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ABSTRACT This paper presents the design and implementation of an innovative 4-element multifunctional
reconfigurability array antenna (MRAA) operating at 27.5 GHz, leveraging PIN diodes for enhanced
functionality. By strategically controlling the alignment of PIN diodes, the antenna utilizes only two coplanar
strip line biasing networks, streamlining its design and implementation. The proposed array demonstrates
exceptional versatility by easily generating scanning beams at angles up to £25° across three distinct
polarizations: right-hand and left-hand circular polarizations and linear polarization. Furthermore, the system
achieves a reconfigurable frequency interface between circular and linear polarizations, enhancing its
adaptability to diverse communication scenarios. Through comprehensive analysis, the proposed MRAA
exhibits commendable array gain, surpassing 10 dBic, and very good radiation efficiency exceeding 74%.
This work marks the pioneering effort in designing a multifunctional reconfigurable array antenna for
millimeter-wave (mmWave) applications. Additionally, the proposed array offers simplicity in design and
outperforms existing counterparts operating at lower frequencies. A prototype has been fabricated, and
measurement results demonstrate close agreement with simulation, validating the efficacy of the proposed
design.

INDEX TERMS Circular polarization, loop antenna, millimeter wave, phased arrays, PIN diode, reconfig-
urable antennas.

I. INTRODUCTION However, most reported studies on reconfigurable anten-

In light of the relentless pace at which technology
advances within wireless communication systems, antennas,
which stand as a fundamental component in contemporary
wireless communications, are confronting ever-mounting
demands to achieve heightened performance levels. This
is imperative for effectively addressing intricate commu-
nication scenarios encompassing challenges like multipath
interference and polarization mismatches. Consequently,
the development of multifunctional and intelligent array
antennas assumes paramount importance. Amid the var-
ious approaches employed to confront this challenge,
reconfigurable antennas have emerged as a compelling
solution due to their intrinsic flexibility and versatility.
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nas have primarily focused on modifying a single antenna’s
parameter.

Moreover, despite the evident advantages of such anten-
nas, they may prove inadequate in meeting the escalating
requirements of high-speed communication systems, such as
those used on the Internet of Things and 5G/6G applications.
Consequently, over the past two decades, there has been an
increased emphasis on proposing multifunctional reconfig-
urable antennas that can recompose more than one parameter.

The ability to furnish additional radiation modes offers
considerable benefits, such as increased channel capacity
through polarization reconfigurability and beam steering.
On the other hand, a phased array’s reconfigurable beam
direction represents an economical and practical alterna-
tive to the high-cost phase shifters and RF chains com-
monly used for beam steering. An antenna array that offers
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simultaneous polarization, frequency, and pattern reconfig-
urability addresses key challenges in modern communication
systems.

One of the earliest demonstrations of the potential of mul-
tifunctional reconfigurable antenna (MRA) has been reported
in [1], where a configuration of Radio Frequency Micro-
electromechanical Systems (MEMS) integrated antennas has
been utilized in a multi-input multi-output (MIMO) system
with several polarization states that have been achieved at
4.1 GHz and 6.4 GHz. Multifunctional reconfigurability has
been attained using 64 square patches that are inter-connected
to each other using 112 MEMS switches. Subsequently,
a different study introduced a pattern and frequency recon-
figurable annular-ring slot antenna, employing two small PIN
diodes on the feeding microstrip line to connect/disconnect
stubs for frequency tuning, and incorporating two larger PIN
diodes on the annular ring slot to control radiation patterns
at 5.2 GHz, 5.8 GHz, and 6.4 GHz [2]. In addition, textile
circular patch antennas loaded by three varactor diodes to
offer frequency, polarization, and pattern reconfigurability
have been reported [3]. The first antenna switches between
broadside and omnidirectional radiation modes over spe-
cific frequency ranges, while the second antenna switches
the linear polarization between 0°, 120°, or 240° over a
frequency range of 1.9-2.62 GHz. A frequency and pattern
reconfigurable microstrip antenna has been designed using
6 varactor diodes to achieve a dual-band operation with a
broadside pattern at 2.68 GHz and an omnidirectional pattern
at 3.5 GHz [4]. In another study, a multifunctional microstrip
antenna that offers three linear polarizations, and three main
beam directions was demonstrated by utilizing 10 PIN diodes
at 11 GHz [5].

Furthermore, a novel MRA was proposed using a par-
asitic substrate layer with 5 x 5 square metallic patches,
known as pixels, incorporating 20 MEMS switches for the
connection/disconnection of various pixels to achieve recon-
figurability of frequency between 9 and 10 GHz with three
radiation patterns [6]. However, it was highlighted that the
pixeled planar surface requires many switches, which impacts
the antenna efficiency and results in a complex fabrication
process. Additionally, a multifunctional reconfigurable pix-
eled planar antenna was reported by utilizing 144 MEMS
switches in a square matrix of 9 x 9 pixels, where fre-
quency tuning has been demonstrated over a range of
4-7 GHz with reconfigurable radiation patterns and
adjustable linear polarization at each frequency [7]. More-
over, a frequency and pattern reconfigurable pixeled
monopole antenna was reported by utilizing 12 MEMS
switches to alter the antenna geometry and achieve operating
frequencies of 1.5 GHz, 3.5 GHz, 4.5 GHz, and 5.5 GHz
with up to five radiation patterns at each frequency [8].
In a subsequent study, a frequency, pattern, and polarization
reconfigurable antenna was reported by utilizing a single
patch antenna in conjunction with a 6 x 6 parasitic pixel
substrate that involved 60 PIN diodes to generate various
combinations of pixels, albeit with a radiation efficiency
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range of 45%—55% [9]. Another MRAA has been reported
using a four elements linear patch array, each loaded by a
passive substrate of 4 x 4 pixels [10]. However, for sim-
plicity, open circuits and hard-wired short circuits have been
utilized instead of RF switches, providing radiation pattern
and polarization reconfigurability in combination with a gain
of 13.5 dBi. On the other hand, it is essential to note that
pixel-based antennas involve complex biasing requirements
for many switches placed above the antenna.

A different approach to designing MRAs using a liquid
metal has been reported in [11], [12], [13], and [14]. For
example, an MRA that offers pattern and linear polarization
reconfigurability has been proposed using a dipole antenna
over a frequency range of 1-2.2 GHz [11]. Furthermore,
a bent monopole based on liquid metal has been proposed
for frequency and polarization reconfigurability, where both
left-hand circular polarization (LHCP) and right-hand circu-
lar polarization (RHCP) radiations have been achieved over a
frequency band of 3-5 GHz [12]. Another liquid-metal-based
antenna has been reported with frequency and polarization
reconfigurability over a frequency range of 0.5-3.5 GHz [13].
Besides, frequency and polarization reconfigurability have
also been achieved using a liquid metal over a frequency
range of 2-8 GHz by switching a 3D-printed channel between
the x and y linear polarization (LP) states [14]. Although
a liquid-metal-based MRA offers continuous frequency tun-
ability, a longer switching time is expected between various
modes. Besides, the required mechanism to inject the liquid
metal may be impractical at mmWave frequencies, consider-
ing the smaller physical dimensions of the antenna at such
frequencies.

Another approach to design MRA using multiple ports has
been proposed through varying the current distribution along
a patch antenna by adjusting the phases of four feeding ports
to achieve pattern and polarization reconfigurability over a
frequency range of 4-5 GHz [15]. LHCP and RHCP radia-
tion have been achieved over a main beam scanning range
of £70°. Both single-element and 4 x 4 element arrays have
been considered. However, using multiple ports increases
power consumption, size, complexity and requires numerous
wire connections. This represents a considerable challenge
to adapt at mmWave frequencies, owing to the limited phys-
ical space to accommodate several SMAs with sufficient
de-coupling between them. Furthermore, multifunction dig-
itally controlled reconfigurable antennas have recently been
reported in combinations with multi-port feeding, and PIN
diodes [16], [17].

This review of existing literature reveals a notable absence
of MRAA designed for mmWave applications since all the
reported designs are focused on antennas operating at lower
frequencies with mainly modest radiation efficiencies and
complex structures that may be impractical at mmWave fre-
quencies. It should be noted that a mmWave multifunctional
array has been reported in [18] in which only the polarization
is reconfigurable as the beam-steering was achieved using
a beamformer board. Therefore, this article is focused on
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the design, fabrication, and measurements of such an antenna.
Building upon the mmWave phased array and reconfigurable
single antenna designs introduced in [19] and [20] to achieve
a multifunctional reconfigurable mmWave array, which has
not been reported earlier. The reconfigurable single loop
antenna introduced in [20] will be used as an element from
which a multifunctional reconfigurable array is designed to
provide polarization, pattern, and frequency reconfigurability
by utilizing PIN diode switches in a simple structure that
offers high efficiency.

A. CONTRIBUTIONS

In addressing the challenges, this study presents the following
contributions:

1) DESIGN AND FABRICATION OF A COST-EFFECTIVE
MULTIFUNCTIONAL RECONFIGURABLE ARRAY ANTENNA

A low-profile, cost-effective 4-element reconfigurable
phased array system is designed and fabricated, specifi-
cally operating at 27.5 GHz. Within each array element,
two strategically designed gaps accommodate PIN diodes,
serving as switches. These diodes enable the selection of the
desired polarization by toggling between forward-bias and
reverse-bias states, enhancing the adaptability of the antenna
system. In addition, the one-input-four-output feeding net-
work incorporates four transmission line phase shifters, with
each section introducing a distinct phase shift. The degree
of phase shift is contingent upon the bias applied to the PIN
diodes and the length of the corresponding transmission line
segment. This innovative approach enhances beam control
and array performance.

2) UTILIZATION OF ONLY TWO DC BIASING NETWORKS
Coplanar strip lines (CPS), including photonic band gap
(PBG) elements, have been utilized for the DC biasing;
one to switch the polarization of the four elements and
another to control the main beam direction. Incorporating
only two networks to bias 16 PIN diodes represents consider-
able simplicity and eliminates further efficiency deterioration
owing to the absence of lumped RF chokes or capacitors.
Consequently, the proposed antenna system achieves higher
efficiency, providing a more robust and effective solution.

3) IMPROVED PERFORMANCE

In addition to the mmWave operation and higher radiation
efficiency, the proposed MRAA offers favourable radiation
characteristics such as high gain, broader impedance, and
axial ratio (AR) bandwidths that outperform most of those
reported in earlier studies.

These contributions collectively address challenges in
designing efficient mmWave antennas with multifunctional
reconfigurability, offering a comprehensive and innovative
framework for developing advanced phased array systems for
5G and B5G communication systems.
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The paper’s organization unfolds as follows: Section II
introduces the configuration and design principles of the
mmWave MRAA and the relevant parameters. Following this,
Section III outlines the utilization of electrical switching at
mmWave frequencies and the operating mechanism, illus-
trating the integration of PIN diodes within the proposed
array. Section IV provides comprehensive details concern-
ing the prototypes, simulations, fabrication processes, and
measurements of the proposed reconfigurable array antenna
at 27.5 GHz. Section V presents a performance comparison
between the proposed configuration and reported counter-
parts. Finally, Section VI delivers a summary and concluding
remarks for the paper.

Il. MRAA CONFIGURATION

A. CONSTITUENT LAYERS OF THE PROPOSED
RECONFIGURABLE ARRAY

Fig. 1 illustrates the proposed configuration in which five
layers are utilized including the array elements and feed
network as the first layer. The second layer comprises Rogers
RT/Duroid RO4003C substrate material, featuring a dielectric
constant of 3.55 and a loss tangent (tand) of 0.0027, with
a thickness of 0.508 mm. Several distinct advantages drive
the choice of Rogers substrate, such as low dielectric con-
stant, high efficiency, and ease of manufacturability. Another
dielectric substrate employed in this design is the FR-4, char-
acterized by respective dielectric constant and thickness of
4.3 and 0.5 mm. This layer primarily functions as an insula-
tor, facilitating the interface between the ground plane layer
and the bottom layer, which includes the CPS-PBG biasing
networks. The Rogers and FR-4 substrate layers encapsulate
a central copper ground plane with a thickness of 0.07 mm.
Each substrate possesses dimensions of 37 mm in width and
40 mm in length. A lower auxiliary copper ground plane,
measuring 40 mm in width and 8.5 mm in length, is utilized.
This supplementary ground plane assumes a critical role in
grounding, particularly when securing the connector in place.
The multi-layer structure is essential to provide the required
isolation between the DC biasing network and the antenna
array. Otherwise, the performance of the phased array will
be severely impacted by any interference with the biasing
network.

B. ARRAY AND FEED NETWORK

‘Fig. 2 depicts the configuration of a 1 x 4 reconfigurable
linear antenna array designed to operate at 27.5 GHz, fea-
turing an inter-element spacing of 4.65 mm, approximately
equivalent to 0.510 at the operating frequency. Each con-
stituent element within the array exhibits an identical design,
characterized by two concentric loops, with the outer loop
as the active element. The outer loop for each array element
incorporates two gaps that house the PIN diodes, functioning
as switches capable of toggling forward-bias and reverse-bias
states to select the desired polarization senses. The optimiza-
tion of the outer loop’s gaps, Ag1 = Agy, plays a pivotal role
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FIGURE 2. The geometry of the proposed reconfigurable array and the DC
biasing networks.

in establishing a travelling wave current distribution along the
loop. This distribution is indispensable for the generation of
diverse circular polarization states. In addition, a smaller gap
A3 within the inner loop has been selected to enhance the CP
bandwidth. Furthermore, selecting the loop antenna’s radius
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TABLE 1. Parameters of the proposed array configuration.

Symbol Quantity Value
R; outer loop radius 1.27mm
R> parasitic loop radius 0.875 mm
t outer loop width 0.26 mm
t parasitic loop width 0.21 mm
Pad, pads length 8.9 mm
Pad,, pads width 3.96 mm
15 transmission line width 0.25 mm
I the gap between the transmission 0.2 mm
line & pads
ay antenna thickness 0.035 mm
h The thickness of the substrate 0.508 mm
t reflector thickness 0.07 mm
Sub, substrate length 37 mm
Sub, substrate width 40 mm
A, outer loop gap 1 20°
Ag> outer loop gap 1 20°
A3 inner loop gap 18°

is critical to ensuring that the circumference approximates
one effective wavelength, denoted as Aef. The inter-element
spacing of the antenna array is judiciously chosen to maxi-
mize gain and minimize side lobe levels (SLL). The feeding
of the antenna arrays is facilitated by a parallel feed net-
work employing microstrip transmission lines with widths of
0.2 mm and 0.25 mm. The configuration parameters for the
reconfigurable array are summarized in Table 1.

Fig. 3(a) introduces a one-input-four-output feeding net-
work, which integrates four transmission line phase shifters.
Each section introduces a distinct phase shift within this
network, as depicted in Figs. 3(b) and 3(c). This phase shift
is contingent upon the specific bias applied to the PIN diode
and the length of the corresponding transmission line seg-
ment. This method harnesses transmission lines to achieve
the requisite phase shift, constituting what is recognized
as a true-time surface current distribution of the proposed
array with CPS bias line only at 27.5 GHz delay [21].
This approach is particularly advantageous in phased arrays
with parallel feeding, as it enhances the system’s bandwidth.
True-time delay is especially well-suited for broad-spectrum
applications, as it maintains the stability of the primary beam
direction across a spectrum of frequencies.

True-time delay encompasses integrating delay sections
along the transmission lines within the feed network. These
delay sections align with the precise phase shifts needed.
Adjusting the time delay for each element makes it possible
to manage the aggregate phase shift across the array, enabling
accurate beam steering control. The required microstrip line
physical length, /, to generate a phase shift (delay) of A®
between adjacent elements can be calculated as:

AD = kI = /g ,kol, (1

where ko is the free space wavenumber, is the effective
dielectric constant that can be calculated as. We can calculate
the physical length by establishing the main beam angle 6
as a function of the phase shift between adjacent elements,
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FIGURE 3. (a) Corporate feed network, (b) left-hand phase shifters,
(c) right-hand phase shifters, (d) gap capacitor, (e) chamfered corners.

denoted as A® [18]. For example, if the same lengths of
feeding lines are used, then a broadside gain is achieved with
a higher gain compared to a steered beam owing to the impact
of the single element’s radiation pattern.

A design enhancement is introduced to enhance matching
and elevate the array’s performance, featuring the imple-
mentation of 45° chamfered corners on the transmission
lines, as depicted in Fig, 3(e). These measures ensure that
the utilized corporate feed supports a focused main beam
in the required direction. Additionally, Fig. 3(d) highlights
the presence of a gap capacitor, designed through microstrip
line patterning, providing a modest capacitance of approxi-
mately 0.1 pF. This component prevents DC from traversing
to the network analyzer. The gap distance of 0.05 mm was
selected, ensuring that the desired capacitance of 0.1 pF is
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FIGURE 4. (a) Structure of CPS bias line and PBG, (b) Top CPS-PBG
connected to outer loops and bottom CPS-PBG connected to phase
shifters.

achieved given the specified feedline dimensions and material
properties [21]. Integrating vias into the design yields several
benefits, encompassing improved grounding, mitigation of
surface waves, and bandwidth expansion. Each possesses a
radius of 1 mm and is situated at 4 mm intervals, center
to center.

C. DC BIASING NETWORKS

It should be noted that the existence of antennas, feeding, and
biasing networks on the same substrate surface represents a
challenging task and complications that can be avoided by
moving the biasing network to another substrate, FR4 in this
case, which is positioned at the other side of the shared ground
plane surface. However, the connections of the biasing net-
works to the diodes have been implemented by utilizing
metalized vias. Such an arrangement provides optimum iso-
lation between the biasing network and the antenna.

A coplanar strip line is connected to the antenna element
through vias that connect the CPS and an array to provision
DC bias. The current distribution along the bias line leads
to undesirable RF current leakage into the antenna, turning
the bias line into an unintended antenna system component.
Consequently, the antenna’s key characteristics, including
resonance frequency, input impedance, and radiation pattern,
are affected. To mitigate this issue, developing a novel bias
line structure is imperative, one that effectively carries the
requisite DC bias current while preventing the unwanted flow
of RF current.

To curtail RF current propagation. within the coplanar
strip line, a PBG structure featuring a 0.25A.f periodicity
is deployed. Fig. 4(a) illustrates this PBG structure, which
comprises a series of high and low quarter-wavelength trans-
former sections. The gap width between the high-impedance
section CPS line is X, the PBG cell length is V, is Y, and the
width of the CPS line is Z. Due to the relatively small size of
the CPS line, especially in the mmWave frequencies designs,
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TABLE 2. Parameters for the CPS- PBG structure.

Symbol Value
(mm)
14 22
X 0.7
Y 0.1
VA 0.1
Pad, 1.8
Pad, 1

FIGURE 5. Surface current distribution of the proposed antenna with
CPS-structure at 27.5 GHz.

two solder pads have been employed, as shown in Fig. 4(b).
The design parameters for the CPS bias line and PBG are
summarized in Table 2. Fig. 5 presents the surface current
distribution of the antenna with a PBG bias line at 27.5 GHz.
It is evident that the PBG bias line effectively cuts off the RF
current from flowing to the second PBG cell, preventing the
undesired current leakage.

In the proposed design, the alignment of the PIN diodes
on the loop antennas has been chosen so that all the diodes
can be ON or OFF simultaneously. Hence a single biasing
network is sufficient for the 8 PIN didoes. The same applies
to the other 8 PIN diodes placed on the feed network to
control the main beam direction. Therefore, only two biasing
networks have been utilized for the whole configuration,
which results in cost savings, lower losses, and a simplified
design structure. In addition, fourteen vias have been thought-
fully incorporated to establish connections between the CPS
and the PIN diodes placed on the array configuration. This
strategy stems from the unique approach in positioning the
PIN diodes within the outer loop gaps,

necessitating using two vias for each loop. As a result,
eight vias are dedicated to precisely controlling polarization
senses. In addition, the placement strategy of the PIN diodes
on the phase shifters minimizes the vias count as well, with
only six vias serving the purpose of beam steering within a
only six vias serving the purpose of beam steering within a
range of £ 25°.

Within the proposed array operating at 27.5 GHz, the
MA4AGFCP910 PIN diode is employed [22], which has been
utilized in several studies as a switch at millimetre wave
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TABLE 3. Switch configuration for desired operation moods (1 = on,
0 = off) for the main beam direction of.

Mode 1 2 3 4 5 6
LHCP | LHCP | RHCP | RHCP | LP LP
0o -25° +25° -25° +25° | -25° | +25°
D, 1 1 0 0 0 0
D, 0 0 1 1 0 0
D; 1 1 0 0 0 0
D, 0 0 1 1 0 0
Ds 1 1 0 0 0 0
Ds 0 0 1 1 0 0
D; 1 1 0 0 0 0
Dy 0 0 1 1 0 0
Dy 0 1 0 1 0 1
Do 1 0 1 0 1 0
Du 0 1 0 1 0 1
D, 1 0 1 0 1 0
D3 1 0 1 0 1 0
Dy 0 1 0 1 0 1
Dis 1 0 1 0 1 0
Dis 0 1 0 1 0 1

frequencies [23], [24], [25], [26], [27]. Notably, accurate
modelling of these PIN diodes has been conducted utilizing
lumped elements within the equivalent RLC circuits of both
forward-biased and reverse-biased diodes. The correspond-
ing RLC equivalent circuit parameters are as follows: Total
capacitance (Ct) = 0.018 pF, total inductance (Lt) = 1 nH,
parallel resistance (Rp) = 15 K2, and series resistance
(Rs)=5.2Q.

Ill. SWITCHING MECHANISM AT MMWAVE
FREQUENCIES
Fig. 6 illustrates the integration of PIN diodes within the
proposed array, where each of the sixteen PIN diode switches
is numbered to designate their respective states across vari-
ous operational modes. Comprehensive details regarding the
switch configurations and their corresponding operational
modes are presented in Table 3. When a DC is applied to the
CPS lines, the strategically positioned vias facilitate the cur-
rent’s path reaching the PIN diodes, enabling the application
of forward and reverse bias as required. Six distinct operating
modes are achieved. Each is associated with different polar-
ization, and beam steering direction based on the status of the
PIN diodes. Notably, the states of the PIN diodes, specifically
from D to Dg, positioned on each outer loop of the array, are
meticulously controlled to effect changes in the polarization.
Meanwhile, the PIN diodes fixed on the transmission lines,
specifically Dg to Dyg, are leveraged to enable precise beam
steering within a range of £25°. It should be noted that a
wider beam steering is achievable, albeit with a narrower CP
bandwidth.

To steer the beam towards an angle of 4+-25°, the following
PIN diodes are engaged in the ON state: Dg, Dy,

Di4, and Djg, while simultaneously switching Djg,
Dj2, D13, and D¢ to the OFF state. Conversely, a comple-
mentary configuration redirects the beam towards an angle
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FIGURE 6. The incorporation of 16 PIN diodes into the proposed array that results in an MRAA.

of —25°. This entails biasing D19, D12, D13, and D¢ in the
forward state, while Do, D1, D14, and D14 are subjected to a
reverse bias. This level of control enables the array to achieve
precise beam steering in multiple directions, enhancing its
versatility and adaptability.

Three cases are attainable in the context of polarization:
LHCP, RHCP, and LP. LHCP configuration is realized by
placing Dy, D3, Ds, and D7 in forward bias states while
concurrently holding D;, D4, D¢, and Dg in reverse bias. Con-
versely, the PIN diode cases are inverted to achieve RHCP,
with Dy, D4, D¢, and Dg in forward bias and D, D3, D5, and
D7 in reverse bias. Lastly, for LP, PIN diodes D; to Dg are set
to a zero-bias, or unbiased, state, effectively holding them in
a neutral position and allowing the antenna to operate with-
out imparting circular polarization. This precise control over
polarization cases empowers the array able requirements.
In addition, LP radiation is achieved at a different resonance
frequency of 26 GHz, which results in mmWave MRAA with
adjustable polarization, main beam direction, and frequency.

IV. FABRICATION AND MEASUREMENTS

This section showcases the fabrication and measurement
results. Precisely, one prototype of the suggested MRAA
is fabricated and tested to verify the design. The measure-
ments have been conducted using the E5071C mmWave
vector network analyzer (VNA) and the National mmWave
Measurement Facility (NmmMF) [28]. The reflection coeffi-
cient was measured using a 2.4 mm SMA connector and an
N5245B VNA. Fig. 7 presents photographs of the fabricated
reconfigurable array antenna by Wrekin [29], and Fig. 8 illus-
trates the connection between the proposed antenna and the
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DC power supply. Measurements were conducted to verify
the simulations, focusing on return losses and axial ratio at
beam steering angles of —25° and +25° and considering three
different polarization types: LHCP, RHCP, and LP.

The comparisons of these results are illustrated in
Figs. 9 and 10, revealing close agreement between simula-
tions and measurements. Additionally, the findings highlight
consistently good impedance matching across all main beam
directions. In the first scenario, the simulation indicates that
configuring the antenna to operate in the LHCP case results
in percentage impedance bandwidths of approximately
9.96% and 9.1% for the evaluated beam steering angles
(—25° and +25°), respectively. The corresponding measured
results show bandwidths of around 6.8% and 6.75%. In the
second scenario, when RHCP cases are considered for the
same beam steering angles, the simulated antenna array
exhibits percentage impedance bandwidths of approximately
8.6% and 8.4%. In comparison, the measured results show
around 5.9% and 5.7%, respectively. Furthermore, the results
indicate that LHCP and RHCP cases demonstrate nearly sym-
metrical performance, a desirable characteristic for specific
applications. Differences between measurement and simula-
tions can be attributed to the assembly of the PIN diodes using
silver paint and experimental errors. Overall, these findings
underscore the reliability of the simulations, highlight the
effectiveness of impedance matching, and suggest potential
applications for LHCP and RHCP cases.

In Fig. 10, the achieved reflection coefficient in the LP
case is depicted under the scenario where the PIN diodes of
the loops, D1-Dg, are under zero bias, and the beam steering
angles are the same, i.e. —25° and +25°. Notably, the figure
reveals successful matching over a narrow band centred
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Plated Vias

Holes for 2.4mm connector
(@)

(b)

FIGURE 7. Fabricated MRAA prototype (a) Top view, (b) Bottom view,
(c) 2.4 mm SMA connector.

at 26 GHz, with considerably narrower bandwidths than those
in the CP cases. Specifically, the simulation demonstrates
bandwidths of 3.28% and 3.5%, while the measurements
show slightly narrow bandwidths at 2.46% and 2.42%. These
findings suggest that in addition to achieving reconfigurable
polarization and beam steering, the antenna also possesses
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FIGURE 8. MRAA prototype with wires for DC connections (a) Top view,
(b) Bottom view.

Simulated LHCP at +25° = - =
Simulated LHCP at -25° = - =
Simulated RHCP at +25° = - =
Simulated RHCP at -25° = - =

Measured LHCP at +25°
Measured LHCP at -25°
Measured RHCP at +25°
Measured RHCP at -25°

P

NS #

Return Loss, dB

25 26 27 28 29 30
Frequency, GHz

FIGURE 9. Return losses as a function of frequency across various CP
senses and beam directions.

reconfigurable frequency capabilities when utilizing linear
polarization. Therefore, the proposed antenna introduces
a multifunctional reconfiguration as it enables tuning fre-
quency, polarization, and radiation patterns using 16 PIN
diodes and two biasing networks, offering a versatile solution
for various applications.
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FIGURE 10. Return losses of the mmWave reconfigurable array antenna
operating in the LP case at different main beam directions.
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FIGURE 11. Axial ratio for circular polarization senses and beam steering
angles in the main beam direction (a) LHCP (b) RHCP.

Fig. 11(a) and 11(b) showcase the measured and simulated
axial ratios for LHCP and RHCP cases at beam steering
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FIGURE 12. AR as a function of polar angle ¢ at 27.5 GHz for two
polarization senses: (a) LHCP and (b) RHCP.

angles of —25° and +25°. In the LHCP scenario, the simu-
lated 3 dB axial ratio bandwidths cover 8.7% and 8.1% within
beam steering angles of —25° and +25°, respectively. The
measured 3 dB AR bandwidth in the same LHCP scenario
registers around 6.1% and 6.3%, demonstrating close agree-
ment with simulations. Conversely, the simulated 3 dB AR
bandwidths in the RHCP scenario are roughly 8.2% and 8.5%
within beam steering angles of —25° and +25°, respectively.
Correspondingly, the measured outcomes show bandwidths
of approximately 6.2% and 6.1%, centred at 27.5 GHz; fur-
thermore, Fig. 12(a) and 12(b) illuminate the 3 dB axial
ratio beamwidth for the LHCP and RHCP configurations
at beam steering angles of —25° and +25°, showcasing a
commendable convergence between measured results and
simulations at the pivotal frequency of 27.5 GHz. In the
LHCP scenario, when the main beam is directed at —25°,
the experiment yielded a measured AR beamwidth spanning
from (—26° to 14°), harmonizing closely with the simu-
lated range of (—28° to 15°). Similarly, with the main beam
steered to +25°, the measured AR beamwidth extended from
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FIGURE 13. ER of the LHCP radiation patterns with main beam directions
of (a) +25° and (b) —25°.

(—12° to 26°), aligning seamlessly with the simulated range
of (—7° to 29°). Switching to the RHCP scenario, when
the main beam is at —25°, the measured AR beamwidth
unfolded from (—26° to 15°), aligning effectively with the
simulated range of (—30° to 18°). Finally, with the main
beam pointed at +25°, the measured AR beamwidth spanned
from (—11° to 26°), in accord with the simulated range of
(—13°t027°). This alignment between experimental findings
and simulations attests to our methodology’s precision and
underscores this research’s substantive contribution.

Fig. 13 and Fig. 14 illustrate the normalized simulated
and measured radiation patterns of the Ey and Er compo-
nents at the ¢ = 0° principal plane, corresponding to LHCP
and RHCP cases achieved by the reconfigurable array with
two beam steering angles (—25° and +25°). The results
reveal a substantial alignment between experimental and
simulated data, albeit with minor discrepancies attributed to
measurement errors in the mmWave frequency range. In some
cases, Er is stronger than Er by more than 20 dB in the
main beam direction, corresponding to an LHCP sense. Con-
versely, when the Er component exceeds the strength of E,
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FIGURE 14. EL & ER of the RHCP radiation patterns with main beam
directions of (a) +25° and (b) —25°.

it signifies an RHCP. However, the difference between Ep &
ERr is reduced as the elevation angle is shifted from 425°,
which indicates the degradation of the circular polarization
level. By controlling all cases of the PIN diodes, different
main beam polarization and steering can be switched.

Fig. 15 presents the normalized radiation patterns
at 26 GHz in the antenna’s E-plane when the PIN diodes on
the loop antennas are under zero bias with close agreement
between simulated and measured results. This configura-
tion enables the radiation of LP wave at varying operating
frequencies and two distinct beam steering angles of +25°
and —25°. The proposed array has successfully achieved six
cases, incorporating reconfigurable frequency, polarization,
and beam steering functionalities. Fig. 16 illustrates the
maximum realized gains for both circular polarization and
linear polarization modes across all cases as the main beam
is steered to angles of —25° and +25°. Additionally, the
findings highlight an increase in side-lobe levels attributed
to the beam steering effect. From these results, it can be
observed that for Cases 1 to 4, which correspond to CP
radiation, the simulated realized gain is circa 10.3 dBic
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FIGURE 16. Realized gains for different polarizations and different main
beam directions of the mmWave MRAA.

at 27.5 GHz, while in Cases 5 and 6, which correspond to
LP case, the antenna exhibits a slightly lower realized gain of
approximately 9.1 dBi at 26 GHz. This agrees with the mea-
surements, which can be explained by the different loading
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FIGURE 17. Efficiency for different polarizations of the proposed
mmWave MRAA is (A) total efficiency and (b) radiation efficiency.

impedances offered to the antenna by biased diodes in cases
1-4 and unbiased diodes in cases 5-6, which could alter the
current distribution and reduce the efficiency. Significantly,
the simulated total and radiation efficiency remain consis-
tently high across various scenarios. It reaches approximately
73% and 76% for cases 1 to 4 while 64% and 67% for cases
5 to 6, aligning with the desired bandwidth, as illustrated
in Fig. 17. The lower efficiency in the LP case could be
attributed to the higher resistance offered by the unbiased PIN
diodes. This finding emphasizes the remarkable performance
of the multifunctional reconfigurable antenna within the
mmWave frequency range.

Figure 18 provides an example demonstrating the sta-
ble operation of the antenna at two distinct frequencies
26.5 GHz and 28.5 GHz. The results show good agreement
between simulation and measurement for the RHCP com-
ponent, with the main beam being steered to an angle of
approximately —25°.

V. PERFORMANCE COMPARISON
A comprehensive comparison between the performance of
the proposed antenna and existing literature is presented
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FIGURE 18. Demonstration of stable antenna operation with main beam
steering to ~—25° (RHCP) at (a) 26.5 GHz and (b) 28.5 GHz.

FIGURE 19. Measurement setup inside the anechoic chamber.

in Table 4, underscoring the uniqueness and significance of
the findings in this study. Notably, the comparison is primar-
ily drawn with antennas operating at lower frequencies, up to
11 GHz, as no array with multifunctional reconfigurability
has been reported in the literature that operates at higher
frequencies, thus highlighting the novelty of the presented
research.

Table 4 reveals that only two reported configura-
tions of MRAA offer reconfigurability across the three
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TABLE 4. Comparison of the proposed antenna performance against
reported mraa prototypes.

Freq. Antenna & BW% Gain | 1 Reconfigur
% | GHz Switching dBi % | ability of
~ Mechanism Su AR
4.1, MIMO, 3 o _ | Polarization
= | 64 112 MEMS _ Frequency
= 5.2, Slot, 4 PIN | NA | 80 | Pattern
— | 64 diodes Frequency
1.4-2.8 | PA, o NA | -0.7 42 | Frequency
2.0-2.5 | 3 Varactors 6.5 95 | Pattern
= | 1.9-2.6 3.8 65 | Polarization
2.7, PA, o NA | 7.5 94 | Frequency
5|35 6 Varactors 5 76 | Pattern
11 PA, _ NA | 8, __ | Pattern
= 10 MEMS 7.2, Polarization
- 7.4
— | 10 Pixel, 5 NA | | _ | Frequency
2 20 MEMS _ | Pattern
4.5, 81 PA, 1.5- | NA | 3. 46 | Pattern
=17 144 MEMS 4 4.7 Frequency
- Polarization
2.5 PA-Pixel, 16 NA | 6 70 | Frequency
o 12MEMS Pattern
2.7 PA-Pixel, 60 | 2.8 o 4 50 Pattern
= PIN Diodes B Frequency
- Polarization
— | 54-5.6 | 4 PAs-Pixel, | 3 1.8 | 13.5 | Pattern
E 24%* _ Polarization
0.8-3 Crossed o |03 41 | Frequency
= dipole, _ 1.7 - Polarization
— Liquid Metal 70
— | 15 Dipole, o NA | 2.1 95 | Pattern
) Liquid Metal Polarization
3-5 Monopole, 40 37. | 22 | Frequency
Liquid Metal 5 Polarization
) 48.
- 8
— | 2-7 Microstrip, 59 o 59 90 | Frequency
E Liquid Metal Polarization
— | 45 PA, Array, 22 o 75 | Pattern
Z Multi-port Polarization
13- PA, Array, 4 | 2 NA | 155 54 | Frequency
o |22 port, Digital, - Polarization
- 4 PIN diodes 59
2.5 1x4 DRs, 32 | 125 | 24 | 9 60 | Pattern
= PIN Diodes, Polarization
- Digital
» 28 1x4 Loops, 9 8 10 73 | Pattern
§ 16 PIN Frequency
@ Diodes Polarization
=)
* Hard wired, PA: Patch Antenna

key parameters—frequency, radiation pattern, and polariza-
tion [7], [9], albeit with a higher number of operating modes
compared to the current study. However, the proposed design,
employing only 16 PIN diode switches, stands out signifi-
cantly against counterparts utilizing 144 MEMS and 60 PIN
diodes in [7] and [9], respectively. This valuable reduction in
component count is complemented by superior features such
as mmWave operation, increased gain, high efficiency, and
broader bandwidths.
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Moreover, existing designs face challenges in adapting
to mmWave frequencies due to complexities arising from
excessive switch counts and/or parasitic substrates [1], [6],
[71, [9], [10], or the utilization of metal liquids [11], [12],
[13], [14], multiple ports [15], [16], and DR elements
associated with assembly and bonding complexities [17].
Additionally, CP radiation is predominantly reported in stud-
ies, often with unspecified or narrower AR bandwidths [1],
[91, [10], [11], [14] and [17]. However, wider CP bandwidths
have been noted in [13], [15], and [17], albeit with design
limitations. Furthermore, the proposed design exhibits excep-
tional gain

* Hard wired, PA: Patch Antenna
and radiation efficiency, ranking among the highest in
Table 4. It represents a pioneering effort to showcase
the potential of a multifunctional reconfigurability for
millimeter-wave frequencies, making it particularly suitable
for 5G/B5G and 6G systems. Additionally, the design offers
distinct advantages including simplicity and enhanced band-
width, gain, and efficiency performance.

VI. CONCLUSION

This study has introduced a novel MRAA design tailored for
mmWave frequency applications, with a focus on achieving
multifunctional reconfigurability and designing an efficient
biasing network for 16 PIN diodes. Notably, the imple-
mentation required only two biasing networks, a significant
reduction compared to existing literature. The fabrication
and measurement of a prototype demonstrated a close align-
ment between measured and simulated results. These findings
underscore the potential of the proposed MRAA in facilitat-
ing reconfigurability for critical antenna parameters such as
pattern, polarization, and frequency. Moreover, the incorpo-
ration of additional diodes enables the attainment of desired
main beam steering directions. Furthermore, the scalability
of the design, with the addition of more array elements or
modifying the array geometry, promises enhanced gain and
a broader scanning range, further solidifying the versatility
and efficacy of the proposed approach. These performance
improvements require the utilization of efficient optimization
algorithms in the design of a millimeter wave multifunctional
reconfigurable array.
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