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ABSTRACT The requirements of low Earth orbit (LEO) satellite systems for high-precision and selective
multiple coverage, have driven much interest and demand for millimeter-wave multibeam antennas.
However, the key challenge is to provide fully independent control of each beam with a single source,
and metasurfaces have paved the way to solve this problem. Here, we present a reconfigurable multibeam
holographic antenna (HA) at 36 GHz. In particular, we used liquid crystals (LC) to implement a low power
consumption and lightweight antenna. Each unit cell is selectively driven by connected bias lines according
to the calculated holographic pattern. Consequently, the proposed multibeam HA can radiate in the desired
direction and control each beam independently. Furthermore, the gain difference in each beam can be
corrected by the amplitude coefficient to radiate with nearly equal gain in each direction. The proposed
HA demonstrated the scanning range of 60° at 36 GHz, with a peak gain of 8.7 dBi. Additionally, the peak
directivity is 12.7 dBi, the 3-dB bandwidth is about 1 GHz at the center frequency of 36 GHz, and the
operating bandwidth is 2.8 GHz (34.8—37.6 GHz).

INDEX TERMS Holographic antenna (HA), liquid crystals, multibeam, dual-beam, leaky-wave
antenna (LWA), metamaterial, metasurface, reconfigurable holographic antenna, LEO satellite, modulated
metasurface.

I. INTRODUCTION

Over the past decade, the advent of LEO satellite constel-
lations such as Starlink, OneWeb, and Teleset has spurred
technological advances in satellite antennas. In this trend,
there are several technical requirements and changes for
LEO satellite antennas. Firstly, the operating frequency of
the antennas; While operational LEO satellites (Starlink,
OneWeb, etc.) use Ka-band and Ku-band for uplink and
downlink, the move to higher frequencies has been observed
as demand for bandwidth and speed [1]. Secondly, the
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adoption of multibeam antennas; By radiating nearly equal
gain in multiple directions simultaneously, these antennas
offer significant advantages in terms of extended coverage
and capacity [2], [3], [4]. Lastly, considerations for beam
tracking antenna at the ground station; The fast movement of
LEO satellites causes frequent handovers, requiring a ground
station to track the beam along the satellite.

For the above requirements, the leaky wave antennas
(LWAs) could be one solution as they are offer several
advantages, such as low profile, light weight and have simple
feeding structure. In principle, the radiation direction of
LWAs are determined by the frequency dependent effective
phase constant B, and free space wave number ko [5].
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Nevertheless, efforts have been made to flexibly control
the radiation pattern by using the electromagnetic properties
of metasurfaces, which can be artificially tailored [6]. One
notable approach to this is the use of holography theory.

HAs are based on the sinusoidally modulated reactance
surface proposed by Oliner and Hessel in 1959 [7].
This involves the superposition of object information that
determines the reference waves and radiation directions,
creating a type of interference pattern on the metasurface.
Using this principle, several printed HAs with radiation
patterns in desired directions have been reported. More
recently, variable components have been applied to HAs for
reconfigurable beam steering, including PIN diodes [8] and
LC [9].

In the literature, various multibeam antennas utilizing
holography theory have been proposed. For example,
multibeam HAs with fixed radiation patterns have been
proposed [10], [11], [12], [13]. Attempts have also been made
to vary the radiation patterns. In [14] and [15], structures with
two radiation patterns depending on the polarization were
proposed. In [16], a printed multibeam HA with frequency
dependent radiation direction was proposed, but independent
beam control at a fixed frequency remains a challenge.
Recently, a tunable multibeam HA structure at 7.2 GHz using
varactor diodes was reported [17]. This was an attempt at
independent control of individual beams, although it was only
demonstrated by the simulation.

In this paper, we propose a reconfigurable multibeam
HA in a Ka-band using LC. In general, Varactors or PIN
diodes are widely used as variable components due to their
simple, low price, and can be mass-produced [18], [19], [20].
However, recently, the use of LCs as variable components has
attracted considerable attention in millimeter-wave bands due
to their low power consumption and low loss characteristics.
The dielectric characteristics of LC at the operating frequency
were determined using the cavity perturbation technique
(CPT). In addition, modified holography was used to
calculate the required reactance for each unit cell. The
proposed unit cell operates as a 1-bit control, responding
to changes in the dielectric properties of the LC with a
DC bias. The bias lines are electrically connected to each
unit cell so that they can be controlled independently. The
proposed antenna radiates multiple beams from a single port
and each beam can be controlled independently. This includes
radiating in an arbitrary direction and fixing one beam in
a specific direction, while scanning the other beam in a
different direction. To the best of the author’s knowledge, this
is the first instance of LCs being used in a Ka-band multibeam
HA. The performance of the proposed LC-based multibeam
HA is demonstrated numerically and experimentally.

Il. RECONFIGURALBE MULTIBEAM HA DESIGN
A. EXTRACTION OF LC DIELECTRIC CHARACTERISTIC
Before designing the unit cell, we extracted the accurate

dielectric characteristics of the LCs used near the operating
frequency. The LC used in this HA was GT7-29001
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FIGURE 1. (a) CPT Measurement result according to the orientation of LC.
(b) measurement setup. (c) LC molecules. (d) perpendicular state of LC.
(e) parallel state of LC.

(Merck), and its dielectric characteristics in the Ka-band
were determined using the CPT [22]. As shown in Fig. 1(b),
we designed the waveguide cavity to produce TE;p, mode
using WR-28 waveguide. The LC sample was filled in a
0.7 mm diameter glass capillary and inserted into the center of
the waveguide cavity to perturb the cavity resonance. In this
state, the strong external magnetic field of approximately
0.75 T was applied for vertical (¢ ) and horizontal (e”)

orientation of the LC [23]. As shown in Fig. 1(d) and (e),
the orientation of the LC molecules inside the capillary
changes along the magnetic field direction. The measurement
results of glass capillary without LCs are shown in the black
line in Fig. 1(a), and the capillary filled with vertically and
horizontally aligned LCs are shown in the red and blue
lines, respectively. The dielectric constant and loss tangents
of the LCs were extracted using the differences in resonant
frequency and Q-factor based on the black line.

The measurement results of the perturbed resonance
frequency and Q-factor when the empty glass capillary
was inserted into the waveguide cavity were 35.177 GHz
and 2018, respectively (black line). When the capillary
was filled with vertically aligned LCs, the measurement
result of perturbed resonance frequency and Q-factor were
35.125 GHz and 1936, respectively (red line). When the LCs
aligned horizontally, the perturbed resonance frequency and
Q-factor were 35.084 GHz and 1744, respectively. Based on
the measurement results, the calculated dielectric constants
of e, and &) were 2.36 and 3.45 near and at 35 GHz,
respectively. The corresponding loss tangents in the vertical
(tand | ) and horizontal (tané'”) orientations were 0.0041 and
0.0105, respectively. Additionally, the polarized optical
microscopy experiments with temperature variation have
performed and the nematic phase of the LC was maintained
up to 123 °C, ensuring minimal stability against external
environment. These extracted dielectric characteristics of
the LC served as references when designing the unit
cell.

B. UNIT CELL DESIGN

The overall design of the proposed multibeam HA unit cell
is presented in Fig. 2(a). The unit cell consists of stacked
upper and lower substrates with an LC layer in between.
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FIGURE 2. Geometry of the proposed unit cell. (a) trimetric view. (Lyw =

1 mm, hgypy = 0.79 mm, hg,py = 0.508 mm). (b) top substrate. (Ls,p =
1.8 mm, Lpge = 1.0 mm, Wpge = 0.3 mm, Dogr = 0.775 mm). (c) bottom
substrate. (Wes = 3.1 mm, Lg; = 0.8 mm, R;q = 0.15 mm, P,;; = 0.6 mm,
Ly = 0.35 mm). (d) side view (h;c = 0.05 mm).

For the upper substrate, a Taconic TLY-5 with a thickness
of 0.79 mm was used. The dielectric constant and loss
tangent of the substrate were 2.2 and 0.0009, respectively.
As shown in the top view of the upper substrate in Fig. 2(b),
a square ring structure is featured at the top to enhance
the antenna gain [21], and a square main patch is located
below. The main patch is in direct contact with the LC,
with a bias line connected to each patch to allow for voltage
control.

For the lower substrate, a Rogers RO4350B with a
thickness of 0.508 mm was used. A top view of the lower
substrate is shown in Fig. 2(c). The dielectric constant
and loss tangent of the substrate were 3.66 and 0.004,
respectively. The lower substrate guides the TE 1o mode of
the waveguide via slot-coupling with H-shaped slots that
interact with the main patch. The slots in each unit cell
are offset at a specific distance (D) from the substrate
integrated waveguide (SIW) center and were designed to
reduce perturbations to the traveling wave [9]. Additionally,
the adjacent patches were staggered to minimize any phase
errors due to the mutual coupling. The SIW with H-shaped
slots was also in direct contact with the LC layer and played
a grounding role in the voltage control of the LC. To form a
sealed and stable LC layer between the substrates, CS9622T
spacers (Nitto) with a thickness of 50 um were used. The side
view of the unit cell in Fig. 2(d) shows the bias connection and
location of the LC.

C. UNIT CELL CHARACTERISTICS

The unit cell was designed using the ANSY S High-Frequency
Structure Simulator (HFSS). To analyze the proposed design,
two wave ports are excited at both ends of the unit cell using
the Driven Modal solver. For the analysis of the periodic
structure, infinite periodic boundaries were applied to the
plane along the array direction of the unit cell. The simulation
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FIGURE 3. Simulation result of the proposed unit cell according to ‘ON’
(¢))) and "OFF’ (¢, ) state.
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FIGURE 4. Simulated radiation power of the proposed unit cell according
to 'ON’ (¢))) and ‘OFF’ (¢_ ) state.

setup and results of the proposed unit cell is shown in
Fig. 3. The red curve represents the “OFF” state where no
voltage is applied to the LC (e ), while the black curve
corresponds to the ““ON”’ state with an applied voltage to the
LC (g))). The proposed unit cell operated around a resonance
frequency of 36 GHz. In the fully biased “ON” state, the
unit cell operates, and the S;; and Sy; at 36 GHz were
—1.83 dB and —11.03 dB, respectively. In the ““OFF”’ state,
where no voltage is applied to the LC, the unit cell does
not operate, and the traveling wave passes to the next unit
cell. It is noteworthy that the operating frequency in the
“ON” state was intentionally set to be slightly different
from the exact resonance frequency. This is resulted into
reduced leakage compared to the exact resonant frequency
in the “ON” state, mitigating rapid leakage due to the
attenuation, which enhanced efficiency and minimized any
reflections.

The anisotropy (Ae = ¢ — &1) of the LC extracted
from the previous CPT experiment was 1.09. However, due
to the aperture coupled design of the proposed unit cell, it is
difficult for the LC in the slot region to be perfectly aligned.
Experimentally, the anisotropy of the LC within the unit cell
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FIGURE 5. The overall geometry of the operating principle of HA.

is approximately 0.8. According to the variation based on the
effective permittivity of the LC, the resonance frequency of
the proposed unit cell gradually shifts from 38.38 GHz to
35.15 GHz. Fig. 4 shows the radiated power of the unit cell
in the “ON” and “OFF” states. In the “ON” state (black
line), where LC is fully biased, the radiated power is 0.23 W.
In contrast, in the “OFF”’ state (red line), where no voltage is
applied to the LC, the radiated power is only 0.04 W, which
is almost no operation.

The designed HA consists of an array of 32-unit cells.
The length of the unit cell is approximately Ag/4.25, which
is smaller than A4/2 resonance limit. This ensures a weak
coupling with the guided mode of the feed wave. With
this weak coupling, each unit cell induces weak scattering,
allowing the guided mode of the feed wave to propagate the
array while preserving the phase information. The overall
operating scheme of the proposed HA is shown in Fig. 5.

D. LEAKY-WAVE CONSIDERATION FOR HA

In a HAs, a reference guided-wave by a feeding structure
supports a leaky-wave characteristic by passing through a
sinusoidally modulated interference surface by the “ON”,
“OFF” array sequence of designed unit cells. In the operating
principle of LWAs, the relationship between the phase
constant B of the guided wave in the periodic structure of
the unit cells and the desired beam angle 6y of the HA is
expressed as follows:

A
sing, = P _ a0 (1)
ko p

where p is the period of the sinusoidal modulation corre-
sponding to the desired beam angle, and n is an integer
representing the Floquet mode due to the periodic structure.
In the above equation, solutions satisfying the condition
|sin6,| < 1 exhibit leaky-wave characteristics. Rearranging
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FIGURE 6. Dispersion diagram of the unit cell guided structure without
any modulation.

for n, the (1) will as follows:
p p
—5 [Vt ngg| <n < |1 = neg| )

All n satisfying (2) are radiated into free space. These
higher-order modes, except for the fundamental mode (n =
—1), contribute as grating lobe, which affect the sidelobe
performance.

The main condition for the guided structure to prevent such
grating lobes are as follows [25]:

2N — sinG, > 1 3)
Nefr > 1 @)

In (3), since sin6, cannot be greater than 1, satisfying
the condition (3) ensures that the designed HA does not
generate undesired grating lobes. The dispersion diagram for
the guided structure of the proposed unit cell, without any
modulation, is shown in Fig. 6. At the operating frequency
of 36 GHz, the phase constant 8 = 1.21k( extracted by HFSS
satisfies condition (3), confirming that no critical grating
lobes are generated.

E. MULTIBEAM HOLOGRAPHIC MODULATION
The fundamental holographic theory is expressed as fol-
lows [24]:

Zi = [ X+ MRe (Vaesty )] )

where X is the average surface impedance and M is the
modulation depth. The holography interference pattern is
calculated using information about the reference wave (W,er)
and the desired direction (Wg4,;), as derived from (5). For the
1-D condition, the corresponding equation is expressed as
follows [25]:

Ypep = eHM, (©6)
Ydes = € ko cos , @)
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FIGURE 7. Generating process of holographic patterns for +20° and —20°
multibeam for 32-unit cells array (a) superpositioned continuous
holographic pattern. (b) Quantized 1-bit holographic pattern.

TABLE 1. Several modulation sequence (Seq.) of 32-unit cells array for
multibeam generation.

Seq. Targeted Beam Modulation State of 32-Unit Cell

I —20° +20° 10000110011110011010011000011000
II 0° +20° 11001100000110011000101100111001
I 0° —20° 10011000110010011011000110010011
v 0° —40° 10011101101011011010100100011011

where k is the free space propagation constant, n is the
effective refractive index of the surface, x; is the distance from
the source to each element, and 6 is the desired radiation
direction. To implement multibeam HA using holographic
principles, linear superposition for each desired radiation
information is required, which is expressed as follows [17]:

zi=j[X+MRe (Y @omanvip}].  ®

where m is the number of multibeam and « is the
amplitude coefficient, which varies between 0 and 1 for each
individual beam. When performing multibeam steering using
holography theory, differences in gain for each beam can
occur due to several factors, such as scan losses. These gain
differences can be corrected using amplitude coefficients.
This will be discussed in more detail in Section III.

Now, the implementation of the multibeam holographic
method will be demonstrated in detail with an example.
Consisting of 32-unit cells with a period of 1.8 mm, the range
of x; is from 0 mm to 57.6 mm, and the target beam angles
are set to +20° and —20°. The phase constant 8 (1.21k,)
was extracted by using HFSS without any modulation in
the SIW of the unit cell. For the amplitude coefficient «,
both +20° and —20° are set to 0.5 in this example. The
normalized holographic pattern calculated by (8) based on
the above parameters is shown in Fig. 7(a), where each unit
cell has a modulation state between “0”” and ““1”. Since the
proposed multibeam HA is controlled by 1-bit, the calculated
holographic pattern is quantized based on 0.5, as shown
in Fig. 7(b). For each modulation state,*1” represents the
“ON” state, which means that the unit cell is operating and
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FIGURE 8. Simulated radiation performance of the proposed HA for each
modulation sequence. (a) VSWR, (b) axial ratio, (c) efficiencies.

radiating, and “0” represents the “OFF”’ state, which means
that no radiation occurs, and the feed wave passes through to
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TABLE 2. Simulated radiation performance at 36 GHz.

Seq. Direction  Directivity Gain Rad. Eff. Total Eff.
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FIGURE 9. (a) The overall structure of the HA. (b) Top view of the
fabricated prototype. (c) Bottom view.

TABLE 3. Comparison of simulation and measurement results for
radiation direction and realized gain.

Seq. Direction Realized Gain
Simulation Measurement Simulation Measurement

I —20° —20° 6.4 dBi 6.3 dBi
+20° +19° 7.0 dBi 6.3 dBi

I 0° +1° 7.1 dBi 6.1 dBi
+21° +21° 7.8 dBi 6.7 dBi

I +1° 0° 7.1 dBi 8.3 dBi
-21° —20° 8.0 dBi 8.7 dBi

v 1° 1° 5.5 dBi 5.6 dBi
—39° —39° 6.5 dBi 6.5 dBi

the next elements. In a similar way, the modulation sequence
of each unit cell for several target beam angles is shown in
Table 1.

The VSWR simulation results of the designed HAs
for each modulation sequence in Table 1 are shown in
Fig. 8(a). Through the simulation, the overlapped operating
bandwidth with VSWR < 2.0 is 2.8 GHz (34.8—37.6 GHz).
Additionally, the axial ratios (AR) and efficiencies for each
modulation sequence are shown in Fig. 8(b) and (c). The high
ARs over 20 dB are obtained and the radiation efficiency
for each state ranges from 38.5% to 44.8%, while the total
efficiency varies from 36.8% to 42.3%. The overall radiation
performance of the proposed HA is shown in Table 2.

Ill. RESULTS AND DISCUSSION

The overall HA structure is shown in Fig. 9(a), comprising
32-unit cells. The upper and lower substrates were each
fabricated using a PCB process. To maintain the initial
alignment state of the LC molecules, a polyimide layer
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FIGURE 10. (a) Adjustable 48-channel control board system diagram and
geometry of the measurement environment. (b) Measurement
environment of the fabricated HA.

with a thickness of a few nanometers was spin-coated and
rubbed on the surface of each substrate that contacted the
LC. As depicted in Fig. 9(a), a 50-um-thick spacer was
placed outside the SIW via, and the top and bottom substrates
were stacked together to create an air cavity. Radial stubs
were designed for the bias line connected to each unit cell
to provide isolation for the RF field. Each bias line was
electrically connected to separate vias, and pin headers were
soldered to these vias to allow for voltage control. Each pin
could be controlled stepwise from 0 to 20 V by the control
board. As shown in Fig. 10(a), The control board consists
of a microcontroller unit (MCU) and three digital-to-analog
converters (DAC). The MCU uses the STM32F411 and the
DACs use the DAC61416 with 16 outputs, allowing a total of
48 channels can be controlled. The LC was then filled into
thin glass tubes and injected into the air cavity formed by the
capillary action.

The fabricated prototype is shown in Fig. 9(b) and
Fig. 9(c). The fabricated antenna was mounted using a
vertical-launch connector (WITHWAVE). Through the pin
header connection between the control board and the antenna,
the ON/OFF states of each unit cell were controlled via
the PC. To demonstrate the LC-based multibeam HA, the
fabricated prototype was measured in a compact antenna

VOLUME 13, 2025
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TABLE 4. Comparison of the presented and reported multibeam antennas.

Ref. Freq. Aperture Size Peak Gain No. of Ports Multibeam Methodology Tunable
[14] 25 GHz 832, X832, 10.1 dBi 1 Holographic Method No
[16] 12 GHz 9.6y X9.61, 17.8 dBi 1 Holographic Method No
[13] 14 GHz 10.0A, x 10.0 2, 20 dBi 7 Holographic Method + Multiple Port No
[17] 7.2 GHz 032, X 1441, 11.6 dBi 1 Holographic Method + Varactor Diode Yes (sim.)
[26] 8 GHz 032, X3.61, 3 dBi 1 Holographic Method + Varactor Diode Yes
[27] 10 GHz 142, x10.02, 7.93 dBi 1 LWA n = —1 Superposition + PIN Diode Yes
[28] 28 GHz - 15.7 dBi 5 Five LWA Array Yes
[29] 24 GHz 11.7 A, X 1092, 22.28 dBi 7 LWA with Multiple Port Yes
This work 36 GHz 0.324, X6.91 8.7 dBi 1 Holographic Method + LC Yes
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FIGURE 11. Simulated radiation pattern of correcting the gain difference oo Emlaien F, W = I:"I:"-“;" -l Bluselatlen [, 1) o
of each beam using the amplitude coefficient at 36 GHz. = i kL] by
= 4.-:|
E i3
o
test range (CATR) chamber. The overall measurement setup T = -
is shown in Fig. 10(b). The internal dimension of CATR 5 m
chamber was 8 m(L) x 4 m(W) x 4 m(L), with a quite zone E an
(QZ) is 80 cm. A well-calibrated vector network analyzer £ e W =

(VNA, Rohde & Schwarz ZNA50) was connected to the
reference horn antenna (Seavey Engineering SGA-series).
The AUT was placed in the rotation positioner and measured
the radiation intensity at different orientations.

Based on the previous analysis, independent voltages were
applied to each unit cell of the fabricated prototype according
to each modulation sequence in Table 1. When aiming to
implement dual beams at 420° and —20°, the simulation
and measurement results for the radiation pattern is shown
in Fig. 12(a). In this case, the amplitude coefficients for
individual beams were set to 0.5. Two main lobes at +-20° and
—20° were generated by the calculated holographic pattern,
and the measured gain for the individual beams was 6.3 dBi.

As another example, Fig. 12(b) shows the independent
controllability of multibeam HA. While one beam consis-
tently provided stable radiation at 0°, the other beam could
scan at different angles. In this scenario, we used a different
amplitude coefficient (c;) for each beam to correct for gain
differences. In the simulation, when we use the same o for
each beam (xge = 0.5, apge = 0.5), it was confirmed that
the gain at 0° and 20° is 10.0 dBi and 6.0 dBi, respectively,
which is a significant gain difference for each beam. In this
case, we decrease the gain by giving it a small « for 0° and
increase the gain by giving it a large o for 20°.
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FIGURE 12. Normalized radiation pattern of simulation and measurement
results of the proposed multibeam HA at 36 GHz (a) +20° and —20° dual
beams (Segq. 1), (b) scanning beam with 0° fixed beam (Seq. II, 111, IV).

The result of this is shown in Fig. 11. When we set
age = 0.45 and appe = 0.55, resulting in gains of
6.1 dBi and 6.7 dBi, respectively, which is nearly equal
gain for each beam. Using this principle, the amplitude
coefficients for 0° and —20° were set to 0.47 and 0.53,
resulting in measured gains of 8.3 dBi and 8.7 dBi,
respectively. For the 0° and 40° dual beams, the amplitude
coefficients were set to 0.4 and 0.6, resulting in measured
gains of 5.6 dBi and 6.5 dBi, respectively. As shown in
Fig. 12, the simulation and measurement results for the
normalized radiation patterns were in good agreement. The
measured beam steering precision demonstrated an error of
within 1° from the target beam direction. For all the above
multibeam, the 3-dB bandwidth were all measured to be
approximately 1 GHz. A detailed comparison between the
measurement and simulation results are presented in Table 3.

A comparison between the proposed HA and other
reported work is presented in Table 4. Compared to other
work, the proposed multibeam HA implemented efficient
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beamforming with a small aperture size and fewer unit cells.
Notably, while most multibeam HA systems are not fully
tunable and are only demonstrated by theoretical simulations,
the proposed HA effectively demonstrated independent beam
control using LC. Moreover, while some reported work
required multiple ports to achieve multibeam capabilities, our
work achieved multibeam generation with a single source.

IV. CONCLUSION

Herein, we demonstrated an LC-based reconfigurable multi-
beam HA operating in the Ka-band. The entire HA was
demonstrated numerically and experimentally. Holography
theory was used to achieve multibeam capabilities, with
independent 1-bit control implemented for the LC. Moreover,
the LC-based multibeam HA demonstrated the ability to
control each beam independently. The demonstrated HA
uses a single source, has low power consumption, and is
based on conventional PCB processes, meaning it is easy
to manufacture. While further improvements and extensions
are required for the practical implementation of the proposed
antenna, the proposed LC-based multibeam HA capabilities
demonstrate the foundation for potential applications in
advanced communication systems, including LEO satellites.
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