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Abstract—Traditional phased array needs to use multiple
arrays with multiple ports to cover different direction. This article
introduces a single radiation element to achieve beam scanning
by combining mechanically reconfigurable antennas with phased
arrays. By using metallic coverage walls to control the TE,; and
TM;90 modes within the metal cavity, multidirectional three-state
radiation is achieved, such as endfire, oblique, and broadside.
Combined with phased arrays, this approach enables multidirec-
tional beam scanning by using single radiation elements instead
of using traditional multiple arrays. Finally, a 1 X 4 mm-wave
cavity antenna array is fabricated and measured to verify its
beam scanning and three-state directional reconfigurability. The
measured prototype achieves a 50° beam coverage and high
gain in three directions, validating the proposed concept. This
concept can be applied to millimeter-wave 5G or 6G future
communications, expanding the antenna beam-scanning range.

Index Terms—Millimeter wave, multimode cavity, phased
array, radiation-pattern reconfigurable antenna, three state.

I. INTRODUCTION

ECONFIGURABLE antennas are gaining significant
attention [11, [2], [3], [4], [S], [6], [71, 8], [9], (101, [11],
[12] due to their ability to improve system efficiency, boost
communication quality, and meet the diverse requirements
of various scenarios. To achieve extensive spatial coverage
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and ensure consistent communication quality, the potential of
reconfigurable antenna technology is being actively explored
in emerging wireless communication systems, such as 5G and
6G. The effective method of using electronically controlled
components for antenna reconfiguration includes frequency
[9], [10] and polarization [14], [15] reconfiguration. Impor-
tantly, extensive research has been conducted on pattern
reconfiguration [16], [17], [18], showcasing its importance.
In [17], the integration of four p-i-n diodes achieved the
reconfigurability of the antenna’s radiation pattern. In [18], a
p-i-n diode-controlled radiation pattern reconfigurable phased
array is proposed. It significantly reduces the array count and
transmitter-receiver components while maintaining identical
spatial coverage.

However, these electronically driven reconfigurable anten-
nas often encounter the issues of high loss, high noise, low
power capability, and complex integration due to installation of
electronic components. Due to the limitation of electronically
driven phased antenna array, most of the practical commercial
applications use the combination of mechanical and elec-
tronic reconfiguration antenna array, such as Starlink ground
base unit [37]. In order to overcome these disadvantages,
mechanically reconfigurable antennas have been proposed. In
the microwave frequency range, using fluid structures is an
effective method for achieving mechanically reconfigurable
antennas [19], [20], [21]. In [19], liquid metal is employed
to manipulate the antenna’s beam direction and beamwidth.
In [21], a study focused on using liquid flow to modify the
existence of parasitic dielectric resonator antennas, creating
different radiation patterns and polarization. In [22], a method
is introduced that involves tuning movable metallic pillars
inside metallic cavity-backed slot antennas to achieve fre-
quency reconfigurability. Similarly, this method can tune both
the polarization and frequency of the array [23]. Through the
use of a piezoelectric tuning disk, Semnani et al. [24] change
the critical gap size of the resonator to achieve frequency
adjustability. Mechanical rotation [25] and variable focusing
[26] are also effective methods for reconfiguring antenna
beams.

5G, 6G base stations, and satellite communications impose
higher standards on reconfigurable antenna arrays in the
millimeter-wave range. Size constraints, machining precision
issues, and the need for additional control circuits and complex
mechanical systems lead to ongoing challenges in achieving
reconfigurability for millimeter-wave antennas. In [27], the
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method of utilizing polarization standing waves (PSWs) to
achieve frequency reconfigurability in Fabry—Pérot cavities
(FPCs) antennas is employed. In [28], reconfigurable anten-
nas capable of multiple linear polarizations (LPs) in the
millimeter-wave frequency band were designed. The antennas
utilized an inflatable cavity resonating in the TMs;p mode as
their base. Five different reconfigurable states can be achieved
through mechanical rotation. In [29], graphene resistance tun-
ing enabled directional reconfigurability for millimeter wave
in Vivaldi antennas.

Current antenna designs aiming for wide spatial beam
coverage in both endfire and broadside configurations often
necessitate complex integration using multiple arrays for vari-
ous directions [30], [31]. The concept of multimode antennas
was introduced in [32] and [33], where multiple ports became
an effective means to achieve multimode characteristics. In
[34], the orthogonal electromagnetic properties of different
modes were utilized to achieve the independent excitation
of multiple modes. Currently, no literature has proposed a
reconfiguration method using metal cover wall. This article
utilizes metal cover walls to achieve radiation control of
cavity antennas, enabling widebeam coverage from endfire
to broadside, which can be applied to communication needs
in millimeter-wave base stations, high-orbit satellites, relay
satellites, and space stations. Overall, exploring new and stable
reconfiguration methods for millimeter-wave beamforming is
a meaningful research direction.

This article proposed a millimeter-wave phased array based
on metal cover wall to select radiation states within metal cav-
ities. By combining mechanical reconfigurability with phased
arrays, it achieves an extensive spatial coverage for millimeter
wave in terms of broadside, oblique, and endfire radiation. The
contribution of this article is described as follows.

1) A new tuning method is introduced in the literature,
which employs metal cover wall to enable beamforming
reconfigurability in full-metal cavity antennas.

2) Traditionally, the reconfigurable antennas are focused
on antenna unit-level reconfigurability, whereas the
proposed metal cover wall approach is suitable for
antenna array-level reconfigurability. This reconfigu-
ration method demonstrates good feasibility in the
millimeter-wave domain, providing a viable solution for
beam reconfigurability in high-power millimeter-wave
or terahertz antennas, suitable for future 5G or 6G
communication systems.

3) Compared to multipanel arrays, this article achieves
beam coverage in multiple directions in the form of
a linear array and implements phased scanning in the
endfire, oblique, and broadside directions. The metal
cover wall approach provides a solution for enhancing
wide spatial beam-scanning coverage in millimeter-wave
systems.

II. ANTENNA DESIGN
A. Principle of Cavity Resonator

Fig. 1(a) depicts the model of a multimode resonator within
a single rectangular cavity, with the cavity being square-shaped
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Fig. 1. (a) Model of the multimode resonator in a single rectangular cavity.
(b) Cavity mode topology.

and having dimensions of a for length, width, and height. The
resonance frequency is derived from the following equation:

v m\ 2 nm\?2 In\?
—— |(B)+(5) +(2
27 A\ Ex ( a a a

_vuy/(m? 4 n?+ 1) 0
2a e, '

Within the equation, f,,,; signifies the resonance frequency,
while m, n, and [ are the resonance mode numbers, and w,
and &, represent the magnetic permeability and permittivity of
vacuum, respectively [35]. The speed of light is represented
by v. When accounting for the fundamental modes TEo; and
TMi 9, the resonance frequency is expressed as

V2u
fior = —2‘1\/PE 2
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From (2) to (3), it is evident that the resonance frequencies
of both fundamental modes are identical. Fig. 1(b) illustrates
the cavity mode topology. The offset feeding slot simultane-
ously excites the two fundamental modes, e.g., TE;y; and
TMjjo. Fig. 2 shows the electromagnetic field distribution
of these two excited fundamental modes of the cavity res-
onator. In Fig. 2(a), it showcases the electromagnetic field
distribution of the TE;o; mode, while Fig. 2(b) displays the
electromagnetic field distribution of the TM;;y mode. TE;q;
mode’s electric field is parallel to the y-axis, while the TM g
mode’s electric field is parallel to the z-axis. The electric field
directions of these two different modes are perpendicular to
each other, enabling radiation in different directions.

Fig. 3 illustrates the designed cavity antenna, with Fig. 3(a)
showcasing the antenna’s 3-D view. The antenna structure
consists of a metal cavity, with air inside and metal walls
on the outside. Inside is a cavity with dimensions a; for
length, width, and height, designed with a chamfer radius of r
to accommodate millimeter-wave computer numerical control
(CNC) fabrication. Radiating slot 1 is shown in the front view,
while radiating slot 2 is displayed in the top view, and the
back view illustrates the feeding slot offset from the center.
It is a full-metal antenna structure that uses slots for feeding
and radiation.

f;nnl =

fiio = 3)
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Fig. 2. Electromagnetic field distribution of a cavity resonator. (a) TEjq;.
(b) TMi10.
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Fig. 3. Proposed cavity antenna. (a) 3-D view. (b) Front view. (c) Top view.
(d) Back view.

The antenna utilizes metal cover walls to control three
different radiation states. In Fig. 4, H-field distributions for
the triple states are depicted. Fig. 4(a) represents the excited
TE;o; mode, where red arrows indicate its magnetic field
aligned with radiating slot 1. By covering the slot in the
+y-direction with a metal cover wall while leaving the slot
in the +z-direction uncovered, the magnetic field becomes
parallel to the long edge of the radiating slot in State 1, thereby
enabling antenna radiation in the +z-direction. In Fig. 4(b),
the excited TM;;p mode shows the magnetic field parallel
to radiating slot 2. By covering the slot in the +z-direction
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Fig. 4. H-field distributions of the triple modes. (a) TEjg;. (b) TMjjo.
(¢) TEjo1+ TMij0-

with a metal cover wall while leaving the slot in the
+y-direction uncovered, the magnetic field becomes par-
allel to the long edge of the radiating slot in State 2,
thereby enabling antenna radiation in the +y-direction.
Fig. 4(c) is State 3, no metal cover walls are present, and both
modes are excited simultaneously. This indicates the simulta-
neous operation of antenna radiating slots 1 and 2, allowing the
radiation direction to be determined using Poynting’s theorem

- - -
P, =V-(E, x H) “
B S
E,=E +E, )
- - @ —
H,=H, + H,. (6)

In this context, FZ stands for the Poynting electromagnetic
vector, with the electric Egld vector labeled as E, and the
magnetic field vector as H,. The Poynting vector is perpen-
dicular to both the E vector and H, vector. Solving for the
direction of the E; vector allows determination of the radiation
direction of the cavity antenna. Fig. 4(c) indicates that the
electric field orientations of radiating slots 1 and 2 are mutually
perpendicular, whereas the magnetic fields of slots 1 and 2 are
parallel.

According to (5) and (6), the addition of electromagnetic
field vectors from both slots results in beam merging in both
endfire and broadside directions, achieving oblique radiation
direction.

The topology of three radiation modes is depicted in Fig. 5.
The metal cover wall acts like a switch, tuning the beam
range of the antenna on its outer surface. State 1 represents a
broadside radiation mode, where the metal cover wall on the
+y plane obstructs radiating slot 2, exciting the TE;j; mode
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Fig. 5. Topology of three radiation modes.
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Fig. 6. Effect of the sizes of the radiating slots on the cavity modes. (a) L.
(b) Lp. (¢) and (d) L; and L,. Dimensional unit: mm.

inside the cavity. This results in vertically polarized waves
in the 4z-direction from radiating slot 1. In the broadside
radiation state, represented by State 2, the metal cover wall
on the +z plane blocks radiating slot 1. During this state,
the cavity operates in TM;;p mode, generating vertically
polarized waves in the +y-direction from radiating slot 2.
In the oblique radiation state, denoted as State 3, no metal
cover wall is present. Within the cavity, both TEg; and TM; ;¢
modes are concurrently active. Radiating slots 1 and 2 work
simultaneously, creating an oblique beam. Although all three
states are vertically polarized, the radiation directions of the
three states are not consistent.

The effect of the sizes of the radiating slots on the cavity
modes is shown in Fig. 6. In Fig. 6(a), representing State 1,
altering the length L; of radiating slot 1 adjusts the TEq
mode. When L; increases, the resonant frequency shifts toward
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Fig. 7. Contour plot depicting the simulated 3-D radiation pattern of the
antenna and radiation efficiency. (a) Broadside. (b) Endfire. (c) Oblique.
(d) Radiation efficiency.

lower frequencies, while decreasing L; shifts it toward higher
frequencies. In Fig. 6(b), showing State 2, changing the length
L, of radiating slot 2 tunes the cavity’s TM;;y mode. An
increase in L, causes a shift toward lower resonant frequen-
cies, while a decrease shifts it toward higher frequencies.
In Fig. 6(c), representing State 3, when both L; and L,
increase, the resonant frequency shifts toward lower frequen-
cies; conversely, it shifts toward higher frequencies when they
decrease. Fig. 6(d) represents state 3. When L; increases and
L, decreases, it tunes the two modes to higher and lower
frequencies, respectively. Conversely, when L; decreases and
L, increases, it tunes the two modes to lower and higher
frequencies, respectively. The cavity modes are independently
controlled by exciting them through various metal cover walls.
The simulated contour plot of the 3-D radiation pattern
of the antenna, as shown in Fig. 7(a)—(c), indicates that the
antenna’s radiation spans a range covering beams from the
broadside, oblique, and endfire directions. The radiation effi-
ciency for the three states is shown in Fig. 7(d). The radiation
efficiency for the three states is 93.39%, 91.75%, and 91.09%,
respectively, all maintaining good radiation performance.

B. Antenna Array Design

For the purpose of achieving substantial gain and extensive
beam coverage, a 1 x 4 phased array antenna is evenly
arranged along the x-axis. The antenna is composed of two
structures. The cavity antenna, constructed from metallic mate-
rial, utilizes a single-layer dielectric substrate and two layers
of metal specifically designed to enable antenna feeding and
connection with the phased array module.

The substrate is Rogers 5880 with a thickness of 0.787 mm.
Refer to Fig. 8§ for the geometrical configuration of the feeding
circuit. The yellow area represents the metal covering layer,
while the red area signifies the metal via holes. r, refers to
ordinary through-holes utilized for securing the substrate and
antenna structure through screw fastening. The substrate’s rear
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Fig. 8. Geometrical configuration of the feeding circuit.

TABLE I
PARAMETERS RELATING TO ANTENNA IN FIGS. 4 AND 7 (UNIT: MM)

a 9.4 L 42 W) 0.6 W 0.55
a 7.4 L> 4.12 W 0.6 W2 0.35
d 1 Ls 3.8 W3 0.6 W3 0.55
T 0.6 La 4.4 Wi 6.08 W4 1.4
r 1.5 Ls 4.4 Ws 4 L 53.6
Ly 1 Li 4.1 Wi 2.3 w 29.4
Ly 1.3 Lio 3.6 Wi 2.2 r 1

Metal Coye,

Fig. 9. Geometrical configuration of the phased antenna array.

side features a metal covering. Dimensions for the feeding
circuit are listed in Table I.

Fig. 9 depicts the geometrical configuration of the phased
antenna array. There exist four radiation slot antenna ele-
ments along both the +z- and +y-directions. Furthermore, the
+2z- and +y-directions feature metal cover wall faces, yet these
are not visually represented in the diagram. Mini Subminiature
Push-On (Mini-SMP) connectors serve as the feeding line for
connecting to vector network analyzer (VNA), transitioning
subsequently into substrate-integrated waveguide (SIW) to
feed the metallic cavity antenna from its backside. The four
ports are sequentially labeled as port 1 to port 4.

The contour plot in Fig. 10 demonstrates the simulated
3-D radiation pattern of the phased antenna array. A noticeable
enhancement in antenna gain and a narrower radiation beam
are observed compared to Fig. 7. In Fig. 10(a), the antenna
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Fig. 10. Contour plot depicting the simulated 3-D radiation pattern of the
phased antenna array. (a) Broadside. (b) Endfire. (c) Oblique.

itself has a wide beamwidth. In addition, the design considers
the impact of the Mini-SMP interface on antenna radiation,
leading to a significant increase in sidelobes. However, this
issue can be avoided in practical system implementations with
on-board feeding, which eliminates the need for transition to
VNA connection.

III. MEASUREMENT AND ANALYSIS
A. State 1

Utilizing CNC technology, the antenna is processed, show-
casing the experimental setup of State 1 in the phased antenna
array, as depicted in Fig. 11. In Fig. 11(a), the simulated
antenna structure displays a metal cover wall obstructing
the cavity gap in the +y-direction. By adjusting the phase
difference between ports 1 and 4, it facilitates beam scanning
in the broadside direction. Fig. 11(b) displays the fabricated
antenna structure, while Fig. 11(c) illustrates the testing
environment. The Beamform Box (BBOX) [36] can provide
varying beam amplitudes and different phases for each antenna
port, interconnecting with the antenna via four RF coaxial
cables. During practical testing, absorptive materials will be
employed to shield the BBOX and minimize beam scattering.

As shown in Fig. 12(a), both simulated and measured reflec-
tion coefficients at symmetric ports, namely, ports 1 and 2,
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(a) Simulation. (b) Fabrication. (c) Experimental setup.
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Fig. 12. State 1. (a) Simulated and measured reflection coefficients for
ports 1 and 2. (b) Simulated and measured between nearby ports (solid:
simulation and dashed: measurement).

indicate return losses below —10 dB at 27.91 GHz. As
shown in Fig. 12(b), the simulated and measured return losses
between adjacent ports are both below —20 dB at 27.91 GHz,
demonstrating strong isolation between the neighboring ports.

The simulated and measured results within the band are
reasonably match with each other. The ripple observed is
attributed to errors in the test cables and hand soldering during
measurements, which is hard to calibrate.

Fig. 13 depicts the simulated and measured element radia-
tion patterns. When a single port is testing, the remaining ports
are terminated with a 50-Q load. The peak gains for ports 1
and 2 are 6.7 and 7.1 dBi, respectively. The far-field radiation
patterns match between simulation and measurement.

The radiation pattern plots shown in Fig. 14 at scan angles
of 0°, 10°, 20°, and 25° demonstrate the maximum gains of
12.9, 12.2, 10.9, and 10.3 dBi, respectively. The test results
align closely with the simulation outcomes, showcasing an
error margin of less than 1.5 dBi.
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Fig. 13. State 1 simulated and measured element radiation patterns. (a) Port
1. (b) Port 2 (solid: simulation and dashed: measurement).
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Fig. 14. State 1 simulated and measured beam-scanning radiation patterns
solid: simulation and dashed: measurement).
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(d)

Fig. 15. States 2 and 3 geometrical configuration of the phased
antenna array. (a) State 2 simulation. (b) State 2 fabrication. (c) State 3
simulation. (d) State 3 fabrication.

B. State 2

Fig. 15 represents the geometrical layout of State 2 in the
phased antenna array. In Fig. 15(a), the simulated antenna
structure reveals a metal cover wall obstructing the cavity slot
in the +z-direction. Fig. 15(b) represents the manufactured
antenna.
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Fig. 17. State 2 simulated and measured element radiation patterns. (a) Port 1.
(b) Port 2 (solid: simulation and dashed: measurement).

Fig. 16(a) shows the reflection coefficients from both simu-
lations and measurements. The ports are symmetrical, and at
27.91 GHz, both ports 1 and 2 exhibit return losses of less
than —10 dB in simulations and measurements. Fig. 16(b)
shows that both the simulated and measured return losses
between adjacent ports at 27.91 GHz are below —20 dB. The
measured results are in good agreement with the simulated
results. Similarly, the generation of ripple in return loss is
attributed to the RF cable and hand soldering parts.

Fig. 17 displays that during single-port testing, the remain-
ing ports are connected to a 50-Q load. The peak gains for
ports 1 and 2 are 7.2 and 8.7 dBi, respectively, with cross
polarization levels remaining below —10 dBi. The simulated
and measured far-field radiation patterns are in good agree-
ment, albeit slightly higher cross-polarization during testing
due to the influence of test cables disturb the radiation pattern.
As depicted in Fig. 18, the radiation pattern plots at scan
angles of 0°, 10°, 20°, and 25° indicate the maximum gains
of 14.13, 13.3, 11, and 9.84 dBi, respectively. Test results
closely mirror simulation data, showing an error of less than
1 dBi. Acceptable errors include the effects of environmental
scattering, welding, and machining inaccuracies.

C. State 3

The simulated antenna structure for State 3, depicted in
Fig. 15(c), does not include metal cover walls in both the
+2z- and +y-directions. Fig. 15(d) exhibits the processed
antenna structure for State 3.

Fig. 19(a) reveals that for State 3, both the simulated and
measured reflection coefficients for ports 1 and 2 fall below
—10 dB at 27.91 GHz. Additionally, Fig. 19(b) illustrates that
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Fig. 18. State 2 simulated and measured beam-scanning radiation patterns
solid: simulation and dashed: measurement).
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Fig. 20. State 3 simulated and measured element radiation patterns.
(a) Port 1. (b) Port 2 (solid: simulation and dashed: measurement).

the return losses between adjacent ports are below —20 dB in
both the simulation and measurement results.

For State 3, Fig. 20 displays the simulated and measured
element radiation patterns, indicating peak gains of 8.5 dBi
for port 1 and 9.2 dBi for port 2. The implementation of
State 3 enables the concurrent existence of two modes, TE¢;
and TMjo, contributing to an effective increase in antenna
gain. Validation through testing indicates that both simulated
and tested cross-polarization levels remain below —10 dB,
affirming the viability of the proposed model. Employing
the BBOX for testing beam-scanning capabilities, Fig. 21
displays the simulated and measured beam-scanning radiation
patterns for State 3. Additionally, Fig. 21 illustrates radiation
pattern plots at scan angles of 0°, 10°, 20°, and 25°, showing
respective maximum gains of 14.9, 14.5, 13.4, and 12.4 dBi.
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TABLE I
COMPARISONS WITH REPORTED RECONFIGURABLE ANTENNAS

Ref. Configuration gf;;x; Tuning Mechanism Rei‘;;gﬁﬁir:;ion Band Beam direction CZ;:;:;
[18] | Microstrip dipole Cell p-i-n Diodes Radiation pattern Millimeter wave End-fire/Broadside Low
[20] | Microstrip patch Cell Liquid metal Frequgr;‘l:glfilz’z:ia;ilzation Microwave Broadside Low
[21] DRA Cell Dielectric Liquid Ragiﬁz;)izariféfm Microwave Broadside Low
[22] Metal cavity Cell Metal screw Frequency Microwave Broadside High
[23] Metal cavity Array Metal screw Frequency/ Polarization Microwave Broadside High
[24] Cavity-backed Cell Tunable Slot Frequency Microwave Broadside High
[27] |Fabry—Pérot Cavity Array Mechanically rotated Frequency Millimeter wave Broadside Low
[28] Cavity-backed Array Mechanically rotated Polarization Millimeter wave Broadside Low
[29] Vivaldi Cell Graphene Radiation pattern Millimeter wave End-fire Low
VTV];:( Metal cavity Array Metal cover wall Radiation pattern Millimeter wave | End-fire/Oblique/Broadside High
20 ‘ ‘ B. Full-Metal Structure
The full-metal antenna structure supports high-power appli-
~ cations, which is essential for future 5G and 6G wireless
% communications. Reconfigurable technology enables func-
g tional multiplexing in full-metal antennas, mitigating the
S disadvantage of larger volume. To validate the concept and
E conduct phased array tests, integrated SIW feeding is used.
'T% Notably, for high-power applications, the feeding method can
4 be replaced by a full-metal waveguide instead of SIW.
— 0° 10° ——20° — f3§)°
T 0 0 o 5 C. Combining Phased Array and Mechanical Control
Angle (deg) Several researchers have explored polarization, frequency,
and single-direction beam reconfiguration. However, future
Fig. 21. State 3 simulated and measured beam-scanning radiation patterns

solid: simulation and dashed: measurement).

Due to its symmetrical structure, only one side of the beam-
scanning range is depicted.

IV. DISCUSSION
A. Stable Millimeter-Wave Array Control

In the millimeter-wave domain, the available mechanical
reconfigurable methods are relatively limited. As shown in
Table II, most reported reconfigurable antennas use mechan-
ically rotating arrays or reflective arrays to adjust beam
direction, which provides limited reconfigurability. Currently,
no technology employs metal cover walls for antenna recon-
figuration. With the higher manufacturing demands of 5G and
6G, traditional mechanical reconfiguration methods struggle to
function effectively at millimeter-wave frequencies. However,
metal cover walls overcome impedance mismatches and radi-
ation instability from insufficient manufacturing precision in
millimeter-wave devices, enabling the entire array’s reconfig-
urability with fewer drive motors—an essential advancement
for future 5G and 6G communications. It should be noted that
this method is specifically developed for linear arrays and does
not directly apply to 2-D array structures.

communications, such as 5G and 6G, demand broader beam
coverage, and achieving wide-angle pattern reconfiguration
to cover broadside, oblique, and endfire radiation remains
unresolved. This design aims to enable radiation in multiple
directions by tuning different states, integrating mechanical
and phase reconfiguration for extensive spatial beam coverage.
This is crucial for the practical implementation of millimeter-
wave technology.

V. CONCLUSION

Within this article, a novel approach for reconfiguring
the millimeter-wave spectrum using metal cover walls is
introduced for the first time in the existing literature. This
innovative method forms the basis for the design of a recon-
figurable cavity antenna capable of multiple-mode resonance.
The proposed structure achieves three distinct beam forms,
e.g., broadside, oblique, and endfire, by tuning different
states at the same frequency. The TE;j; mode covers endfire
radiation, the TM;;9 mode covers broadside radiation, and
both the TE;o; and TM;;p modes simultaneously excited
encompass oblique radiation. Employing this methodology, a
1 x 4 reconfigurable phased array antenna operating in the
millimeter-wave spectrum is devised. Moreover, this proposed
reconfigurable antenna array achieves a beam-scanning range
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of 50°, yielding a gain greater than 9 dBi. By combining
phased array with three-state mechanical reconfigurability,
this design is anticipated to play a crucial role in future
communication systems, including 5G and 6G base stations.
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