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Abstract—This paper presents the design and implementation
of a 64-element phased array transmitter, offering wide axial
ratio (AR) bandwidth and beamwidth. The radiating elements
feature a symmetric arc-shaped feed structure, providing dual
circular polarization to the antenna. Constructing a dual-layer
metasurface structure on the top layer enhances the impedance
bandwidth, ensuring compliance with communication standards
(27.5-31 GHz), while notably expanding the 3-dB AR band-
width and beamwidth. Sixteen 8-channel beamforming integrated
circuits (BFICs) enable independent control of amplitude and
phase for the transmitter. Both simulation and experimental
results validate the system’s performance, demonstrating wide-
angle scanning capability, high cross-polarization discrimination
(XPD) level, and a wide AR bandwidth (27.5-31 GHz) with a
large beamwidth of +50°.

Index Terms—Phased array transmitter, AR bandwidth,
beamwidth, metasurface

I. INTRODUCTION

The rapid growth in demand for global space-based broad-
band connectivity is being driven by the increasing presence
of commercial satellite networks such as Starlink, OneWeb,
and Kuiper [1], [2]. These innovative satellite communica-
tion (SATCOM) systems are transforming global connectivity
by deploying vast constellations of satellites in low Earth
orbit (LEO) and medium Earth orbit (MEO), offering high-
speed, low-latency coverage across the globe. A critical fac-
tor enabling these systems is the advancement of silicon-
based beamforming technologies and the development of cost-
effective phased array systems. This progress has made it
possible to integrate advanced active electronically scanned
arrays (AESAs) into user terminals at a significantly lower
cost, providing the fast and precise electronic beam steering
required to maintain stable communication with satellites in
lower orbital planes.

The reduced costs of phased array technology also enhance
the performance of geostationary orbit (GEO) SATCOM sys-
tems, especially for mobile applications that demand continu-
ous connectivity [3], [4].

In this work, we introduce a wideband, reconfigurable,
dual-circular polarization Ka-band SATCOM transmit phased
array. A shared arc-shaped structure is integrated into the 64-
element array, enabling the dual-polarized ports to achieve a
high cross-polarization discrimination (XPD). The wide-beam
radiation elements provide the array with a wide-angle scan-
ning capability of up to 60°. Unlike previous Ka-band phased
array designs, the integrated dual-layer metasurface-based
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Fig. 1. 2x2 Antenna elements. (a) Front view. (b) Feed structure and rotary
phase configuration. (c) Cross-coupling slots.

dual-circularly polarized radiating element enables broadband
and wide-angle impedance matching with free space. This
innovation allows the corresponding transmitter to achieve
superior and stable axial ratio (AR) performance even under
wide-angle beam scanning.

II. DESIGN AND ANALYSIS
A. Antenna Element

Fig. 1(a)-(c) shows a 2x2 antenna elements. The antenna
employs a multilayer RO4350B substrate with a low-loss
dielectric. The bottom layer serves as a ground (GND) plane,
providing RF grounding and shielding. The feed port is located
at the base of the blue metallic post, where a microstrip-
to-coaxial transition (not shown) can be utilized for feeding
[see Fig. 1(b)]. Metallic vias (black parts) within the substrate
construct an EM shielding cavity. Above this, the blue arc-
shaped feed structure is physically connected to each antenna
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Fig. 2. Simulated performance of the 22 antenna elements. (a) VSWR. (b)
AR. (c) Realized gain. (d) Cross polarization amplitude.

element, controlling two ports for left-hand circular polar-
ization (LHCP) and right-hand circular polarization (RHCP),
respectively. As EM waves in the feed structure pass through
each cross-shaped slot [see Fig. 1(c)], sequentially coupled
linearly polarized waves synthesize the corresponding circu-
larly polarized waves. The topmost layer comprises a dual-
layer metasurface structure (orange parts), which serves as
the antenna’s radiating elements, converting RF energy into
EM waves in free space. Compared with traditional microstrip
patches, the use of double-layer metasurfaces significantly
broadens the impedance bandwidth.

The radiation boundary conditions are implemented for full-
wave simulations using HFSS software. Since each antenna
element is inherently circularly polarized, we apply sequential
rotational phase configurations to the rotationally symmetric
antenna elements in the model, assigning phase shifts of
0°, 90°, 180°, and 270° for the four ports, respectively [see
Fig. 1(b)].

Fig. 2(a)—(d) show the simulated performance as follow:

1) The voltage standing wave ratio (VSWR) of the four
ports is still below 1.3 within 27.5-31 GHz, enabling
good impedance matching.

2) The 3-dB AR beam-width exceeds +40° across the
frequency sweep from 27.5 to 31 GHz, and the on-axis
(6 =0°) AR consistently remains below 3 dB, indicating
a relatively wide AR bandwidth.

3) The realized gains of the four elements exceed 8.5 dBi
at all frequencies, and the 3-dB beamwidths are all over
80°.

4) At all frequencies, the on-axis (6 = 0°) XPD exceeds
23 dB, and within a scanning range of £60°, the XPD
remains greater than 16 dB.

B. Antenna Array

We further established radiation boundary conditions and
extended each of the four antenna elements shown along
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Fig. 3. Simulated on-axis realized gain of the 64-element phased-array
antenna under LHCP.

both the x- and y-axis four times, expanding the array to 64
elements. Taking LHCP waves as an example, the simulated
on-axis realized gain of the 64-element phased-array antenna
exceeds 20.5 dBi, and the sidelobe level (SLL) exceeds 12 dB
for the frequencies of 27.5, 29.25, and 31 GHz, as shown in
Fig. 3.

Fig. 4 presents the simulated beam patterns at three frequen-
cies for LHCP waves. The array exhibits wide-angle scanning
capabilities, with gain drops of 3-dB, 4-dB, and 6.5-dB at 60°
scanning angles for 27.5, 29.25, and 31 GHz, respectively. The
SLL versus scan angle exceeds 10 dB at all frequencies.

C. Transmitter System

As shown in Fig. 5, the configuration comprises a meta-
surface antenna constructed by stacking multiple layers of
printed circuit boards (PCBs) from bottom to top. These
multilayer PCBs provide essential structural support and elec-
trical interconnections. Embedded within the substrate are
RHCP and LHCP feed networks dedicated to radio frequency
(RF) signal control. At the uppermost level, interfaces of
beamforming chips connect to power supplies, control units,
and RF connection components, ensuring signal transmission
and control functionalities. The topmost layer features a ball
grid array (BGA) formed by beamforming chips capable of
dynamically adjusting amplitude and phase.

III. MEASUREMENT AND DISCUSSION
A. Manufacturing Prototype

Fig. 6 presents the manufactured prototype of the trans-
mitter. This prototype employs 16 transmit beamforming in-
tegrated circuits (BFICs) to control the antenna array. Each
BFIC drives four antenna unit cells, resulting in a total of 64
antenna elements. The RF signal is distributed to each transmit
chip through a 1-to-16 Wilkinson power divider, achieving
uniform signal distribution and low-loss transmission. Fig. 6(a)
illustrates the front side of the circuit board, where the digital
control section is on the left, while Fig. 6(b) shows the 64-
element antenna array composed of radiation modules.
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B. Measurement

The proposed prototype underwent experimental measure-
ment, and various performance metrics, such as on-axis beam
characteristics, XPD, AR bandwidth, and AR beamwidth, are
evaluated.

Amplitude (dB)

—RHCP Meas. (X. Pol.) \
LHCP Simu. (Co. Pol.)

/ ------ RHCP Simu. (X. Pol.)

1) The measured on-axis 3-dB beamwidth is approximately

0 50
12.5°, and the measured XPDs all exceed 19 dB. Theta (°)
2) The measured 3-dB AR bandwidth on axis (0 = 0°) (c)

agrees well with simulated ones, and it consistently
covers 27.5-31 GHz.

As shown in Fig. 9(a)-(c), the simulated 3-dB AR beam-
width exceeds +50° across the frequency sweep from
27.5 to 31 GHz.

Fig. 7. Measured and simulated co-polarization and cross-polarization am-

3) plitudes for LHCP at (a) 27.5, (b) 29, and (c) 31 GHz (H-plane) on axis.
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Fig. 9. Simulated AR versus the scanned angle at (a) 27.5, (b) 29, and (c)
31 GHz (H-plane).

C. Comparison and Discussion

Compared with other designs, the main features and contri-
butions of this work can be summarized as follows:

1) High-integration design and low-cost implementation:
The RF circuitry and digital control sections are highly
integrated using PCB technology, particularly through
the incorporation of BFICs. This integration results in a
compact system size, reduced complexity, and enhanced
system performance.

2) Dual-port dual circular polarization capability for each
antenna element: Each antenna element supports dual-
port dual circular polarization without the need for
rotational phase configuration of multiple linearly po-
larized elements. This configuration effectively reduces
the number of active channels and lowers power con-
sumption.

3) Phased array antenna integrating dual-layer metasur-
faces: The transmitter system integrates dual-layer meta-

surfaces, which effectively extend the operating band-
width to cover satellite uplink communication standards.

4) Wide AR bandwidth and beamwidth: The transmitter
features a broad 3-dB AR bandwidth covering 27.5—
31 GHz and an AR beam-width exceeding 50°.

5) Advanced beamforming technology: By digitally con-
trolling the active BFICs and integrating RF-integrated
circuit control, the system provides flexible and dynamic
beamforming capabilities.

IV. CONCLUSION

This work presents a 64-element phased array transmit-
ter with dual circular polarization properties. BFICs provide
independent amplitude and phase control. Simulations and
measurements confirm its wide-angle scanning (+60°), high
XPD, and wide AR bandwidth (27.5-31 GHz) with an AR
beamwidth of +50°.
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