. Substrate 1 and substrate 2 are made of Taconic TLY-5 with
a thickness of 0.51 mm and 0.25 mm, respectively, between which
is a 0.1 mm-thick bonding film made of Rogers RO4450F. Substrate
3 and substrate 4 are glass, both with a thickness of 0.3 mm. Glue is
used on the outer edges of the two glass panels, forming a con-
tainer with a thickness of 5 lm filled by a homogeneous layer of
LCs. Between the top PCBs and the glass panels is a 0.1 mm-thick
bonding film. Stacked rectangular patches with a pair of diagonal
truncations are employed as the CP radiators, which are printed
on the top layers of substrate 1 and substrate 2. The solid metallic
layer on the bottom layer of substrate 2 serves as the ground plane
of the array elements, where an I-shaped slot is etched out for elec-
tromagnetic excitation. On the bottom layer of substrate 3, an
embedded microstrip line is used to feed the patches. It should



Fig. 3. (a) Photographs of the fabricated LCPS prototypes. The insets show enlarged views of the loaded differential line and balun of the LCPSs. (b) Simulated and (c)
measured results of the S-parameter magnitudes and transmission phase as a function of frequency, LC permittivity (er), and bias voltage. DUmax: maximum phase shifts;
Vmin: the minimum value of Vbias; Vmax: the maximum value of Vbias; S21: the vertically polarized complex transmission coefficients between the LCPA and probe.

Table 1
A performance comparison of LCPSs.

Structure f0 (GHz) DUmax (�) FoM (��dB�1) Size (k0 � k0 � k0) Ref

IMSL 12.5 146.0 54.3 1.04 � 0.55 � 0.45 [33]
IMSL 17.5 — 62.5 0.65 � 0.65 � 0.09 [13]
CPW 20.0 90.0 60.0 — [18]
IMSL 28.4 475.0 54.0 1.15 � 0.47 � 0.16 [35]
IMSL 35.0 270.0 38.5 — [31]
IMSL 37.0 202.0 26.0 0.96 � 0.95 � 0.07 [19]
LC-NaMa 56.0 116.0 70.0 0.67 � 0.34 � 0.14 [20]
LDL 25.5 390.0 78.3 2.35 � 0.51 � 0.07 This work

CPW: coplanar waveguide; f0: the center frequency of operational band; k0: the wavelength at the center frequency.
a Substrates based on LCs and a metallic nanowire-filled porous alumina membrane (NaM).
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be noted that the LCPS is also placed on this layer, in between the
two glass panels. More detailed dimension information is pre-
sented in the top and bottom views, as shown in Figs. 4(b) and (c).

The simulated results of the reflection coefficient, axial
ratio (AR), and gain of the LC-based CP element are illustrated in
Fig. 4(d). The element achieves a good impedance match, with
|S11| < �14 dB from 24 to 27 GHz. At frequencies ranging from
24.95 to 26.06 GHz, the element radiates a right-handed circularly
5

polarized (RHCP) wave with an AR < 3 dB. The maximum gain
value reaches 4.86 dBic with a gain variation of less than 0.5 dB.

2.3. Integrated configuration and fabrication of the LCPA

In order to combine the channels of the CP elements and LCPSs
into an integrated array, an N-way power divider was designed.
The integrated configuration of the LCPA, with an overall footprint



Fig. 4. (a) 3D view, (b) top view, (c) bottom view, and (d) simulated |S11|, axial ratio (AR), and gain of the CP element of the LCPA. The geometrical dimensions in millimeters
are A1 = 6.7, A2 = 6, A3 = 5.2, a1 = 2.9, a2 = 3.3, d1 = 0.62, d2 = 0.8, ws = 0.3, ls1 = 1.07, ls2 = 0.64, lstub = 0.6, wf = 0.5, Dvia = 0.32, and dgap = 0.55. The substrates are TLY-5 (er = 2.2,
tand = 0.0009), Rogers RO4450F (er = 3.52, tand = 0.004), glass (er � 4.9, tand < 0.01), bonding film 2 (er � 2.6, tand � 0.004), and homogeneous liquid crystal (er = 2.66,
tand = 0.015).
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of 195 mm � 91.7 mm and a thickness of 1.76 mm, is shown in
Fig. 5(a); it includes a 1–16 stripline power divider, 16 LCPSs, 16
CP radiating elements, and two dummy elements. To facilitate
the connection of the control board, the substrate is slightly
extended on both the left and right sides. Moreover, a stepped
board process is introduced at the input port for converting the
stripline into a microstrip line that can be more easily connected
to a southwest end-launch connector. The characteristic
Fig. 5. (a) Schematic of the proposed LCPA. (b) Enlarged view and (c) simulated scatteri
LCPSs when the beam scanning angle hscan = 0�. (d) Side view of the LCPA. The geometr
Wchamfer = 0.42, all in millimeters. (e) Top view and bottom view of the fabricated LCPA.
hardware implementation of the control board. Simu: simulated; MCU: microcontroller

6

impedance of the input microstrip line is set to be 50 X, with a
width of 0.65 mm.

The detailed geometry of different portions of the stripline
power divider with a corporate feeding structure is displayed in
Fig. 5(b). There are four stages of cascaded ‘‘T”-shaped 1–2 power
dividers for realizing an equal power division between the 16
output ports. At the input port, three sections of quarter-wave
stripline are employed to improve the impedance match. As shown
ng parameters of the entire feeding network, including the 1–16 power divider and
ical dimensions are Lm1 = 2.4, Wf5 = 0.6, Wm1 = 1.05, Wm2 = 0.57, Wm3 = 0.55, and
The insets show enlarged views of the CP elements and LCPS. (f) Configuration and
unit; DAC: digital-to-analog converter; OPA: operational amplifier.
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in Fig. 5(c), the 1–16 power divider, together with the phase
shifters, possesses a return loss of greater than 12.5 dB within
the frequency band from 24 to 27 GHz. The overall insertion loss
for the case in which the beam scans to broadside—that is, the
beam scanning angle hscan equals to 0�—is 4.55 dB at 25.5 GHz,
which can still be maintained within 4.38 to 4.64 dB when the
beam scans from �40� to +40�.

Fig. 5(d) illustrates the laminated structure of the proposed
LCPA, where the upper PCBs and the lower glass panels are
connected by means of a bonding film without any direct metallic
connection. Compared with the conventional LC filling method, in
which a cavity must be milled in the substrate for LC filling [31],
the employed structure allows for the separated fabrication of
the CP elements and glass-based LCPSs, thereby improving the
manufacturing efficiency and uniformity of the LC filling. The
integrated 16-element LCPA was fabricated and fixed on an acrylic
frame using nylon screws (Fig. 5(e)). The enlarged view at the top
right of the figure illustrates the CP radiation elements and that at
the bottom right illustrates the LCPS. A flexible printed circuit is
used to connect the ITO bias lines for all the channels to the control
board.

2.4. Design and implementation of the control board

After the design and fabrication of the LCPA, another critical
part of the sub-system is the control circuit, which is responsible
for applying the correct bias voltage to each channel. The control
board includes a microcontroller unit (MCU) and 16 operational
amplifiers (OPAs), which provide bias voltages in the form of
square pulses for the 16 channels individually (Fig. 5(f)). The power
management of the control board includes a source module and a
low dropout linear chip. For each channel of the LCPA, the top bias
lines are connected in parallel to the control board through the
flexible printed circuit. The bias lines on the bottom, however,
are combined together for all the channels and connected to the
ground.

In terms of functionality, the control board is designed to gen-
erate multiple square waves with adjustable voltages of alternat-
ing current (AC) source. First, the original digital signals output
from the MCU is transformed into analog signals by the built-in
digital-to-analog converters (DACs). The appropriate voltage of
the analog signals is then obtained using an OPA. Finally, a 300
Hz square wave with a bias voltage in the range of 0–23.5 V is gen-
erated by the control circuit and applied to the ITO electrodes of
the LCPS via the flexible printed circuit. By establishing serial com-
munication between the MCU and the PC, the state of each LCPA
channel can be individually controlled by applying the targeted
bias voltage. With the help of the control board, the automatic
in-array calibration and phase assignment of the LCPA can be fur-
ther implemented, as will be described in the next section.
3. In-array calibration of the LCPA

In order to achieve the desired beam-scanning functionality,
calibration is indispensable for phased arrays with a large number
of channels. Unlike conventional phased arrays based on digital
phase shifters, for LCPAs, the relationship between the phase shifts
and bias voltage is unknown and differs from channel to channel.
Hence, the phase–voltage relationship of each individual channel,
including the initial phase and line shape of the phase shift-
voltage curve, must be extracted in the array environment. To this
end, an SEM is proposed and implemented to achieve automatic
LCPA calibration by utilizing the ergodic states of LC molecule
deflection without relying on any prior knowledge.
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3.1. Theory of the state ergodic method

For the OTA in-array calibration of a conventional phased array,
only the channel under test is turned on (i.e., is radiating), while all
the other channels are turned off (i.e., are not radiating) [44]. How-
ever, for the LCPAs, all the channels are turned on simultaneously.
Considering an LCPA of N channels calibrated by a scanning near-
field probe placed in front of the array at a distance of about
0.5k0 to 1.5k0 (Fig. 6(a)), a multipath transmission model can be
used to describe the waves received by the probe. As such, the
received signal is a superposition of the waves radiated from all
the channels, as follows:

Sa
i;k ¼ Sc

i;k;k þ
PN

j¼1;j–k
Sc
1;j;k ð2Þ

where Sa
i;k denotes the total signal received by the probe when chan-

nel k is being calibrated and applied with a bias voltage of Vi, while
the contribution of the fields radiated by each single channel j with
a bias voltage of Vi is S

c
i;j;k. Since different bias voltages are applied to

each channel when it is under calibration, the voltage set can be
denoted as V = {V1, V2, . . ., Vi, . . ., Vn}, where the total number of
ergodic states is M and Vi 2 [Vmin, Vmax]. Graphically, S

a
i;k and Sc

i;j;k

can be described as vectors due to their complex nature. Hence,
the purpose becomes to obtain the quantity Sc

i;k;k for i = 1, 2, . . .,
M, and k = 1, 2, . . ., N, which can be used to retrieve the distinct
phase–voltage curves of all the channels.

When extracting Sc
i;k;k of channel k, the bias voltages for all the

other channels are set to be unchanged, such as at 0 V, which
ensures that the influence of the radiated fields from the other
channels are kept the same. Under such circumstances, the sum-
mation of the fields radiated from all the other channels except
for channel k, namely

PN
j¼1;j–kS

c
1;j;k, can be regarded as nearly a con-

stant, which is defined as the environment signal Se
k. Thus, any

complex signal Sa
i;k directly measured by the probe can be repre-

sented by a vectorial superposition of Se
k and Sc

i;k;k in the complex

plane, as shown in Fig. 6(b). The required Sc
i;k;k corresponding to

channel k alone under a bias voltage Vi can be described as follows:

Sc
i;k;k ¼ Sa

i;k � Se
k ð3Þ

With a nearly unchanged environment signal Se
k, according to

our experimental observations, the endpoint trajectory of the
vector Sa

i;k resembles a quasi-ellipse in the complex plane as Vi

traverses from Vmin to Vmax. As shown in Fig. 6(c), the shape of
the ellipse is determined by the response Sc

i;k;k of channel k, includ-
ing both the amplitudes and phases of the radiated field with dif-
ferent bias voltages, while the center of the ellipse is determined
by the environment vector Se

k. Because the phase shift of each
channel is not linearly proportional to the bias voltage, as revealed
by the measured results in Section 2.1, the endpoints of Sa

i;k would
not be uniformly distributed on the ellipse. It should also be noted
that, in practice, the endpoints of Sa

i;k may not be able to trace out a
complete ellipse under circumstances when the phase-shifting
range of the channel is smaller than 360�.

Since only the complex value of Sa
i;k can be directly recorded in

an experiment, it becomes important to extract the near-constant
environment vector Se

k that is uncorrelated to the bias voltage Vi

applied to the channel under calibration. Mathematically, the
problem to be solved is to find the coordinates of the center of
the quasi-elliptical trace on the complex plane. To this end, as illus-
trated in Fig. 6(d), an ellipse fitting algorithm is employed with the
fitted ellipse function written as follows:



Fig. 6. (a) Schematic diagram of the multipath transmission model. (b) Vectorial relationship between Sc
i;k;k , S

a
i;k , and Se

k . (c) Vectorial diagram of Sc
i;k;k and Se

k while the bias
voltage of channel k is traversing different values. (d) Schematic diagram of environment vector extraction using an ellipse fitting algorithm. Im: the imaginary axis of the
complex plane; Re: the imaginary axis of the complex plane.
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ReðSa
i;kÞ � ReðSe

kÞ
a

 !2

þ ImðSa
i;kÞ � ImðSe

kÞ
b

 !2

¼ 1 ð4Þ

where, Re(�) and Im(�) represent the real part and imaginary part of
the complex signal, respectively, a and b are the major and minor
axes of the ellipse, respectively. Hence, the coordinates of the fitted
ellipse center—that is, the environment vector Se

k—can be obtained
by using an optimization algorithm for the least squares fitting of
the ellipse [45], which can make full use of the responses of each
channel under calibration in all different LC states. Importantly,
such a method could be effective for LCPA channels with almost
any kind of phase-shift coverage and phase–voltage relationships.
3.2. The OTA in-array calibration setup and procedure

In order to implement the proposed SEM for the phase–voltage
curve extraction of the in-array channels of the LCPA, an automatic
calibration system is implemented (Fig. 7(a)). The system includes
an LCPA along with the control board, a dual-linearly polarized
open-waveguide probe, a vector network analyzer, a robotic arm
with a precise displacement machine, and a PC for controlling
the above devices. As shown in Fig. 7(b), port 1 of the vector net-
work analyzer is connected to the input port of the LCPA, while
Fig. 7. (a) Photographs of the LCPA being calibrated using a dual-polarized probe in th
automatic calibration of an RHCP LCPA with N channels. VP: vertically polarized; HP: ho
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port 2 and port 3 are connected to the two input ports of the
open-waveguide probe for receiving the two orthogonal linearly
polarized wave components emitted from the LCPA channels. The
values of S21 and S31 represent the vertically polarized (VP) and
horizontally polarized (HP) complex transmission coefficients
between the LCPA and probe, respectively. The probe is fixed on
the robotic arm, which can be moved in the horizontal direction
in front of the LCPA elements. The robotic arm, control board,
and vector network analyzer (VNA) are all connected to the PC
through serial communication or socket communication, for realiz-
ing the automatic procedures of the moving probe, applying bias
voltages, and recording data, respectively.

A flowchart of the automatic OTA in-array calibration is shown
in Fig. 7(c). First, the dual-port open-waveguide probe is placed in
front of the radiating element of the channel k with k = 1. Second,
different bias voltages Vi are applied to the channel k of the LCPA
through the control board, and the two corresponding linearly
polarized transmission coefficients, Sa;HP

i;k and Sa;VP
i;k , are recorded,

from which the RHCP transmission coefficient, that is, Sa;RHCP
i;k , can

be obtained. This step iterates until the data for all different bias
voltages of Vi ranging from 0 to 23.5 V, with a step of 0.1 V, are
recorded. Third, based on the calculated Sa;RHCP

i;k , the RHCP environ-

ment vector of channel k, that is, Se;RHCP
i;k , can be extracted by the
e near field. (b) Schematic of the OTA automatic calibration. (c) Flowchart for the
rizontally polarized; VNA: vector network analyzer.
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ellipse fitting algorithm. Furthermore, the phase–voltage curves
can be calculated utilizing Eq. (3). Then, the probe moves to the
next channel to calibrate channel (k + 1). The abovementioned iter-
ative procedure continues until the calibration for all the channels
is completed; namely, the phase–voltage dataset with a size of
N � M is recorded at every frequency point within the required
frequency band.

3.3. Phase–voltage curve extraction of the LCPA channels

Based on the proposed SEM calibration strategy and the auto-
matic calibration procedure, the phase–voltage curves of the 16
channels of the LCPA at 24.5, 25.0, 25.5, 26.0, and 26.5 GHz were
obtained, as shown in Fig. 8(a). To facilitate comparison, all the
curves are normalized to the initial phase, with Vbias = 0 V at each
frequency. It can be seen that the transmission phases of the LCPA
channels as a function of the bias voltage all share a line shape
similar to that of the LCPS illustrated in Section 2—that is, an
inverted S-shaped curve—which corroborates the measurement
results reported previously in the literature [46,47]. From 24.5 to
Fig. 8. Extracted normalized (a) transmission phases and (b) magnitudes of the 16 LCPA
Initial phases and (d) transmission magnitudes of the 16 LCPA channels with Vbias = 0 V
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26.5 GHz, the averaged maximum phase shift DUmax among all
16 channels is 258�, 286.6�, 288.7�, 306.1�, and 315.2�, respectively,
which covers the majority of a full cycle. The difference in DUmax

among the 16 channels at the five frequency points is about
50.4�, 41.9�, 43.4�, 47.9�, and 27.8�, respectively. Such a difference
in phase coverage among the channels mainly comes from the
nonuniform thickness of the LC layer, whose thickness can be con-
trolled within a fabrication error of less than 10%. More consistent
responses from the LCPA channels can be expected with further
improvement of the fabrication accuracy. The normalized trans-
mission magnitudes as a function of the bias voltage for the 16
channels at different frequencies are presented in Fig. 8(b),
exhibiting a variation of less than 1.5 dB under different bias volt-
ages from 24.5 to 25.5 GHz. At higher frequencies, the fluctuation
slightly increases to around 2 dB due to the existence of a
resonance.

In order to further evaluate the static characteristics of each
channel in an unbiased state with Vbias = 0 V, the extracted initial
phases and normalized transmission magnitudes of the 16 chan-
nels at different frequencies are reported in Figs. 8(c) and (d),
channels as a function of the bias voltage at 24.5, 25.0, 25.5, 26.0, and 26.5 GHz. (c)
. CH: channel.
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respectively. It can be seen that the initial phases of the 16 chan-
nels quasi-monotonically increase as a function of the channel
number, with a variation of about 60�. The normalized transmis-
sion magnitudes among different channels also show a small fluc-
tuation of less than 2 dB at the central frequency of 25.5 GHz and of
about 3 dB at the lower or higher frequency ends.

In summary, response differences can be observed among all
the LCPA channels in terms of both transmission magnitude and
phase. This phenomenon is mainly attributed to the non-uniform
thickness of the LC and the deposited copper layers, which is diffi-
cult to completely eliminate due to the extreme thinness of the LC
layer. Hence, the proposed automatic OTA calibration method,
which can effectively extract the characteristics of each individual
channel in the LCPA, becomes particularly important. The trans-
mission phase difference can be effectively extracted by the SEM
and separately compensated for, thereby ensuring the accuracy
of far-field beam scanning. The fluctuation in the transmission
magnitudes is less than 3 dB; that is, the amplitude variation in
the radiated fields among all the elements is no greater than
1.5 dB and thus will only have a minor influence on the steerable
beams of the LCPA. It should be mentioned that the response of
the LCPA channels remains stable even after thousands of switch-
ing cycles of repeatedly changing the bias voltage.

4. Experimental results

4.1. Calculation of bias voltage distribution

Based on the extracted phase–voltage curves of each channel of
the LCPA, the bias voltage distributions of the proposed linear LCPA
for achieving steerable directive beams can be obtained. For a
beam pointing at the direction hscan, the excitation phase uj

required for element Ej can be described as follows:

uj ¼ u0 þ ðj� 1Þk0d sin hscan ð5Þ
where d is the spacing between the array elements, u0 is a redun-
dant reference phase that refers to the initial phase of the first ele-
ment E1 in the LCPA. According to the tunability principle of the
LCPA, uj can be achieved by applying the bias voltage Vj according
to the extracted relationship between the phase and voltage for
channel j, as described by uj = fj(Vj). The schematic diagram for
the phase assignment is shown in Fig. 9(a), where the phase–
voltage curves are represented by black lines and the LC states of
each channel are marked as yellow dots. The required bias voltage
Vj can be obtained by mapping the corresponding excited phase uj
Fig. 9. (a) Schematic diagram of the voltage configuration for 1 � 16 LCPA. (b) A photo
simulated and measured |S11| of the LCPA as a function of frequency when the RHCP be
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to the phase–voltage curve; that is, Vj ¼ f�1
j ðujÞ. It should be noted

that the desired phase distribution for pointing the beam at hscan is
not unique. In other words, the reference phase u0 is an optimizable
variable. When testing the far-field pattern of the LCPA with beams
steered at different hscan, the value of u0 is tuned to obtain beams
with better performance.

Since the operational bandwidth of the LCPA is relatively
narrow, only the phase–voltage curves of all the channels at
25.5 GHz were utilized when calculating the desirable bias
voltages for different scanned beams. For verification, a total of
13 pencil beams scanning from �60� to +60� were generated with
a step of 10�; their bias voltages were calculated and are listed in
Table 2.

4.2. Simulated and measured results of the LCPA

In order to verify the proposed LCPA, a prototype was measured
in an anechoic far-field chamber with its RHCP beam steering from
�60� to +60� and with a step of 10�, by applying appropriate bias
voltage sets to the LCPA (Fig. 9(b)). The simulated and measured
|S11| of the LCPA with different beam directions are displayed in
Fig. 9(c). It can be observed that the reflection coefficient remains
below �10 dB for all cases from 23.6 to 28 GHz for the simulated
results and from 23.5 to 28 GHz for the measured results. The vari-
ation in the measured |S11| due to different bias voltage sets being
applied to the LCPA is less than 2 dB, implying that the LCPA can
maintain a stable and well-matched input impedance.

The simulated and measured far-field RHCP gain patterns and
AR patterns of the LCPA at 25.50, 25.75, and 26.00 GHz are reported
in Fig. 10 for cases with different beam-scanning angles. It should
be noted that the simulated patterns were obtained based on array
synthesis theory [48] and the cascading method of multi-port net-
works [49], where the vectorial radiated fields and S-parameters of
the array elements, LCPSs, and feeding network must be separately
simulated and extracted. It can be observed that the simulated and
measured patterns agree well with each other at all three frequen-
cies in terms of the beam pointing angle and beam shape. When
the scanning angle is gradually increased from broadside to ±60�,
the half-power beamwidth of the main beam is broadened from
6� to 8� with a scanning loss of less than 3 dB. At 25.5 GHz, the
maximum sidelobe levels (SLLs) of all the patterns are kept below
�10 dB. No significant beam shape distortion or abnormally high
sidelobes occur, even for beams with a large scanning angle. The
measured AR pattern also matches well with the simulated results,
indicating that scanning CP beams with AR < 3 dB can be obtained
graph of the LCPA prototype being tested in an anechoic far-field chamber. (c) The
am scans from �60� to +60�.



Table 2
Bias voltage configurations for 16 channels under different beam directions (calculated at 25.5 GHz).

Beam
direction

Bias voltages (V)

CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12 CH13 CH14 CH15 CH16

�60� 0.7 6.9 2.5 15.0 3.3 1.4 4.4 2.3 8.6 2.8 23.5 3.7 0.1 4.8 2.1 14.0
�50� 4.0 2.6 7.8 3.5 2.1 7.0 3.1 1.2 5.8 2.6 23.5 4.1 2.2 8.4 3.0 0.1
�40� 6.9 3.7 2.2 23.5 4.1 2.6 23.5 5.4 3.1 1.4 6.8 3.2 1.8 8.2 3.5 2.2
�30� 2.3 0.1 5.1 3.6 2.7 0.3 7.4 4.5 3.0 1.9 13.4 4.9 3.1 2.0 23.5 6.4
�20� 0.7 0.1 5.8 4.6 3.6 2.7 2.0 1.2 23.5 5.8 4.1 3.0 2.3 1.4 23.5 8.8
�10� 2.9 2.8 2.4 2.1 1.8 1.4 23.5 23.5 13.0 6.5 5.5 4.5 3.9 3.1 2.6 2.7
0� 4.2 5.7 4.3 5.2 5.4 5.4 5.7 6.9 8.2 7.4 8.2 9.0 13.0 8.8 11.4 18.0
+10� 2.7 3.4 3.6 4.6 6.2 15.6 23.5 1.2 2.0 2.5 2.8 3.3 4.2 4.5 7.2 17.5
+20� 7.9 1.7 2.3 3.0 4.1 6.7 23.5 2.0 2.9 3.6 5.8 20.5 0.1 2.4 2.9 5.0
+30� 5.1 0.1 2.5 3.6 7.3 0.3 2.7 4.5 23.5 1.9 2.9 4.9 23.5 2.0 2.9 6.4
+40� 0.7 3.4 5.6 1.8 3.4 8.2 0.7 3.7 11.2 2.0 3.5 9.4 1.9 3.3 9.6 1.9
+50� 2.6 7.3 0.2 3.5 23.5 2.6 5.2 1.8 3.9 23.5 2.4 5.6 0.1 3.2 14.6 2.5
+60� 12.8 2.9 5.6 2.4 5.1 2.1 4.2 1.2 3.8 23.5 2.9 9.8 2.4 5.3 1.5 4.8

Fig. 10. Simulated (dashed curves) and measured (solid curves) far-field RHCP gain patterns and AR patterns of the LCPA prototype with different beam-scanning angles
changing from �60� to +60� at (a) 25.50, (b) 25.75, and (c) 26.00 GHz.

Fig. 11. (a) Simulated and measured gain and AR as a function of the frequency of the LCPA with beam steering from �40� to +40�. (b) Simulated and measured beam
direction as a function of the frequency of the LCPA with beam steering from �60� to +60�.
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Table 3
A performance comparison of LCPAs.

f0
(GHz)

Polarization Antenna
type

Impedance
Bandwidth
(%)

Channel
number

Scanning
range (�)

SLL
(hscan = 0�)
(dB)

SLL
(hscan = max)
(dB)

Realized
gain
(hscan = 0�)

Realized
gain
(hscan = max)

AR BW LC layer
thickness
(lm)

Total
efficiency
(%)

Ref.

17.5 LP Patch 7.40 4 ±25 �6 �4 5.9 dBi 3.9 dBi — 100 �21.2 [13]
35.0 LP ME dipole 5.20 4 ±22 �9 �3 6.7 dBi 2.8 dBi — 127 �25.2 [31]
28.0 LP Parasitic patch 8.30 3 ±28 �10 �8 6.0 dBi 5.0 dBi — 254 — [32]
12.5 LP Patch 6.00 4 ±16 �9 �8 — 3.0 dBi — 250 <22.8 [33]
10.0 LP Dielectric

resonator
— 4 ±30 �13 �4 4.3 dBi 2.8 dBi — 100 — [34]

28.4 LP Yagi-Uda 20.70 4 ±40 �8 �2 4.5 dBi 3.2 dBi — 20 �8.6 [35]
4.0 LP Patch subarray 12.60 4 ±20 �17 �8 12.9 dBi — — 4 �30.5 [36]
25.5 CP Stacked patch > 11.70 16 ±40 (3 dB

AR)
�12 �10 12.5 dBic 10.5 dBic 0.5 GHz 5 �33.9 This

work
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from �40� to +40� within the band from 25.5 to 26.0 GHz. Both the
measured results of the AR and the gain pattern confirm the valid-
ity of the proposed OTA in-array calibration method and the cor-
rectness of the bias voltage sets for beamforming. The far-field
patterns were measured repeatedly under different temperatures
of 10 and 30 �C, respectively. The corresponding patterns remained
almost unchanged, indicating that the LCPA has a stable radiation
performance within normal temperature fluctuation.

The gain and AR curves of the beams steering at directions rang-
ing from �40� to +40� as a function of frequency are displayed in
Fig. 11(a). The maximum gain values of the nine beams are about
11.2, 11.8, 12.2, 12.5, and 12.4 dBic at 25.00, 25.25, 25.50, 25.75,
and 26.00 GHz, respectively. The 3 dB gain bandwidth covers from
24.25 to 27.00 GHz, corresponding to a relative bandwidth of 8.7%,
with a gain fluctuation of less than 2.5 dB for all the beams at all
five frequencies. The averaged difference between the simulated
and measured gain is about 0.7 dB, which can be attributed to
the non-ideal gradient phase excitation due to the imperfect cali-
bration of the channels and the non-uniform amplitude excitation
caused by the inherent inconsistencies among different channels.
The AR of the generated CP beams is below 3 dB from 25.5 to
26.0 GHz for all nine beams, indicating that the LCPA possesses
stable CP radiation as the beam scans from �40� to +40�. When
the scanning angle is further increased to ±50� and ±60�, the AR
bandwidth of the CP beam becomes narrower and shifts toward
lower frequencies. For all the CP beams scanning from �60� to
+60�, the AR value remains smaller than 6 dB in the frequency band
from 25.2 to 25.6 GHz. The simulated and measured beam direc-
tions of the thirteen beams are presented in Fig. 11(b). It can be
seen that the beam direction error is less than 3� at 25.5 GHz
within a scanning range between �60� and +60�. Within the fre-
quency band from 25.0 to 26.0 GHz, the simulated and measured
maximum beam squinting is within ±3� and ±4�, respectively.

A detailed comparison between the proposed LCPA and its pre-
viously reported counterparts is provided in Table 3 [13,31–36].
First, compared with existing designs, the proposed LCPA realizes
CP radiation characteristics, while the others are linearly polarized.
Second, the demonstrated LCPA possesses a wide scanning angle
from �40� to +40�. Third, the array contains more elements than
the other arrays but still realizes accurate beam scanning, thus
offering a higher gain and a finer angular resolution, which is par-
tially made possible by the efficient automatic calibration method.
5. Conclusions

In summary, this work reported the design and experimental
validation of an integrated 1�16 K-band CP LCPA, together with
its OTA calibration. Each channel of the LCPA includes a diagonally
chamfered stacked patch antenna and an LCPS based on an LDL
12
structure with 5 lm-thick ultrathin LCs, which can provide a max-
imum phase-shifting range of more than 360� and an FoM of 78.3�-
�dB�1. Moreover, a near-field OTA automatic calibration based on
the SEM was proposed and implemented to extract the phase–
voltage curves of the 16 channels of the LCPA. A prototype of the
fabricated LCPA was measured and was shown to provide a
scanned CP beam covering from �40� to +40� with a peak gain of
12.5 dBic and a scanning loss of less than 2.5 dB. The bandwidth
of the LCPA, which satisfies the requirements of a joint |S11| <
�15 dB, AR < 3 dB, beam squinting < 3�, and gain variation <
2.2 dB, spans from 25.5 to 26.0 GHz. Compared with existing
LCPAs, the proposed LCPA has the advantages of a high gain, high
efficiency, low profile, and faster response time, making it poten-
tially promising for millimeter-wave communications such as
satellite communications and radar systems. The methodology
presented here offers a systematic solution for LCPAs, which can
be beneficial for the design and characterization of various types
of beam-scanning arrays based on LCs and even on other phase-
change materials.
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