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Abstract

This paper proposes an electronically controlled reconfigurable scanned array that uses mov-
able short phase shifters suitable for 6G applications. Excellent performance is demonstrated
by the passive electronically scanned array (PESA) operating in the centimeter-wave frequency
region (13-17 GHz). Four digitally controlled variable reflect-type phase shifters, each built
with a 90° hybrid coupler with a movable short circuit, are integrated with a 2 x 2 horn antenna
array. The assembly also has E-H feeding networks, which help the antenna array receive a uni-
form signal distribution. Outstanding performance is demonstrated and verified by time and
frequency domain simulation results of the full PESA, which show continuous main-lobe scan-
ning in the azimuth and elevation planes. Over the operating bandwidth, the proposed PESA
maintains a steady gain of 14 + 2 dBi while achieving a matching level below —12 dB.

Introduction

An earlier version of this paper was presented at the 19th Conference of Antennas and
Propagation (EuCAP 2025) and was published in its Proceedings [1].

Wireless networks are now dynamic platforms with excellent signal integrity, secure con-
nections, and high-performance RF front-end components due to the rapid development of
communication technology. The need for extensive frequency bands that can accommodate a
range of wireless applications is rising along with the exponential expansion of wireless commu-
nication systems. With its high bandwidth and extensive coverage capabilities, centimeter-wave
(cmWave) technology has become a crucial component of 6G communication [2, 3]. The real-
ization of 6G’s technological potential, which includes holographic displays, high-definition IoT
devices, smart and sustainable cities, and immersive digital experiences, is anticipated to be
greatly aided by cmWave frequencies [4-7]. By improving communication link dependability
and lowering latency, beam-scanning antennas have the potential to completely transform 6G
communication. Beam-scanning antennas can reduce interference, path loss, and signal block-
age by precisely guiding beams towards specific users or locations, creating more reliable and
low-latency communication links [8, 9]. For high-power satellite and radar systems, phased
arrays provide the perfect way to achieve beam-scanning [10, 11].

Many techniques have been investigated for main-lobe scanning of phased array anten-
nas, which are extensively utilized in military radars, satellites, and beam-forming applications.
Planar array antennas that use adjustable electrical components such as varactor diodes, p-i-n
diodes, or mechanical phase shifters are among these techniques [12, 13]. Waveguide phased
arrays possess high-power handling capabilities and efficiency, making them a suitable option
for high-power radar systems [14, 15]. For wide-angle beam-scanning while preserving per-
formance, some studies suggest mechanical reconfiguration techniques [16, 17]. A 4-element
antenna array’s beam was controlled by 43 tuning screws in [18], which led to a high level of
complexity. Another method in [19] uses rotating dielectric slabs in waveguide arrays. However,
the bandwidth and scanning range of this design are limited. Furthermore, it has been demon-
strated that adding circulators to transmitting or receiving modules improves beam-scanning
capabilities, opening up features such as full duplex communication and boosting wireless
communication systems’ efficiency [20-22].

The design of a passive electronically scanned array (PESA) system that operates in the 13-17
GHz frequency band and is appropriate for future 6G communication is the main goal of this
paper. To achieve precise beam-scanning, the system consists of a 2 x 2 array of horn antennas
that are controlled by electronic reflective phase shifters. For effective signal distribution
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Figure 1. Block diagram and 3D view of the proposed overall PESA.

Table 1. 2 x 2 array output ports’ phase profile samples

[ o, 6, P, Quadrant Pos.
—45° —45° 10° 51° | A
130° —130° 29° 137° 1l B
160° 45° 37° —141° ] C
—45° 160° 10° —75° vV D
0 0° 0 0° - Origin

to the individual horn antennas, the assembly has H-splitter and
E-splitter components. Every component is carefully planned and
optimized separately before integration. To verify its performance,
the complete assembly is then simulated in the time and frequency
domains using a full-wave electromagnetic solver. The suggested
approach has great potential to advance communication technol-
ogy, with possible uses in satellite communications, military radars,
and Internet of Things devices for distant sensing.

Electronically scanned array configuration

Figure 1 shows the proposed PESA, which consists of four horn
antennas fed by a waveguide feeding network. A waveguide
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reflection-type phase shifter connects each feeding network out-
put to the matching radiating element of the horn antenna array.
The feeding network setup has four output ports and one input
port, all based on the WR-62 waveguide. In terms of both ampli-
tude and phase, this device evenly distributes the signal at its
input port across its four output ports. The pyramidal horns that
make up the horn antenna array are intended to provide a good
matching level and a steady gain of 8.41 dBi over the intended
frequency range. The aperture and flare of the horn are precisely
designed to maximize performance. Four separate variable reflect-
type phase shifters with digital control comprise the suggested
movable short phase shifter module. Due to each phase shifter hav-
ing its own movable short circuits, the phase shift between the input
and output ports may be precisely controlled. The required scan-
ning of the radiation pattern can be achieved by manipulating the
relative phase shift between the array elements by varying each
short.

It is crucial to note that the design that is being presented is
only a proof of concept. Fully automated adjustable short circuits
could be used in place of the presented movable short circuits in the
device’s final real-world implementation. This improvement would
include using a motion mechanism that consists of a stepper motor
coupled to a long-threaded rod for precise movement and phase
difference. A motor shield that is coupled to a microcontroller
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Figure 2. Output beam phase distribution.
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Figure 3. 3D output beam-scanning samples.

would regulate the stepper motor, ensuring accurate and auto-
mated short-circuit adjustment.

Electronically scanned array capability

This section explores the proposed beam-scanning capability of
the PESA, focusing on a 2 x 2 antenna array configuration. By
carefully adjusting element spacing and implementing progressive
phase shifts, beam-scanning is accomplished in both the eleva-
tion (#) and azimuth (®) planes. The scanning beam angle can be
calculated using [9]:

. d
_ —1 x%x
D, = tan <_'1)ydy> (1)

2 P \?2
0o = sin‘l\/(j" > + (d—;(> )
x y
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where ®, and @, are the progressive phase shifts in the x and y
planes, d, and d,, are the element spacing, and k is the propagation
constant in free space.

A 2x2array of horn antennas is excited by a WR-62 rectangular
waveguide, allowing for precision beam-scanning across the 13-17
GHz frequency range. The ideal element spacings, represented by
d, = 18.54mmand d, = 13.46 mm, are determined by the waveg-
uide’s physical dimensions as well as the geometric properties of
the flaring of the horn antennas. Table 1 provides a quantitative
evaluation of the scanning performance using the computed out-
put beam samples that were obtained from equations 1 and 2. It is
worth mentioning that each beam scanned within every quadrant
inherently possesses a complementary counterpart in every quad-
rant, which is linked to the symmetrical nature of the scanning
process. To give a visual representation of the scanning capac-
ity in a 2D polar form and to show the directional features of
the antenna array, these results are graphically shown in Figure 2.
Additionally, the beam-scanning capacity of the 2 x 2 horn antenna
array is explained in Figure 3, which shows beams switched across
the origin and the four quadrants. Notably, the visualization also
displays areas where scanning can be done successfully without
grating lobes appearing, which is an important factor mitigated by
optimizing the element spacing.

Beam-scanning network design

The 2 x 2 array requires a reconfigurable feeding network with
the same interface, capable of providing uniform amplitudes with
varying phases. As a result, each component in the PESA will be
designed and optimized separately to verify the functionality of the
final network before integration. Each component will be designed
based on the WR62 standard for direct integration and testing with
a standard waveguide interface.

E-H splitter

The beamforming network illustrated in Figure 1 consists of three
primary parts. The E-H splitter, which is the main part, is essential
for splitting the input signal. In order to ensure equal magnitude
and phase, the input signal is split in half by the H-splitter and
then further divided into four by the E-splitters. Figure 4 shows the
E-H splitters” internal structure. The E-H splitter’s performance
is improved by increasing its matching bandwidth with the use
of multi-section stepped transformers. The E-H splitter’s remark-
able matching performance is demonstrated by its S-parameter
response, which is shown in Figure 5. Its reflection coefficient
remains below —22 dB throughout the 13-17 GHz operational
range. Furthermore, over the whole frequency range, the transmis-
sion coeflicient between the input and output ports is consistently
within —6 + 0.1 dB, indicating low amplitude variation between
the outputs.

Reconfigurable phase shifter

The reconfigurable reflective phase shifter, which is essential for
beam-scanning activities, is the second main part of the entire
assembly. To ensure exact control over the phase shift, a total of
four phase shifters will be linked to the four ports of the E-splitters.
In order to get precise control over the phase shift, two ports are
short-circuited in the E-plane 90° hybrid coupler configuration
used to create these phase shifters [23, 24]. Full-wave simulation
was used to thoroughly validate the hybrid coupler’s performance
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Figure 4. 3D view of the E-H splitter feeding network. (a) H-splitter and (b) E-splitter.

387

E Splitter
*

Port 1
L
-
ort 2
Port 3

»
Multi-section
transformers from

half-to-full height
(b)

0 | T T
_________________ ....__.._..:é_-
5'10 i itter Section ..+ ~
< EHSle\-S—’_, . --S,
§ '. "Ssl
2207 w8,
E H‘Splitter
]
; 30+ E Shlitter
-40 - J -
13 14 15 16 17
Frequency (GHz)

before the reflecting short circuit was put into practice. As illus-
trated in Figure 6(a), the suggested hybrid coupler structure uses
the E-plane principle and couples via two multi-stepped apertures
located in the shared broad wall between the two waveguides. This
innovative design guarantees less reflection and improves coupling
flatness. Furthermore, the center part of the coupling section is
matched to the WR-62 waveguide interface by using a multi-step
design of the waveguide main arm, as their effects are demon-
strated in Figure 6(b). The matching level is further enhanced by
tuning posts beneath the aperture. Both the coupling flatness and
the matching level are controlled by carefully selecting the aperture
and multi-step dimensions. In addition to guaranteeing accurate
phase variation, this design strategy helps the coupler remain com-
pact while still exhibiting a high matching level and enhancing
performance. Figure 6(c) displays the wideband 3-dB coupler’s S-
parameter response. The coupling variation is 3 + 0.5 dB, with a
matching level below —25 dB spanning the 13-17 GHz range.

A movable short to terminate the through and coupled ports
can be used to allow full signal transmission to the isolated port.
The network will be similar to a crossover where two quadrature
hybrid couplers are cascaded, whereas here the signal will com-
bine at the isolated port. A thick aluminum sheet with a sliding
piston connected to it and controlled by a stepper motor can be
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Figure 5. S-parameter response of the proposed E-H splitter.

used to vary the phase [25]. Additionally, the movable short can
be modified to be a block with RF chokes that act as a bandstop
filter based on the impedance of the steps [26]. The RF chokes sig-
nificantly reduce the RF leakage, which also improves the phase
imbalance for the phase shifter. The short with RF chokes is shown
in Figure 7.

The reflecting phase shifter’s block diagram and 3D view are
displayed in Figure 8(a). A phase shift is produced by moving the
reflecting short-circuit blocks, which allows the array’s beam to be
scanned. The reconfigurable phase shifter’s S-parameter response
is demonstrated in Figure 8(b), where the reflective short circuit
is electrically moved to vary the phase at 45° and 90°. The figure
shows that the reflection coefficient matching level is better than
—18 dB over the whole operating spectrum, even after varying the
phase from 45° to 90°. The phase difference vs frequency for a range
of phase shifts, from —90° to 90°, is shown in Figure 9. With only
a minimal amount of phase variation, the curves show a steady
response over the 13-17 GHz frequency range.

Horn antenna

The simplest type of antenna for a rectangular waveguide capa-
ble of handling high power is the horn antenna. It also provides
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Figure 6. Quadrature hybrid coupler. (a) 3D view. (b) S;; using different number of matching steps. (c) Final S-parameter response.

Figure 7. Short with RF chokes.

a directive beam with high gain and a superior matching level for
the whole bandwidth. The horn antenna utilized in the 2 x 2 array
is shown in Figure 10 along with its matching level, gain, and radi-
ation pattern. The horn antenna has a WR-62 input interface and a
minimal flaring to minimize the element spacing in the array and
mitigate grating lobes. It also has a reflection coefficient level better
than —30 dB and a gain of 8.41 + 1 dBi over the target bandwidth
with a 3-dB beamwidth of 67°.
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Beam-scanning antenna array

The pyramidal horn antenna is integrated in a 2 x 2 array and
assembled with the previously mentioned reconfigurable network.
The array could be switched to scan in all the quadrants and the
origin. Figure 11 shows examples of switching radiation patterns
to demonstrate the network’s flexible scanning capabilities. An
outstanding matching level is achieved by optimizing the feeding
network and the antennas, which can be sustained at various
scanning configurations. This is demonstrated in Figure 12, where
even at larger scan angles, a good matching level is maintained and
the results are verified in both the time and frequency domains.
Similarly, Figure 13 plots the gain against the operating frequency
for the various switched beams in both domains. The gain for
each of the beams is Origin = 14.6 dBi, Q1 = 14 dBi, Q2 =
12.63 dBi, Q3 = 13.18 dBi, and Q4 = 13.15 dBi at the center
frequency. It offers a minimal scan loss, which can be further
compensated by the network’s capacity to manage high power
levels. Some of the previously switched beams are validated
using time and frequency domains, as shown in Figure 14,
highlighting the effectiveness of the proposed scanning
network.

The PESA is capable of handling high power levels due to the
utilization of the rectangular waveguide as the guiding medium.
Furthermore, a power breakdown occurs due to small gaps inside
the structure, causing the air to ionize in the presence of a high
voltage difference between the two terminals. In the proposed
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Figure 8. Reconfigurable reflective phase shifter. (a) Block diagram and 3D view. (b) S-parameter response at 45° and 90° by moving the reflective short circuit.

Figure 9. The simulated phase variation of the wideband

reflective phase shifter.
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Figure 10. Horn antenna and its frequency response. (a) Structure, (b) S;; and gain, and (c) radiation pattern.
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(a) (b)

(d

Figure 11. Sample of radiation patterns at (a) Quadrant 1
0y = 9°, y = 40°), (b) Quadrant 2 (6, = 22°, &, = 140°), (c)
Quadrant 3 (6, = 18°, &, = —150°), (d) Quadrant 4 (6, = 18°,
P, = —50°), and (e) Origin.
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Figure 14. Sample of radiation patterns using frequency and time domains at (a) Quadrant 1 (®, = 40°), (b) Quadrant 3 (®, = —150°), and (c) Origin.

beamforming network, the limiting component with the small-
est gap is the reconfigurable phase shifter. As a result, corona
discharge analysis is conducted using Spark3D for this component
to determine the breakdown power. The Paschen curve is plotted
in Figure 15, where the breakdown power at atmospheric pressure
(1013.25 mbar) is 51 kW, showcasing the high-power capability of
the network.
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The proposed PESA is compared with others found in the
literature in Table 2. Multiple substrate integrated waveguide
(SIW) beamforming networks are cascaded in [27] to achieve 2D
beam-switching with a low sidelobe level. However, this limits the
bandwidth and increases the losses in the network. In [28], a mod-
ified groove gap waveguide (GGW) Butler matrix with only two
inputs is realized to reduce the complexity and switch the beam
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Figure 15. Paschen curve of the reconfigurable phase shifter. Pressure (mbar)
Table 2. Comparison between different PESA in the literature
Reference Technology BW%@Qf, (GHz) Scanning type Gain (dBi) Complexity Power handling
[27] SIW 3.6% @28 Switched 13.4+0.4 Medium Low
[28] GGW 0.7% @94 Switched N/A Low Moderate
[29] Microstrip 14.3%@28 Continuous 5642 High Low
[30] RGW 3.6% @28 Switched 129+ 1.4 Low Moderate
This work WR 26.6%Q15 Continuous 1442 Medium High

at the W-band. Similarly, the network is limited in bandwidth and
scan coverage. A microstrip Butler matrix that utilized reconfig-
urable liquid crystal phase shifters to scan the beam continuously
in [29]. However, this increases the complexity and the losses sig-
nificantly of the output signal. A ridge gap waveguide (RGW)
multilayer Butler matrix is proposed in [30] that improves the scan-
ning coverage. However, the network has a considerable size of
11.3\ x 11.2) and a limited bandwidth.

This PESA provides a straightforward reconfigurable network
with superior scanning coverage and matching level. Additionally,
the network can withstand high power levels due to the rectangu-
lar waveguide guiding medium and the lack of small gaps inside
the structure [31, 32]. Using an antenna element with a broader
radiation pattern beamwidth to cover the majority of the scanning
range could help reduce the scanning loss. A half-height structure
and smaller antenna elements might also be used to lower the grat-
inglobe level by decreasing the spacing. However, this would result
in a reduction in power handling capacity, gain, and matching
level.

Conclusion

In this work, a PESA utilizing reflective phase shifters has been
discussed in detail for future 6G applications. Four digitally con-
trolled variable reflect-type phase shifters, each built with a 90°
hybrid coupler with a movable short-circuit, are integrated with
a 2 x 2 horn antenna array. Outstanding performance has been
demonstrated by the simulation results for the whole PESA, which
show continuous main-lobe scanning in the azimuth and eleva-
tion planes. The suggested work may be appropriate for complex
antenna systems and can be utilized in radar systems and beam-
scanning next-generation satellite communications.

Competing interests. The authors declare none.
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