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ABSTRACT This paper presents a detailed review of multifunctional pattern and polarization reconfigurable
antennas, highlighting their potential to enhance performance of the wireless communication systems.
These adaptable antennas offer versatile functionalities, eliminating the need for multiple antennas. The
review provides a comprehensive overview of various techniques used to achieve reconfiguration, including
electrical, optical, physical, and smart materials-based methods. It discusses the advantages, limitations,
and practical considerations associated with each technique. The paper also explores the applications
of reconfigurable antennas across diverse domains such as wireless LAN system, 5G communication,
cellular network, underground mining, MIMO system, electromagnetic imaging, satellite communication,
and cognitive radio. The review includes a comparative study between pattern reconfigurable antennas
and multifunctional pattern and polarization reconfigurable antennas. The multifunctional pattern and
polarization reconfigurable antennas are categorized into pattern reconfigurable antennas radiating in
different directions, beam steering antennas with linear polarization reconfiguration, beam steering
antennas with circular polarization reconfiguration, and beam steering antennas with both linear and
circular polarization reconfigurations. Finally, challenges and future research directions in the design of
multifunctional pattern and polarization reconfigurable antennas are discussed.

INDEX TERMS Reconfigurable antenna, pattern reconfigurable antenna, beamwidth reconfigurable
antenna, pattern and polarization reconfigurable antenna.

I. INTRODUCTION
Future wireless communication systems demand antennas
with multifunctional capabilities, adaptability, and flexibility.
Reconfigurable antennas offer a solution to overcome the
limitations of conventional antennas, which are typically
designed for specific applications with fixed operating
parameters [1]. Unlike conventional antennas, reconfigurable
antennas can adjust their operating parameters in real-time
based on specific requirements. This capability is highly
advantageous for next-generation wireless communication
applications. A single reconfigurable antenna can replace
multiple single-function antennas, resulting in a reduction
in overall size, cost, and complexity of a system, while
simultaneously enhancing performance [2].
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Reconfigurable antennas are classified according to the
parameter which is reconfigured such as frequency [3],
pattern [4], polarization [5], and compound [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15] reconfiguration. Fig. 1
illustrates classification of reconfigurable antennas. Com-
pound reconfigurable antennas are classified based on their
ability to simultaneously reconfigure two or more parameters
such as frequency and pattern [6], [7], [8], [9], frequency
and polarization [10], [11], pattern and polarization [12],
and frequency, pattern and polarization [13], [14], [15].
Multifunctional antennas can have capabilities of frequency
reconfiguration, polarization reconfiguration, and radiation
pattern reconfiguration in a single antenna structure. Com-
bination of a couple of these features makes these antennas
multifunctional. These antennas are capable of adapting to
various wireless communication standards and support a
wider range of applications [16].
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FIGURE 1. Classification of (a) Reconfigurable antenna and
(b) Compound reconfigurable antenna.

Frequency reconfiguration is typically achieved by chang-
ing the path of electrical currents on the antenna structure.
This causes variation in the electrical length of resonant
antennas. Frequency reconfigurable antennas possess the
capability to modify their operating band in accordance with
the availability of the spectrum and adapt to dynamic envi-
ronmental conditions [3]. Frequency reconfigurable antennas
are divided into two main categories: continuous tuning [17]
and discrete switching [18]. Continuous tunable frequency
reconfigurable antenna allows for smooth transition between
operating bands, while discrete frequency reconfigurable
antenna offers operation at specific frequency bands.

Pattern reconfigurable antennas enhance coverage by
effectively avoiding noise sources. This is achieved by
directing nulls towards interfering signals while focusing the
main beam towards the desired direction [4]. These antennas
can radiate in different directions and produces different
beam shapes. Additionally, they can achieve beam steering
and beamwidth reconfigurability within a single antenna
structure.

Polarization reconfigurable antenna helps to avoid mul-
tipath fading and double the communication capacity by
utilizing frequency reuse technology [5]. Polarization of an
antenna is classified into three categories as linear, elliptical,
and circular. Linear polarization (LP) is further classified
as linear horizontal polarization (LHP) and linear vertical
polarization (LVP). Circular polarization (CP) is divided
into two categories as right-hand CP (RHCP) and left-hand
CP (LHCP). Polarization reconfiguration can occur between
different types of LP, different types of CP, or between LP
and CP.

The design and implementation of reconfigurable antennas
come with a set of challenges. The impedance characteristics
of antennas are closely linked to their radiation charac-
teristics. The frequency reconfiguration has an impact on
radiation characteristics and radiation pattern reconfiguration
will alter the antennas frequency response [19]. The primary

objective of a reconfigurable antenna designer is to have the
capability to independently choose the operating frequency,
bandwidth, and radiation characteristics. It is challenging
to attain compound reconfigurability with simple biasing
circuit [20]. In the last decade, many pattern reconfigurable
and polarization reconfigurable antennas with exceptional
performance characteristics are presented in the literature.
However, polarization of most of the pattern reconfigurable
antennas is fixed. Similarly, most polarization reconfigurable
antennas has fixed radiation characteristics. It is observed that
very few antenna designs are capable of realizing independent
pattern and polarization reconfiguration in a single antenna
structure. Multifunctional antennas that reconfigure both
pattern and polarization hold immense potential to improve
communication system performance [21], [22], [23].

In the past some efforts have been made to review the
existing work on reconfigurable antennas [2], [24], [25],
[26], [27], [28]. The present review is focused on antenna
designs realizing independent pattern and polarization recon-
figurability. The multifunctional pattern and polarization
reconfigurable antennas are classified according to their
pattern reconfiguration capabilities such as beam direction
and beam switching or steering.

The key contribution of this article is as follows:
• The article provides a comprehensive overview of the
various techniques employed to achieve reconfiguration
in antennas. It also includes a thorough discussion of the
advantages and disadvantages of each method.

• This article explores the potential of multifunctional
antennas for next-generation wireless communication
systems, focusing on performance metrics and experi-
mental data.

• This article presents a comprehensive classification of
multifunctional pattern and polarization reconfigurable
antennas based on their radiation characteristics. It also
provides a thorough review and detailed performance
comparison of reconfigurable antenna designs that
achieve independent pattern and polarization reconfig-
uration.

• The article also presents limitations, challenges, and
future research directions for state-of-the-art multifunc-
tional pattern and polarization reconfigurable antennas.

• The review will assist the antenna designers to select the
appropriate design techniques to achieve independent
pattern and polarization reconfiguration for a specific
application.

The remaining sections of the paper are organized
as follows: Section II explores the various techniques
used to achieve reconfiguration. In Section III applica-
tions of reconfigurable antennas are discussed. Classifi-
cation of pattern reconfigurable antennas is presented in
Section IV. This also includes a comprehensive discussion
of the techniques utilized to achieve pattern reconfig-
uration in antennas. Section V discusses few reported
works on polarization reconfigurable antennas. Section VI
presents detailed performance comparison of multifunctional
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pattern and polarization reconfigurable antennas. Com-
parative analysis of the reported multifunctional pattern
and polarization reconfigurable antennas is presented in
Section VII. Section VIII presents emerging trends and
future research directions. Concluding remarks are given in
Section IX.

II. TECHNIQUES USED TO ACHIEVE RECONFIGURATION
This section presents a detailed discussion on techniques used
to achieve reconfiguration in antennas. Reconfigurable anten-
nas are implemented using six major types of reconfiguration
techniques, as shown in Fig. 2. These techniques include
electrical switches, optical switches, mechanical movement,
and smart material-based approaches. The implementation
challenges associated with the PIN diodes and varactor
diodes are also discussed in detail. Additionally, challenges
encountered in the millimeter-wave (mm-wave) frequency
ranges are also highlighted.

A. ELECTRICAL RECONFIGURATION
In electrically reconfigurable antennas, different RF switches
such as PIN diode, varactor diode, field effect transistor
(FET), and micro-electro-mechanical systems (MEMS) are
employed to redirect surface current on the antenna structure.
Fig. 3 shows equivalent circuit representation for the PIN
diode in on and off state. The on state of the PIN diode is
equivalently represented by considering a series combination
of resistor Rf and inductor Lf . Off state of the PIN diode
is modeled by a parallel combination of resistor Rp and
capacitor Cp in series with inductor Lf . When the PIN diode
is in on state, it offers low impedance, enabling the RF
signal to pass through. Conversely, when it is in the off
state, it presents high impedance, effectively blocking the RF
signal. By varying the bias voltage applied to a PIN diode, its
intrinsic resistance can be controlled, allowing for variable
RF attenuation. This property is essential in applications
where precise control over signal levels is necessary. PIN
diodes are commonly employed in phase shifters, where
the phase of an RF signal can be controlled by varying
bias voltage of the PIN diode. This capability is particularly
useful in phased array antennas and other beamforming
systems.Moreover, in some cases, PIN diodes can be used for
frequency tuning by changing the capacitance of a resonant
circuit. The utilization of PIN diodes presents various
benefits, including a high power handling capacity, minimal
insertion loss while in the deactivated state. Nevertheless,
they do come with a set of challenges, such as relatively slow
switching speeds, complex control circuitry demands, and
limitations in adapting to a wide range of frequencies.

Varactor diodes are commonly utilized in RF and
microwave systems for reconfiguration, enabling frequency
tuning in oscillators, filters, and resonant circuits by varying
their capacitance with applied reverse voltage. Fig. 4 presents
equivalent circuit representation for the varactor diode
consisting of series combination of resistor Rs, inductor
Lp, and variable capacitor Cj. Varactor diodes offer several

FIGURE 2. Various techniques adopted to achieve reconfiguration in
antennas [43].

FIGURE 3. Equivalent circuit representation for the PIN diode in (a) On
state and (b) Off state.

FIGURE 4. Equivalent circuit model representation of the varactor diode.

advantages over PIN diodes, notably a larger tuning range,
lower control voltage requirements, and increased switching
speeds. Nevertheless, they also exhibit certain limitations,
including high insertion loss that can influence efficiency
of antenna radiation, non-linear behavior, and constraints on
their power handling capacity. On the other hand, MEMS
switches boast numerous advantages when compared to PIN
diodes and varactor diodes, encompassing rapid switching
speeds, minimal insertion loss, and high linearity. However,
MEMS switches are accompanied by numerous fabrication
challenges and complex control circuits [29]. Table 1
summarizes the PIN diodes and varactor diodes employed
in the design of multifunctional pattern and polarization
reconfigurable antennas [13], [14], [20], [30], [31], [32],
[33], [34], [35], [36], [37], [38], [39], [40], [41], [42]. The
table provides details including model, manufacturer, and key
electrical parameters of these diodes.

1) IMPLEMENTATION CHALLENGES
The implementation of PIN diodes and varactor diodes
presents notable challenges that impact performance of
the reconfigurable antennas. In simulations, diodes are
typically represented using an equivalent lumped circuit
model. However, these values are specific to a single
operating frequency and may not remain consistent at other
frequencies, causing discrepancies between simulated and
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TABLE 1. Details of PIN diodes and varactor diodes used in the design of multifunctional pattern and polarization reconfigurable antennas.

measured results [44]. To address this issue, researchers
often extract the scattering parameters of PIN diodes
from their datasheet and incorporate them into simulation

environments to enhance performance accuracy [45]. An in-
depth analysis conducted in [46] examines the impact of
electronic switching components on antenna performance.
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Two different electronic implementations are evaluated,
and their performance is compared to an ideal scenario
where switch states are modeled as perfect open and short
circuits. Under forward biased conditions, series resistance
is considered to address the insertion loss of the PIN
diode. Conversely, under reverse bias conditions, the diode
is modeled considering capacitance, which accounts for the
parasitic coupling between the diode terminals. In the first
configuration, a single PIN diode is utilized, while in the
second configuration, two diodes are linked with the anode
serving as the shared terminal. Each configuration employs
two distinct diodes: Skyworks SMP1345 and SMP1322. The
study concludes that the choice of equivalent capacitance
(CT ) during reverse biased configuration notably impacts the
antennas front-to-back ratio. Furthermore, it is observed that
opting for higher CT values leads to significantly poorer per-
formance. Low capacitance diodes can be employed, but they
come with higher series resistance values when in forward
biasedmode, which impacts the antennas radiation efficiency.
Increased series resistance values lead to greater losses,
consequently lowering the antennas radiation efficiency.

In [47], a 1-bit reconfigurable reflectarray is equipped
with Skyworks SMP1340 PIN diodes to achieve ±60◦

monopulse beam steering. Reflective phase shift measure-
ment is employed to obtain an accurate and precise model
of the PIN diodes through two iterative design loops. The
component values obtained from the datasheet are inaccurate,
resulting in frequency shift and phase error. The parameters
obtained from the datasheet are as follows: LON = 600 pH,
RON = 1 �, COFF = 180 fF, LOFF = 600 pH, and ROFF =

10 �. The parameters extracted after the two iterative design
loops are as follows: LON = 450 pH, RON = 1 �, COFF =

100 fF, LOFF = 450 pH, and ROFF = 10 �. Similarly,
in [48], the S-parameters of SMV2020 varactor diodes are
measured to determine actual values of series resistance (Rs),
parasitic inductance (Lp), and junction capacitance (Cj). This
step is crucial as datasheet typically provide average values at
specific frequencies, which may not accurately represent the
diodes behavior across different frequencies. Subsequently,
the antenna is simulated using these measured parameter
values to ensure better agreement between simulated and
measured results. Moreover, in [49], a microstrip through-
reflect-line calibration setup is employed to accurately
characterize the MACOM PIN diode MADP-000907-14020.
This involves mounting the diode inside a 0.2 mm gap of
a microstrip line with a width of 0.3 mm. Such detailed
characterization processes are essential for improving the
reliability of parameter values, thereby enhancing simulation
accuracy and overall antenna performance.

An alternative method for modeling reactive elements
using simulation program with integrated circuit emphasis
(SPICE) in circuit co-simulations is presented in [50]. This
modeling technique is explored through the development of
a varactor-loaded active frequency selective surface (FSS)-
based tunable absorber. The modeling process involves

conducting numerical simulations of the unit cell using Ansys
HFSS, coupled with a co-simulation that incorporates the
SPICE model of the varactor diode through Ansys Circuit
Design. Subsequently, the S-parameter data of the unit cell
model is extracted from the full-wave EM simulator HFSS
and then imported into the circuit simulations. Here, the
SPICE model of the varactor diode is seamlessly integrated
with the extracted S-parameter data. This method diverges
from the conventional practice of using equivalent lumped
circuits, as it enables the direct integration of SPICE
model parameters of a reactive component into full-wave
EM solvers, thereby accurately replicating its device
characteristics.

2) CHALLENGES AT MILLIMETER-WAVE (MM-WAVE)
FREQUENCIES
The frequency bands around 28 GHz, 38 GHz, 60 GHz,
and 73 GHz are considered for indoor and outdoor com-
munication at mm-wave frequency range [51]. However,
while reconfigurable antennas are common at microwave fre-
quencies, achieving reconfiguration at mm-wave frequencies
presents challenges. This is largely due to the suboptimal
performance of electrical switching elements at these higher
frequencies. Using electrical switching elements like PIN
diodes and varactor diodes in the mm-wave frequency
range presents several difficulties. These include increased
losses and a significant packaging volume relative to the
wavelength. Additionally, the active components require a
specialized biasing circuit design, which increases antennas
overall size [52]. It is noted that at mm-wave frequencies,
a more accurate model of the switching elements must
consider the parasitic effects of the switching elements.
In [53], detailed comparison of electrical switching elements
such as PIN diode, RF MEMS, and FET operating at
mm-wave frequencies is presented. It is worth mentioning
that only a limited number of PIN diodes function effectively
in this frequency range, often resulting in higher losses [54],
[55]. To address the challenges of electrical switching
components at mm-wave frequencies, one can utilize smart
materials like liquid crystals, graphene, and phase change
materials [52], [56].

Based on the detailed analysis of electrical reconfiguration
techniques, this section summarizes that,

• One advantage of the electrical switching technique
is the ease of integrating the active elements directly
into the antenna structure. However, separate biasing
circuit needs to be designed for activation of switching
elements and isolation of RF and DC signals. To ensure
low power consumption and minimal impact on the
radiation characteristics of antennas, it is important to
design the biasing circuit with a few bypass capacitors
and choke inductors [57].

• The use of electrical switching elements, such as
PIN diodes and varactor diodes, significantly affects
the antennas gain and radiation efficiency. The gain
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and radiation efficiency of the antenna can experience
degradation, primarily due to increased I2R losses
stemming from the generation of high currents within
the antenna elements [58]. To significantly enhance the
radiation efficiency of reconfigurable antennas, it is
essential to employ low loss microwave substrates and
high quality diodes with minimum ohmic losses [59].

• It is an ideal approach to design reconfigurable antennas
with a minimum number of active components. This
approach promotes the creation of simple control circuit
designs, reduced power consumption, and improved
overall radiation efficiency. In general, reconfigurable
antenna designs characterized by straightforward bias-
ing and control circuits can be seamlessly integrated
with other communication devices and subsystems.
In contrast, designs incorporating numerous active
components and intricate biasing circuits can encounter
issues during the testing and validation phase.

• The selection of electrical switches for reconfigurable
antennas should be tailored to the specific demands of
the application, operational frequency, and switching
speed requirements. It is necessary to select proper
reconfiguration technique as per the constraints imposed
by the application for which the antenna is designed.

B. OPTICAL RECONFIGURATION
The optically controlled reconfigurable antenna utilizes pho-
toconductive switching elements activated by laser light [60],
[61], [62], [63]. The first optically reconfigurable antenna
operating in the mm-wave frequency band is presented
in [60]. This antenna incorporates a slotted-waveguide
antenna array and two photoconductive switches to regu-
late the electrical length of the slots. By utilizing these
switches, the antenna achieves minimal insertion loss,
as the photoconductive elements are strategically placed to
adjust the slot length without directly interfering with the
antennas switching path. In [61], a frequency reconfigurable
antenna design employs photoconductive switches, providing
excellent isolation between optical and microwave signals
and enabling high speed switching. The research also
addresses optimizing the frequency switching ratio while
considering finite photoconductance, revealing a trade-off
between switching ratio and minimum photoconductance.
Additionally, [62] introduces a frequency reconfigurable
antenna utilizing an organic semiconductor polymer P3HT
as the radiating patch. Frequency reconfiguration is achieved
by varying the intensity of optical illumination aimed at
the P3HT from a white light source. Comparatively, the
P3HT-based antenna exhibits moderate radiation efficiency
and lower gain when compared to a traditional copper
microstrip antenna. The optical reconfiguration technique
offers several benefits such as low loss, reduced interference
from biasing lines, low power consumption, and avoidance
of radiation pattern distortion, as it eliminates the need for
complicated biasing circuits. Nevertheless, they have certain
limitations compared to electrical reconfiguration, including

complex implementation, high cost, integration issues, and
increased system size. Precise control over laser activation
is crucial in this technique, requiring regular calibration for
optimal performance, and consideration of overall power
requirements, including those for the laser source.

C. PHYSICAL RECONFIGURATION
The physical reconfiguration technique involves structural
alteration of the antenna radiating parts [64], [65], [66],
[67], [68]. A polarization reconfigurable antenna is described
in [66], consisting of an L-probe feed on the bottom substrate
and a truncated corner patch on the upper substrate. The
polarization states are controlled by rotating the patch relative
to the capacitively coupled feed. The study concludes that
employing physical rotation in reconfigurable antennas is
suitable when cost effectiveness and quick fabrication are
prioritized over switching speed. A pattern reconfigurable
antenna based on metasurface presented in [67] utilizes
mechanical rotation. The antenna consists of a circular patch
on a lower substrate and a semi-circular metasurface on the
top substrate. The metasurface is rotated relative to the source
antenna to achieve beam steering. The mechanically pattern
reconfigurable antenna presented in [68] achieves beamwidth
reconfigurability suitable for high power applications. This
antenna features an H-sectoral horn antenna with two
movable metallic flaps. The study concludes that employing
the electrical switching technique for pattern reconfiguration
is a viable solution. However, it is noted that the use of
electrical switching components imposes limitations on the
antennas power handling capacity. Consequently, the results
suggest that employing mechanical pattern reconfigurability
is the optimal solution for high power applications. The
physical reconfiguration method does not depend on any
switching mechanism and laser diode integration. While this
method offers excellent control capabilities, its application is
limited to scenarios where reconfiguration speed is low. It is
noted that structural modification of antenna parts increases
size, cost, complexity, and power source requirements of
the overall system. Implementing a dependable and accurate
control system is vital for achieving the desired reconfigu-
ration outcomes. Additionally, environmental factors such as
temperature, humidity, and mechanical vibrations can impact
performance of the physically reconfigurable antennas.

D. SMART MATERIALS BASED RECONFIGURATION
Smart materials such as liquid crystals [69] and ferrite [70]
can be employed to make antennas reconfigurable, enabling
them to adapt and change their properties as needed. The
characteristics of liquid crystal and ferrite can be changed
by applying an external voltage and static electrical field.
Liquid crystals can be used at optical as well as microwave
frequencies. Their power consumption is relatively low,
however, they have to be kept at the temperature range
between 20◦C to 35◦C in order to stay in the liquid crystal
state. The ferrite based reconfigurable antennas has the
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advantage of antenna miniaturization and wide tuning range.
However, they are associated with complex biasing network
and high DC power consumption. The main disadvantage
associated with this technique is the low efficiency of these
materials at microwave frequencies.

Liquid metal-based antennas have emerged as a promis-
ing solution for achieving reconfiguration, overcoming the
limitations of electrically switching active devices such as
complex control circuits and increased ohmic losses [71],
[72], [73], [74], [75], [76], [77], [78], [79]. The liquid metal
has the advantages of low insertion loss, linear behavior,
high power handling capacity, low harmonic distortion,
large tuning ranges, and can be mechanically or chemically
translated, stretched, and relaxed to obtain more operating
configurations. In [74], a pattern reconfigurable antenna
design is proposed, employing a polymethyl methacrylate
substrate with nested microfluidic channels. Liquid metal
injected into specific zones within the substrate enables
pattern reconfiguration. To enhance elasticity and toughness,
liquidmetal antennas utilize eutectic gallium-indium (EGaIn)
alloy, which remains liquid at room temperature to achieve
pattern reconfiguration [75]. The antenna design presented
in [76] utilizes parasitic elements and a switchable ground
plane to achieve pattern reconfiguration. Control over the
parasitic elements is attained by filling or emptying drill
holes with liquid metal. Moreover, liquid metal is also
employed to achieve compound reconfiguration. A frequency
and polarization reconfigurable antenna presented in [77],
utilizes eutectic gallium-indium (EGaIn, 75% gallium, 25%
indium, conductivity of 3.4×106 S/m).

Liquid metal-based antennas offer several advantages over
conventional mechanical switch control methods, includ-
ing good fluidity, flexible controllability, elimination of
complex biasing circuits, and the possibility of continuous
tuning. The flow of liquid within the fluidic channel
is regulated through various methods such as air pump,
syringe injection, and electrochemical processes. However,
discrepancies between simulated and measured results in
liquid metal-based antennas have been observed. Factors
contributing to these variations include unbalanced distri-
bution of channel material, reduction in conductive effect,
and the impact of NaOH solution on overall radiation
efficiency. The frequency and polarization reconfigurable
antenna design presented in [78] utilizes gravity to control
self-circulation of liquid metal. A polydimethylsiloxane
(PDMS) structure with a square ring channel is integrated
onto the microstrip antenna. Gravity regulates the contact
position between the liquid metal and the patch facilitating
conditions for reconfiguration. The non-linear characteristics
of semiconductor devices employed for reconfiguration
lead to the generation of intermodulation distortion (IMD),
which is undesirable for many practical applications [79].
Liquid metal-based devices, in contrast, demonstrate superior
handling of higher power and exhibit a better response when
compared to semiconductor-based active devices. To assess

FIGURE 5. Applications of reconfigurable antennas [16], [19].

the distortion generated, an experimental investigation is
conducted comparing varactor-tuned monopoles with liquid
metal monopoles. The results indicate that electrochemi-
cally controlled capillary-based reconfigurable liquid metal
monopoles exhibit superior linearity in comparison to
varactor-tuned monopoles.

III. APPLICATIONS OF RECONFIGURABLE ANTENNAS
The utilization of reconfigurable antennas holds the potential
to enhance the performance of wireless communication
applications. In this section, we delve into a detailed analysis
of the advantages provided by reconfigurable antennas across
diverse applications, examining performance indicators
and experimental outcomes. Applications of reconfigurable
antennas are illustrated in Fig. 5.

A. WIRELESS LOCAL AREA NETWORK (WLAN) SYSTEM
The pattern reconfigurable antenna proposed in [80] aims to
function within the frequency range of IEEE 802.11 b/g. The
primary beam of this antenna with pattern reconfigurability
can be switched discretely to a 30◦ angle in the vertical
plane for each azimuthal direction, with a switching interval
of 45◦. A system-level experimental analysis is conducted
on a wireless local area network (WLAN) system operating
at a carrier frequency of 2.5 GHz, utilizing a 10 MHz
signal bandwidth. The experimental setup comprises of a
WLAN system with two nodes: node A equipped with an
omnidirectional antenna and node B utilizing multifunctional
reconfigurable antenna.

Performance of the multifunctional reconfigurable antenna
is tested in a typical indoor environment and is compared with
an omnidirectional antenna, with key performance metrics
of effective signal-to-noise ratio (SNR), achievable data rate,
and bit error rate (BER). Initially, a SNR gain is attained
through the utilization of both the multifunctional reconfig-
urable antenna and an omnidirectional antenna, considering
various orientations including opposite orientation, side-to-
side orientation, and face-to-face orientation. Notably, the
face-to-face orientation of the multifunctional reconfigurable
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antenna demonstrates an approximate 10 dB performance
improvement compared to the omnidirectional antenna.
Moreover, the effective SNR is computed across different
transmit power levels, revealing that the multifunctional
reconfigurable antenna consistently achieves an average SNR
gain of 5 to 6 dB in comparison to omnidirectional antenna
systems. The attainable data rate is assessed under varying
transmit power levels, and the results indicate that the mul-
tifunctional reconfigurable antenna based system achieves
an additional data rate of approximately ∼ 2 bits/sec/Hz
compared to omnidirectional antenna systems.

B. FIFTH GENERATION (5G) COMMUNICATION
The 5G wireless communication network promises to deliver
a higher data rate, more reliable service, and improved cov-
erage. A pattern reconfigurable antenna has been designed to
meet the specific needs of 5G technologies [81]. It possesses
the capability to perform joint beam steering and adjust
the beamwidth as required. The proposed reconfigurable
antenna generates nine modes for beam steering and three
modes for beamwidth reconfigurability. A control algorithm
is also proposed to select the optimal operating mode of
operation concerning dynamic variations in the wireless
communication channel.

Performance of the reconfigurable antenna is experi-
mentally verified within a 5G cellular system employing
orthogonal frequency division multiplexing (OFDM) for
its transmission. Two distinct spatial user deployment
scenarios are considered a) In the uniform user density
scenario, users are uniformly distributed across the coverage
area and b) In the hotspot deployment scenario, users
are situated within a radius of 20 meters from cluster
centers, which themselves are randomly distributed in space.
Performance of the proposed antenna is compared with
systems utilizing conventional patch antennas. It is concluded
that reconfigurable antenna with pattern and beamwidth
reconfiguration provides 29% coverage and 16% capacity
gain improvement as compared to the conventional patch
antennas.

C. CELLULAR NETWORK
Performance of the pattern reconfigurable antenna is ana-
lyzed in a hexagonal homogeneous cellular network to
improve cell edge performance [82]. The complete antenna
assembly consisting of dipole as a radiating element and
metallic reflectors is placed around the base station in three
sector configuration. The analysis is carried out to find
the trade-offs associated with antenna beamwidth variations
within a uniform cellular deployment. Objectives for the
analysis is to enhance available capacity for users at the cell
periphery and optimizing the average user capacity. Factors
such as mechanical tilt, inter-site distance, path loss models,
and proximity to cell edges exert their influence on these
considerations. A reconfigurable antenna is simulated and
evaluated at a 1.9 GHz frequency, which corresponds to

the usual frequencies used in cellular networks. The system
analysis is performed using the azimuth beam switching
method by varying beamwidth of the antenna between 50◦

to 180◦. The numerical analysis results demonstrates that by
adjusting the beamwidth of pattern reconfigurable antenna
from 60◦ to 110◦, the antenna configuration can achieve a
20% improvement in the typical cell edge capacity.

D. UNDERGROUND MINING
Performance of the pattern reconfigurable antenna is investi-
gated in undergroundmining for both line-of-sight (LOS) and
non-line-of-sight (NLOS) propagation scenarios to improve
wireless communication link [83]. The fixed performing
antennas are unable to tackle the difficulties of dynamic
variation in channel conditions. Experimental evaluations are
conducted to capture the complex channel impulses when
using both a conventional antenna and a reconfigurable
antenna. The findings indicate that, in environments with
significant multipath interference, the reconfigurable antenna
ensures a more reliable connection. For the LOS setup,
the influence of both distance and tunnel design on the
reconfigurable antenna is analyzed. In contrast, in the NLOS
context, the reconfigurable antennas effectiveness is analyzed
with varying tunnel sizes. A comparative analysis between
the reconfigurable antenna and the dipole is undertaken
for both LOS and NLOS scenarios, focusing on path loss
and delay spread. The experimental results demonstrate
that as compared to fixed performing antenna, the pattern
reconfigurable antenna attains 20% and 34% improvement in
path loss and delay spread, respectively.

E. MULTIPLE INPUT MULTIPLE OUTPUT (MIMO) SYSTEM
The increasing demand for wireless data has prompted the
development of new technological solutions to meet the
high performance requirements. In particular, multiple input
multiple output (MIMO) antenna systems have become an
essential component of modern wireless devices, playing a
crucial role in improving data throughput and ensuring a high
quality of service. The utilization of reconfigurable antennas
in MIMO systems offers the potential for increased capacity,
thereby enhancing the overall reliability and robustness of
wireless links.

In [21], performance of pattern and polarization reconfig-
urable antenna is investigated for narrowband and broadband
MIMO systems. The advantages provided by reconfigurable
antennas are examined in both LOS and NLOS scenarios.
The pattern reconfiguration is achieved by stimulating higher
order modes within a two port circular patch antenna.
On the other hand, polarization reconfiguration is attained
by adjusting the phase shift between two orthogonal modes
generated on the same circular patch. The experimental
analysis is carried out in an indoor environment consist-
ing of reconfigurable antennas at one or both ends of
the communication link. The experimental analysis shows
that the pattern and polarization reconfiguration improves
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diversity level of the MIMO system. As a result, a capacity
improvement of 17.5% is achieved in a narrowband channel.
The reconfigurable antennas shows significant improvement
in the channel capacity as compared with the conventional
circular patch antenna elements.

F. WIRELESS SENSOR NETWORK (WSN)
Conventionally, monopole and dipole antennas with an
omnidirectional radiation pattern are used in wireless sensor
network (WSN) nodes. However, pattern reconfigurable
antennas offer significant performance enhancements over
omnidirectional antennas in terms of energy consumption,
communication range, and signal sensitivity. Furthermore,
the ability of pattern reconfigurable antennas to adapt to the
surrounding radio environment enables them to optimize their
receiving characteristics for improved performance. In [84],
a parasitic slot antenna array is introduced and its perfor-
mance is evaluated through experimentation on a sensor
network system. To explore the effects of the electronically
adjustable antenna integrated into the manhole cover within
the operational sensor system, it is assessed in situations
where communication is previously compromised at two
specific nodes. The measurements indicate that the pattern
reconfigurable antenna enhances the packet reception rate
by 64% and increases the received signal strength by
10 dB in comparison to the uniformly radiating dipole
antenna.

G. ELECTROMAGNETIC IMAGING (EMI)
Reconfigurable antennas are crucial in electromagnetic
imaging (EMI) systems for detecting fluid presence in the
torso [85]. In this study, a metasurface antenna capable
of pattern reconfiguration is proposed to construct an EMI
system. Operating within the 0.8 to 1.05 GHz frequency
range, this antenna allows for steering the main beam
from −30◦ to 30◦, enabling scanning of the human chest
with controllable unidirectional radiation patterns. To verify
the antennas practicality, it is employed within a realistic
electromagnetic imaging setup. The antenna is positioned in
front of an artificial torso model with a chest circumference
of 94 cm, containing major cardiovascular organs like the
heart, lungs, ribs, and adipose tissue. To simulate fluid
accumulation in the torso, 20 ml of water is introduced into
the phantom’s lungs. In order to capture information from all
perspectives around the torso, the torso model is rotated in
steps of 22.5◦, while the antenna remains stationary to gather
data from 16 different positions. For each angle of rotation,
the antenna scans chest area by altering its radiation pattern
in three distinct directions, designated as mode 1, mode 2,
and mode 3. The scattering parameters corresponding to
these modes, obtained from various sections of the torso,
are collected using a vector network analyzer (VNA). The
system is able to identify the presence of 20 ml of fluid within
the torso, thus enabling differentiation between healthy and
unhealthy cases.

H. UNMANNED AERIAL VEHICLE (UAV)
A test environment is presented for assessing the effective-
ness of unmanned aerial vehicle (UAV) in aerial to ground
communication links [86]. The testbed comprises a software
defined radio (SDR) and a pattern reconfigurable antenna.
The reconfigurable antenna is composed of four dipole
elements arranged in a square shape with a microstrip line-
feed. The UAV platform weighs 2.2 Kg and can sustain
flight for 15 minutes. SNR measurements are conducted
in various indoor and outdoor flight scenarios. Based on
the experimental outcomes, it is determined that the system
incorporating pattern reconfigurable antenna outperforms
omnidirectional antennas in terms of achieving higher SNR
in both LOS and NLOS scenarios.

I. DIRECTION OF ARRIVAL (DOA)
A compact electronically steerable parasitic array radiator
(ESPAR) is designed to determine the direction of arrival
(DoA) of incoming signals in WSN applications [87].
ESPAR antennas can be seamlessly incorporated into WSN
nodes and gateways, addressing connectivity issues in
internet of things (IoT) based systems. It is observed that
existing low profile ESPAR antennas are designed for DOA
estimation using the MUSIC algorithm. However, to enable
received signal strength (RSS)-based DOA estimation, the
ESPAR antennas must have a minimum of six distinct
main beam directions. This antenna offers eight distinct
main beam directions, making it suitable for cost-effective
and straightforward implementation in IoT sensor nodes.
Results from measurements involving power pattern cross-
correlation (PPCC)-based DOA estimation suggest that the
proposed design delivers overall accuracy comparable to
that of a high profile ESPAR antenna with simplified beam
steering and twelve distinct main beam directions. The
findings demonstrate that the suggested method achieves
improved accuracy in DOA estimation while reducing the
overall estimation time by 33%.

J. SATELLITE AND SPACE
For low orbit vehicular satellites and aircrafts communica-
tion systems CP beam steering antennas are needed [88].
Reconfigurable antennas with multifunctional capabilities
have garnered a lot of attention from the research community
in the field of CubeSats. The reconfigurable antennas will
be able to provide adaptability and flexibility in the compact
satellite platforms [89]. A reconfigurable antenna has been
developed to accommodate two distinct applications operat-
ing in different frequency bands, each with unique radiation
patterns [90]. At the higher operating frequency, the antenna
generates a highly directional beam with RHCP, making
it suitable for vehicular satellite terminal antennas used in
low-earth-orbit or medium-earth-orbit systems. On the other
hand, the antenna can also support a terrestrial land mobile
radio application operating at lower frequencies, providing
coverage for terrestrial communication needs.
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IV. PATTERN RECONFIGURABLE ANTENNAS
The pattern reconfigurable antenna designs can be classified
into four categories: 1-D beam steering, 2-D beam steering,
beamwidth reconfigurable antennas, and combined beam
steering and beamwidth reconfigurable antennas [91]. The
1-D beam steering antennas achieves the pattern reconfigu-
ration either in elevation or azimuth plane. Several antenna
designs are reported to achieve pattern reconfiguration in a
single plane based on metamaterial [92], leaky wave antenna
(LWA) [93], ferrite loaded patch [94], partially reflective
surface (PRS) [95], and tunable parasitic elements [4], [59],
[88], [96], [97].

To enhance the radiation competence and improve the
coverage, pattern reconfigurable antennas with 2-D (azimuth
and elevation) beam steering capabilities are proposed in
the literature. A 2-D beam steering is achieved by various
techniques such as patch-slot-ring structure [98], LWA
array [99], electrically tunable impedance surface [100],
FSS [101], parasitic antenna design [80], [102], [103], [104],
[105], [106], [107], [108], [109], [110], [111], [112], [113],
[114], [115], [116], Fabry-Perot antenna [117], antenna with
metamaterial slab [118], Substrate Integrated Waveguide
(SIW) [119], and Complementary Split Ring Resonator
(CSRR) [120]. A comprehensive performance comparison
of 2-D beam steering pattern reconfigurable antennas is
provided in Table 2, highlighting various aspects of their
performance. It is noted that the designs reported in [98],
[102], [103], [104], [108], [111], and [113] are unable
to cover the complete horizontal plane. Antenna designs
presented in [106] and [107] has the advantage of achieving
complete azimuthal beam scanning. However, in [106],
priority is given to SNR rather than to maintaining low return
loss. It would be challenging to integrate this antenna into
a larger array considering poor impedance matching. Also,
in [107] complex biasing circuit is required to achieve desired
reactance values.

The ability of wireless networks to cover more ground
and handle more data can be improved by the use of
beamwidth reconfigurable antennas [121]. The reported
beamwidth reconfigurable antennas are based on magne-
toelectric dipole [121], [122], [123], [124], [125], [126],
PRS [127], [128], [129], parasitic elements [130], [131],
[132], array [133], [134], [135], slotted patch [136],
FSS [137], dipole [138], and switch loaded octagonal
parasitic ring [139]. Table 3 provides a comprehensive com-
parison of beamwidth reconfigurable antennas. It is observed
that the reported beamwidth reconfigurable antennas exhibit
outstanding performance in terms of operating bandwidth
and variability in beamwidth. It is challenging to design
a beamwidth reconfigurable antenna with wide operating
bandwidth, wide tunable beamwidth, and beamwidth recon-
figuration in both the principal planes. Achieving beamwidth
reconfigurability while incorporating polarization diversity is
also a challenging task.

Themajority of beamwidth reconfigurable antenna designs
exhibit unidirectional radiation characteristics. There are few

antenna designs that have been reported in the literature
capable of attaining beam steering and beamwidth reconfig-
urability in a single antenna structure [81], [91], [140], [141],
[142], [143], [144], [145], [146], [147]. Recently, artificially
constructed metamaterial have generated a lot of interest
because of their potential uses across a wide frequency
band from radio waves to visible light [148], [149], [150],
[151], [152]. Compared to conventional 3-D metamaterial,
metasurface is a standard 2-D ultrathin planar structure
consisting of sub wavelength unit structures arranged in
a quasi-periodic pattern. An active integrated metasurface
antenna is proposed in [145] to realize the beam steering
and beamwidth reconfiguration in the operating range from
2.2 GHz to 2.7 GHz. This antenna realizes beamwidth
tuning from 111◦ to 32◦ and the main beam of the antenna
is steered from −39◦ to 36◦ in the E-plane. Beamwidth
reconfigurability is obtained by controlling the switching
conditions of the two low noise amplifiers. Switchable phase
shifters cascaded with the amplifiers are used to realize beam
steering.

The concept of digital coding metamaterials or pro-
grammable metamaterials is proposed in [153]. A 7 ×

7 transmissive coding metasurface is used in [146] to achieve
improved beam steering and beamwidth reconfigurability.
The source antenna consists of an one driven element and
two parasitic elements to obtain the wide beamwidth in the
H-plane. By controlling the switching conditions of the PIN
diodes used in the unit cell, transmission properties can
be controlled. The antenna realizes discrete beam steering
from −85◦ to 85◦. The overall half-power beamwidth of the
antenna can be controlled in wide and narrow beam modes.
The half-power beamwidth of antenna can be discretely
switched from 130◦ to 53◦. The antenna has advantage
of realizing wide beam steering along with beamwidth
reconfiguration, lower side lobe level, and less gain variation.
However, the antenna achieves narrow bandwidth for all the
operating modes. A circular patch antenna with a vertical
slot is proposed in [147] to realize reconfigurable patterns
in the azimuth plane. The 3-dB beamwidth in the elevation
(azimuth) plane is switchable from 82◦ (181◦) to 190◦ (91◦).
A comprehensive analysis of beam steering and beamwidth
reconfigurable antenna systems is presented in Table 4. It can
be noted that designing a wideband reconfigurable antenna
that can achieve beam steering and beamwidth variability
within a single antenna structure is a challenging task. The
wideband slot antennas can be integrated with the artificial
magnetic conductors (AMCs) and coding metasurfaces to
design wideband pattern reconfigurable antennas [154].

V. POLARIZATION RECONFIGURABLE ANTENNAS
In recent years, advancements in wireless communication has
driven the development of polarization reconfigurable anten-
nas that are low profile, cost-effective, and easily integrable.
These antennas play a crucial role in various applications,
including WLAN, read/write microwave tagging systems,
satellite communication systems, etc. [19]. This section
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TABLE 2. Performance evaluation of 2-D beam steering pattern reconfigurable antenna designs.

provides an overview of polarization reconfigurable antennas
that can provide multiple LPs [155], [156], [157], [158],
[159], multiple CPs [160], [161], [162], [163], [164], [165],
[166], and combinations of both [167], [168], [169], [170],
[171], [172], [173], [174], [175], [176].

A. LINEARLY POLARIZED RECONFIGURABLE ANTENNAS
Linearly polarized antennas offer advantages such as
cost-effectiveness and improved cross-polarization isolation.
However, it is crucial to tailor polarization to the specific

longitude and latitude of the deployment location. This
section explores research papers that concentrate on recon-
figurable antennas capable of achieving multiple LPs within
a single antenna structure. The reported antenna designs
are based on a dipole antenna [155], liquid metal [156],
switchable feed network [157], dipole with trapezoidal-
shaped arms [158], and cylindrical DRA [159].

In [155], a multi-polarization reconfigurable antenna
comprising four dipoles is introduced for biomedical appli-
cations. This dipole antenna is designed to offer LPs at
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TABLE 3. Performance comparison of beamwidth reconfigurable antenna designs.

0◦, +45◦, 90◦, and −45◦, addressing challenges related to
polarization mismatch and mitigating multipath distortion
in complex wireless communication systems. A polarization
reconfigurable glass DRA using liquid metal is presented
in [156]. The liquid metal-based reconfigurable DRA holds
potential applications in wireless detection systems, where
diverse types of information can be transmitted on separate
channels with varying polarizations. This antenna is capable
of achieving three distinct polarizations: −45◦, +45◦, and
y-axis polarization. An orbital angular momentum (OAM)
antenna with mode reconfigurability and polarization agility
is proposed in [157]. The antenna design employs a four
element uniform circular array coupled with a phase-shifting
reconfigurable feed network. By controlling operating states
of the PIN diodes, polarization of the resultant array can be
switched between LHP or LVP. In [158], a novel wideband
low-profile antenna with switchable LPs is presented. The
antenna design incorporates an odd number of dipoles with
trapezoidal-shaped arms printed on both sides of the sub-
strate. These trapezoidal-shaped arms serve as reconfigurable
radiators, resulting in a significantly reduced polarization

interval compared to using an adjacent even number of
dipoles. To achieve polarization reconfiguration PIN diodes
with simple dc biasing lines are integrated. Remarkably, this
antenna attains switchable seven LPs with a polarization
interval of only 25.70◦ while maintaining an overlapped
bandwidth of 17.6%. In [159], TE011+δ mode is used to excite
a compact horizontally polarized omnidirectional cylindrical
DRA. It uses a planar feed consisting of a cross-shaped
feed line, four coupled strips, and four curved arms with
end-shorted stubs. The LHP and LVP can be achieved by
switching between the TE011+δ and TM01δ modes.

B. CIRCULARLY POLARIZED RECONFIGURABLE
ANTENNAS
A CP wave is characterized by the electric field vector at
a given point in space tracing a circular pattern over time.
The advantage of CP antennas lies in their ability to maintain
effective communication even when the transmitting and
receiving antennas are not perfectly aligned. This quality
makes CP antennas highly practical and widely utilized
in global navigation satellite systems (GNSS), including
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TABLE 4. Performance comparison of reconfigurable antenna designs capable of providing beam steering and beamwidth reconfigurability.

GPS, BeiDou system (BDS), Galileo system, and GLONASS
system [16]. In this section, reconfigurable antenna designs
achieving CP reconfigurability are discussed. The reported
antenna designs employ various techniques, including the
utilization of an E-shaped patch [160], L-shaped feeding
probes [161], a combination of dipole and loop radiator [162],
a switchable feed network [163], a switchable polarizer [164],
liquid dielectric [165], and metasurface [166].

A polarization reconfigurable antenna presented in [160]
achieves wideband characteristics with LHCP and RHCP.
This antenna consists of an E-shaped patch loaded with
two PIN diodes. The LHCP and RHCP operating states are
produced by controlling slot lengths of the E-shaped patch.
This antenna exhibits 7% effective bandwidth with a peak
gain of 8.7 dBic. A L-probe fed square patch antenna with
reconfigurable feeding network is used in [161] to achieve
switching between LHCP and RHCP. The phase difference
between two functioning L-probes can be altered between
clockwise and counter clockwise by adjusting on and off
states of the PIN diodes in the feeding network. A polarization
reconfigurable omnidirectional antenna comprising a dipole
and a loop radiator is proposed in [162]. This antenna operates
at 1.575 GHz, making it suitable for use in GPS. The
polarization switching between LHCP and RHCP is realized
by combining three substrates, two metal probes, 48 PIN
diodes, six metal pins, two capacitors, and two resistors.
A dual band CP reconfigurable slot antenna is presented

in [163]. The antennas far-field polarization can be altered
between LHCP and RHCP by changing switching states of
four PIN diodes placed in the arms of feed line.

A polarization reconfigurable CP antenna with a switch-
able polarizer loaded with PIN diodes is presented in [164].
This antenna employs an electrically polarization reconfig-
urable polarizer (EPRP) to achieve polarization reconfigura-
tion. The LP waves radiated by the slot can be transformed
into either RHCP or LHCP waves by altering operating
states of PIN diodes on the polarizer. The polarizer is made
up of sixteen unit cells that are stacked in a 4 × 4 array.
Activating PIN diodes on the top side of the polarizer
produces RHCP waves, while activating the PIN diodes on
the bottom side generates LHCP waves. A CP reconfigurable
patch antenna based on a fluidic control approach is presented
in [165]. The antenna achieves CP radiation by exciting
two orthogonal fundamental TM modes with a 90◦ phase
difference. Polarization of this antenna can be switched
between LHCP and RHCP by injecting liquid dielectric
into various channels within the substrate. A low profile
CP antenna with wideband and polarization reconfigurable
properties is presented in [166]. This antenna comprises
of a corner truncated patch and non-uniform metasurface.
The non-uniform metasurface is used to generate additional
operating bands in the higher frequency range. These bands
are coupled with the lower band of the driven patch, resulting
in a significantly broadened overall operational bandwidth.
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C. LINEARLY AND CIRCULARLY POLARIZED
RECONFIGURABLE ANTENNAS
In this section, the polarization reconfigurable antennas
able to achieve LP as well as CP reconfigurability are
discussed. Techniques used to achieve independent LP
and CP reconfigurability are based on U-slot patch [167],
switchable slots [168], [169], switchable feed network [171],
metasurface [172], utilizing multiple resonances [174], gap-
coupled patches [175], and phase change material [176].
In [167], a compact U-slot microstrip patch antenna with

a switchable polarization is presented. Length of the U-slot
arms can be adjusted using two beam-lead PIN diodes
embedded in the slot at specific locations. By controlling
operating states of the PIN diodes the U-slot becomes either
symmetrical or asymmetrical enabling the patch antenna to
switch between LP and CP states. In [168], a novel microstrip
antenna with an X-shaped slot in the center of a rectangular
patch offers polarization reconfigurability. The antenna can
switch between LHP, LVP, and RHCP by adjusting geometry
of the slot through the bias voltage of two PIN diodes.
The antenna design in [169] features a ground plane with
stair-shaped slots loaded with PIN diodes generating LP,
LHCP, and RHCP states with a wide impedance bandwidth.
The structure is compact, easy to optimize, and employs a
simple dc bias network. The stair-shaped slots excite TM01
and TM10 modes producing distinctive resonant frequencies
for CP radiation. In [171], a quad-polarization reconfigurable
antenna is presented with a compact and switchable feed
scheme capable of generating both LP and CP waves. The
antenna can switch between −45◦ LP, +45◦ LP, LHCP, and
RHCP by varying bias voltages of the PIN diodes. In the
single-fed mode, the feed structure enables the switching
of output ports generating excitation for either slant +45◦

or −45◦ LP states. In the dual-fed mode, it operates as
a switchable phase-shifting power splitter producing either
LHCP or RHCP. The antenna design optimizes utilization
of the switchable feed structure in different operational
states. Additionally, it is designed with a more compact size,
facilitating easy integration into antenna arrays.

In [172], a low-profile metasurface antenna with wide-
band capability is introduced, offering quad-polarization
reconfiguration. The antenna integrates a square patch, a
4 × 4 periodic metal plate lattice metasurface, and four
switchable feeding probes connected through two SPDTs.
Dynamic polarization reconfiguration between LPX, LPY,
LHCP, and RHCP states is achieved by selecting suitable
feeding probes. In [174], a novel design is proposed to
enhance the axial ratio bandwidth (ARBW) of a single-fed,
low-profile CP reconfigurable antenna. The main radiator
comprises four tiny patches in a chessboard pattern and a
cross slot with uneven lengths to excite three progressively
orthogonal modes, achieving two CP modes. The antenna
generates three polarization states: LP, LHCP, and RHCP,
with a significantly increased ARBW from 1.9% to 30.1%,
surpassing conventional microstrip patch antennas. In [175],
a compact, low profile antenna with wideband electrically

controlled polarization reconfiguration is introduced. Uti-
lizing quadruple gap-coupled patches, the design generates
two wideband degenerative orthogonal modes. The operation
mechanism involves an arrow-shaped driven element loaded
with four PIN diodes, allowing dynamic control of LP,
LHCP, and RHCP radiations from the quadruple gap-coupled
patches. Optically controlled phase change materials are
utilized in [176] to develop a polarization reconfigurable
antenna operating in the mm-wave domain. The incorpo-
ration of Germanium Telluride (GeTe), a phase change
material, into the antenna structure enables reconfigurability
in three polarizations: LP, LHCP, and RHCP. The antenna
incorporates GeTe material integrated into its four corners,
with excitation provided by a microstrip line. On and off
states of the material are controlled by radiation from the
ultreraviolet (UV) short laser pulses.

VI. MULTIFUNCTIONAL PATTERN AND POLARIZATION
RECONFIGURABLE ANTENNAS
The multifunctional pattern and polarization reconfigurable
antenna has a significant capability to improve the perfor-
mance of wireless communication systems. These antennas
have the ability to provide both spatial and polarization
diversity. Pattern and polarization reconfigurable antenna
have many advantages, including multifunctional capa-
bilities, enhancement of system capacity, avoidance of
multipath distortion in wireless channels, achievement of
broad radiation coverage, and polarization coding [19].
Specifically, CP beam scanning antennas are well suited for
space applications. These antennas can handle many issues
such as mobility, adverse weather conditions, multipath
distortion, and polarization rotation effects [88]. The pattern
reconfiguration properties are used to classify the multi-
functional pattern and polarization reconfigurable antenna
designs, as shown in Fig. 6. First, reconfigurable antennas
producing broadside, conical and omnidirectional radiation
pattern with polarization reconfiguration are described. Later,
reconfigurable antennas radiating in forward and backward
directions with polarization reconfiguration are discussed.
Finally, antenna designs achieving beam steering with
polarization reconfiguration are discussed in detail.

A. CLASSIFICATION BASED ON DIRECTION AND SHAPE
OF THE RADIATED BEAM
In this section, reconfigurable antennas realizing variation in
direction and shape of the radiated beam with polarization
reconfiguration are discussed. These antennas produces
broadside and conical radiation in [12], [177], [178], [179],
and [180], omnidirectional and broadside radiation in [30],
[89], [90], [181], [182], and [183], omnidirectional in
different planes in [184], [185], [186], and [187], broadside
and backfire radiation in [14], [31], and [188], beams in
four directions [32], and conical and pencil beam radiation
in [189].

The antenna design presented in [12] achieves two comple-
mentary radiation patterns with dual orthogonal polarization.
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FIGURE 6. Classification of pattern and polarization reconfigurable
antennas based on (a) Direction and shape of the radiated beam and
(b) Beam steering.

FIGURE 7. Measurement setup photograph and fabricated reconfigurable
metamaterial antenna [177].

This antenna operates in two modes normal patch and
monopolar patch. Antenna radiates in broadside direction
with LVP and LHP. Conical radiation pattern is obtained
with LPθ (linear polarization directed at an angle θ = 50◦).
The antenna achieves overall bandwidth of 7.2%, 6.4%,
and 9.4% in the LVP, LHP, and LPθ respectively. Peak
gain of the antenna in broadside and conical direction is
5.5 dBi and 3 dBi respectively. A reconfigurablemetamaterial
antenna proposed in [177] achieves LP conical pattern and CP
broadside pattern by controlling switching conditions on the
feed network. This antenna achieves bandwidth of 2.1% and
41% in the LP and CP mode respectively. The 3-dB ARBW
bandwidth achieved in the CP mode is 14%. The antenna
exhibits a peak gain of 2.1 dBi in LP mode and 7.9 dBic
in CP mode. Measurement setup photograph and fabricated
reconfigurable metamaterial antenna is shown in Fig. 7.

A circular patch with shorted conductive vias are utilized
in [179] to generate a broadside pattern with multiple LPs
and conical beam with single LP. This antenna achieves
a peak gain of 6.05 dBi for the broadside radiation
pattern and 4.39 dBi for the conical radiation pattern.
A 2 × 2 stacked annular ring antenna array is proposed
in [180]. This antenna produces broadside radiation with
±45◦ and ±135◦ polarization. It also generates a conical
radiation pattern with LVP and LHP. This antenna achieves

FIGURE 8. Photographs of the 2 × 2 stacked annular ring pattern and
polarization reconfigurable antenna array (a) Power divider utilized to
feed the array and (b) Lower patch [180].

FIGURE 9. Photograph of fabricated reconfigurable DRA (a) Top view and
(b) Bottom view [30].

an overall bandwidth of 13.66%. The antenna exhibits a peak
gain of 12.5 dBi in the broadside direction and 6.8 dBi in the
conical direction. Photographs of the 2 × 2 stacked annular
ring antenna array are shown in Fig. 8.
A reconfigurable stacked square microstrip antenna pro-

posed in [90] achieves pattern and polarization diversity at
two different operating frequencies. The antenna produces
high gain directional pattern with RHCP at higher frequency
and low gain omnidirectional pattern with LP at lower
operating frequency. However, this antenna has a large profile
due to stacked design and complex structure due to dual
ports. In [181], center-shorted microstrip patch is used to
accomplish pattern and polarization reconfiguration. The
antenna radiates in broadside direction with two orthogonal
LP and produces omnidirectional radiation with LVP. The
antenna exhibits an overall impedance bandwidth of 1.5%.
The antenna achieves a peak gain of 6.2 dBi for the broadside
radiation pattern and 3.7 dBi for the omnidirectional radiation
pattern. A dielectric resonator antenna (DRA) consisting of
a conventional dielectric resonator element and switchable
feeding network is proposed in [30]. The antenna generates
both omnidirectional and broadside radiation patterns with
orthogonal LPs. Fig. 9 shows photograph of fabricated
antenna.

The antenna design proposed in [182] is based on
spatial-mapping origami theory, offering reconfigurable pat-
tern and polarization for CubeSat applications. The antenna
generates an omnidirectional pattern with LP and a broadside
pattern with CP. The antenna design presented in [183]
utilizes dielectric liquid to realize pattern and polarization
reconfigurability. The polarization characteristics depend on
the location of parasitic liquid DRAs. Additionally, the
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FIGURE 10. Dielectric liquid based reconfigurable antenna (a) Liquid
control system and (b) Fabricated prototype [183].

radiation characteristics can be influenced by the flow of
liquid, resulting in three states: omnidirectional radiation
with LP, unidirectional radiationwith LHP, and unidirectional
radiation with LVP. Fabricated prototype of the antenna is
shown in Fig. 10.
A reconfigurable antenna design based on adhesive

polyimide tapes is proposed in [89] to provide reconfiguration
in terms pattern, polarization, and gain level. This technique
significantly reduces weight, cost, and power consumption
in comparison to traditional electrical procedures that rely
on active elements or complex mechanical techniques. The
antenna can function both as a traditional patch antenna
and as a monopole antenna. In the former configuration,
it produces an omnidirectional pattern with LP in the
theta direction, while in the latter configuration, it exhibits
broadside radiation with LP in the Y direction.

A microstrip-fed truncated monopole antenna is proposed
in [184] to achieve pattern and polarization reconfigurability.
Truncated monopoles are placed next to each other on a
shared ground plane and are turned on and off alternately to
create omnidirectional patterns in different planes with dual
orthogonal LP. The antennas compact monopole structure
results in a low peak gain of −1.1 dBi. A compact
coplanar waveguide (CPW)-fed reconfigurable antenna is
proposed in [185] to achieve frequency, polarization, and
pattern diversity. The antenna employs three switches to
establish connections between four rectangular radiating
patches. As the antennas polarization changes from RHCP
to LHCP, the radiation pattern undergoes a rotation from
0◦ to 180◦. A planar inverted-F antenna (PIFA) proposed
in [186] achieves omnidirectional pattern in orthogonal
planes with LHP and LVP. Peak gain of the antenna in
LHP and LVP is 1.2 dBi and 4.2 dBi respectively. Back-
to-back coupled patches fed by rat race coupler are used

FIGURE 11. Two crossed slots loaded with switches on the SIW cavity
(a) Top view and (b) Bottom view [14].

in [187] to realize pattern and polarization reconfiguration.
This antenna produces omnidirectional radiation with ±45◦

slanted polarization. However, this antenna needs an external
steering network to switch the antenna configuration. Gain
of the antenna for configurations A, B, C and D varies from
−0.7 to 2.7 dBi, −5.7 to 3.2 dBi, −2.4 to 2.1 dBi and −4 to
3.4 dBi respectively.

A sandwich-like reconfigurable antenna structure with
two crossed slots in ground plane is presented in [188] to
produce radiation in forward and backward direction with
+45◦ and −45◦ slanted polarization. This work has minimal
reconfigurability and fewer operating modes with similar
features. In [14] compound reconfiguration is achieved by
utilizing two crossed slots loaded with switches on the SIW
cavity. The antennas radiation pattern can be reconfigured to
either forward or backward directions with LVP, LHP, LHCP,
and RHCP. For LP state, frequency of the antenna can be
tuned between three states, whereas for CP mode frequency
is tuned between two bands. The proposed antenna has
the advantage of achieving compound reconfiguration with
comparatively smaller size. Photographs of the fabricated
antenna are displayed in Fig. 11.

A cuboid quadrifilar helical antenna (QHA) is presented
in [31] to achieve pattern and polarization reconfiguration.
The PIN diodes on radiator and feeding network are
controlled to achieve orthogonal CP with radiation pattern
switched between broadside and backfire. The antenna has
an advantage of achieving 36.2% impedance bandwidth and
22% 3-dB ARBW. Peak gain of the antenna in broadside
and backfire direction is 3.8 dBic and 4.7 dBic respectively.
Photographs of the fabricated reconfigurable cuboid QHA
are shown in Fig. 12. The broadside and backfire radiation
patterns with polarization agility are depicted in Fig. 13.

In [32], 2 × 2 SIW ring slot antenna array is utilized
to achieve pattern and polarization reconfiguration. This
antenna is capable of radiating beams in four distinct direc-
tions with two orthogonal LP. A design for reconfigurable
antennas based on pure water is presented in [189]. Within
a specific frequency range, a rod made of pure water can
function as a wave-guiding medium. It is noted that the
water antennas working frequency should be below the
dielectric waveguides cut-off frequency. Three pure-water
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FIGURE 12. Photographs of the fabricated reconfigurable cuboid
quadrifilar helical antenna (QHA) [31].

FIGURE 13. Broadside and backfire radiation patterns with LHCP and
RHCP operating states [31].

rod antennas-Vee, normal-mode helix, and CP monopole has
been developed. The proposed antennas produces conical and
pencil beam with LP and LHCP operating states. Table 5
summarizes detailed results for pattern and polarization
reconfigurable antenna designs radiating in different direc-
tions and producing different beam shapes.

B. BEAM STEERING WITH LINEAR POLARIZATION
RECONFIGURATION
In this section, the multifunctional pattern and polarization
reconfigurable antennas achieving pattern reconfiguration in
terms of beam steering with LP reconfiguration are discussed
in detail. Techniques used to achieve beam steering with
polarization reconfiguration are presented in Fig. 14.

The beam steering with LP reconfiguration is achieved by
various techniques such as tunable parasitic elements [42],
[190], [191], PRS [192], and liquid-metal [72]. The uti-
lization of tunable parasitic elements and reconfigurable

feeding network enables the realization of beam steering with
multiple LPs [42]. Fabricated prototype of the antenna is
shown in Fig. 15. This antenna achieves three different LPs
in φ = 0◦, 45◦, and 90◦ planes. For each polarization state
the antenna is capable of radiating in the horizontal plane
(H-plane) at angles 20◦, 0◦ and −20◦, as depicted in Fig. 16.
A cross patch antenna with one driven element and

four parasitic elements is presented in [190]. The main
beam direction is altered by employing a shorting switch
that connects the radiating element to the ground plane.
This antenna radiates in six different directions in the
azimuth and elevation plane with LHP or LVP. Polarization
reconfiguration is accomplished by exciting driven element
with two separate feeds. This antenna works according to
microstrip Yagi principle with parasitic elements can be used
as director or reflector.

In [191], a pattern and polarization reconfigurable antenna
is introduced, capable of generating two distinct LPs and
one diagonal polarization. This antenna employs PIN diodes
on parasitic elements whose bias voltage can be adjusted,
enabling the antenna to produce five different beams in each
polarization state. Fig. 17 illustrates the prototype fabrication
of this antenna, which features reconfigurable parasitic ele-
ments comprising printed dipoles with PIN diodes positioned
between their halves. These PIN diodes control the operating
states of the parasitic elements, allowing them to function as
directors or reflectors. Moreover, a reconfigurable feeding
network is utilized to achieve polarization reconfiguration,
allowing two orthogonal polarizations and one diagonal
polarization. Main beam of the antenna is directed at a 45◦

angle in the elevation plane across all three beams (beam 1,
beam 2, and beam 3), as depicted in the Fig. 18. Furthermore,
the radiation pattern of beam 4 and beam 5 in the φ =

45◦ plane is presented in Fig. 19.
A Fabry-Perot cavity antenna with a reconfigurable PRS

is proposed in [192] to achieve 2-D beam steering with
LP. The LVP and LHP are achieved through the utilization
of an aperture-coupled patch antenna. Additionally, the
pattern reconfiguration is accomplished by controlling the
reflection phase distribution of PRS using PIN diodes.
An electrically actuated liquid-metal reconfigurable dipole
antenna is presented in [72]. It provides null steering with
five discrete LPs, 0◦, ±45◦ and ±90◦. Detailed results
of the antenna deigns achieving beam steering with LP
reconfiguration are summarized in Table 6.

C. BEAM STEERING WITH CIRCULAR POLARIZATION
RECONFIGURATION
It is observed that most of the pattern reconfigurable antenna
designs reported in the literature are linearly polarized.
Pattern reconfiguration with CP is a difficult task to
accomplish and is found to be very limited in the literature.
Wireless communication applications need reconfigurable
antenna capable of radiating waves in more than one steering
angle with polarization agility. Techniques used to realize
CP beam switching, as shown in Fig. 20 are based on
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TABLE 5. Performance comparison of antenna designs achieving variation in direction and shape of the radiated beam with polarization reconfiguration.

spiral [193], waveguide [194], metasurface [195], para-
sitic [88], LWA [196], dipole [197], RFN [198], SIW [199],
transmitarray [200], reflectarray [201], DRA [202], and

Fabry-Perot antenna [203]. However, it is worth noting that
these reported antenna designs do not achieve polarization
reconfiguration. The beam steering is accomplished using

VOLUME 12, 2024 90235



V. Suryapaga, V. V. Khairnar: Review on Multifunctional Pattern and Reconfigurable Antennas

FIGURE 14. Techniques used to achieve beam steering with polarization reconfiguration.

TABLE 6. Performance comparison of pattern and polarization reconfigurable antenna designs achieving beam steering with multiple LP.

FIGURE 15. Prototype of the cavity-backed reconfigurable microstrip
antenna (a) Top view and (b) Overall view [42].

either LHCP or RHCP. In this section, multifunctional pattern
and polarization reconfigurable antennas with the capability
of realizing beam steering with multiple CP are discussed.

A pattern and polarization reconfigurable proposed
in [204], consists of a metasurface and a slot antenna.
The antenna is capable of discrete beam switching within
a range of −20◦ to 20◦ with LHCP and RHCP. This
antenna exhibits an overall impedance bandwidth of 2% and
achieves a peak gain of 8 dBi. Conventionally, beamforming
networks consisting of couplers and phase shifters are
used to obtain 2-D switchable beams. However, these
beamforming networks require a larger amount of circuit
space and are frequency dependent. To address these
limitations, a pattern and polarization reconfigurable antenna
is developed utilizing the spatial phase technique [39].
This approach employs a 2 × 2 patch antenna array
fed by switchable feeding probes to achieve independent
polarization reconfiguration and beam switching. Fig. 21
illustrates the distribution of surface currents on the parasitic
patch at an operating frequency of 4.8 GHz, showing various
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FIGURE 16. Simulated and measured H-plane radiation patterns
at 11 GHz for all the nine working modes [42].

FIGURE 17. Fabricated antenna prototype realizing beam switching with
LP reconfiguration [191].

FIGURE 18. Simulated and measured radiation patterns in φ = 90◦

(Beams 1 and 2) plane and φ = 0◦ (Beam 3) plane [191].

time phases with different feeding probe excitations. The
prototype fabrication is shown in Fig. 22. The radiated beam
is switched to θ = ±16◦, ±16◦, ±28◦, and ±28◦ for φ = 0◦,

FIGURE 19. Measured radiation patterns in φ = 45◦ plane (a) Beam 4 and
(b) Beam 5 [191].

FIGURE 20. Techniques used to realize CP beam switching.

90◦, 45◦, and 135◦ respectively with LHCP and RHCP states.
It is noted that the antenna is able to provide coverage across
the entire azimuth plane. This antenna utilizes the spatial
phase technique to improve the ARBW. It attains a peak
gain of 10.5 dBi, while exhibiting an overall impedance and
ARBW of 9.07%.

A novel compound reconfigurable antenna based on a
monopole design is proposed in [40] for future 5G appli-
cations. The structural configuration of the monopole-based
compound reconfigurable antenna is illustrated in Fig. 23.
This antenna offers the ability to reconfigure its operating
frequency, radiation pattern, and polarization. It operates in
two frequency bands, specifically at 3.5 GHz and 5.5 GHz.
Within each operating band, the antenna can switch its polar-
ization from LHCP to RHCP with a discrete beam switching

VOLUME 12, 2024 90237



V. Suryapaga, V. V. Khairnar: Review on Multifunctional Pattern and Reconfigurable Antennas

FIGURE 21. Simulated surface current distribution on the parasitic patch
at an operating frequency of 4.8 GHz with (a) Excitation at probe 1,
(b) Excitation at probe 2, and (c) Excitation at probe 3 [39].

FIGURE 22. Photographs of the fabricated 2 × 2 patch antenna array
(a) Driven and parasitic patch layer and (b) Bottom view of the installed
array antenna with MCU [39].

angle of ±30◦. Fig. 24 shows the normalized simulated and
measured far-field radiation patterns at 3.6 GHz and 5.5 GHz,
along with a photograph of the fabricated antenna.

In [20], a compound reconfigurable antenna array consist-
ing of a 1 × 4 patch configuration is presented, offering the
capability to reconfigure its frequency, radiation pattern, and
polarization. The specific arrangement of the 1×4 compound
reconfigurable antenna array is shown in Fig. 25. The antenna
is able to produce five beam states with LHCP andRHCP. The
pattern and polarization reconfiguration characteristics are
obtained in four different frequency bands. The connection
between the activated feeding probes, polarization, and
radiation beam is outlined in Fig. 26.

A proposed design in [41] introduces a CP-agile and con-
tinuously beam steerable array antenna that combines digital

FIGURE 23. Structural configuration of the monopole-based compound
reconfigurable antenna [40].

FIGURE 24. Simulated and measured normalized far-field patterns are
depicted with 3-D plots for operating modes in (a) LHCP (at 3.6 GHz), (b)
RHCP (at 3.6 GHz), (c) LHCP (at 5.5 GHz), (d) RHCP (at 5.5 GHz), (e) Front
view of the fabricated antenna, and (f) Back view of the fabricated
antenna [40].

FIGURE 25. (a) Photograph of the 1 × 4 compound reconfigurable
antenna array and (b) Measurement setup in the anechoic chamber [20].

reconfigurable antenna elements and analog tunable phase
shifters. This hybrid approach offers several advantages,
including high scanning resolution, easy implementation, and
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FIGURE 26. Beam states generated by different activated feeding
probes [20].

FIGURE 27. Fabricated prototype of the antenna array [41].

low cost. By manipulating the biasing states of PIN diodes
and varactors, the four element array achieves a beam steering
range of ±40◦ for both LHCP and RHCP. The antenna
exhibits excellent impedance matching and CP performance
within the overlapping frequency band of 2.43 to 2.63 GHz.
A fabricated prototype of the array antenna, featuring digital
reconfigurable antenna elements and analog tunable phase
shifters, is depicted in Fig. 27.
In [205], a novel antenna design utilizing bistable compos-

ite cylindrical shells is introduced, offering wideband pattern
and polarization reconfigurability. The antenna allows for the
variation of polarization between LHCP and RHCP, while
also enabling the adjustment of primary lobes of the radiation
patterns by up to 80◦ in various configurations. Fig. 28 shows
a fabricated prototype of the bistable reconfigurable antenna.

The utilization of LWAs for beam steering has become
increasingly popular due to their advantageous characteristics
such as a simple feed structure and easy fabrication. These
advantages contribute to cost reduction and simplification
of the overall antenna system. However, it should be
mentioned that the majority of LWAs achieve beam steering
primarily in the broadside direction with a fixed polarization
state. The reconfigurable LWA achieves both polarization

FIGURE 28. Fabricated wideband pattern and polarization reconfigurable
antenna utilizing bistable composite cylindrical shells [205].

agility and continuous beam scanning capabilities [206]. The
antennas polarization can be switched between LP and CP
states. Furthermore, the main beam of the antenna can be
continuously scanned within the LP state from −34.3◦ to
20◦, and within the CP state from −31.5◦ to 17.1◦. Table 7
presents performance comparison of pattern and polarization
reconfigurable antenna designs achieving beam steering with
CP reconfiguration. It is noted that the reported designs
realize pattern reconfigurability over a limited impedance and
ARBW.

D. BEAM STEERING WITH LINEAR AND CIRCULAR
POLARIZATION RECONFIGURATION
This section provides an overview of antenna designs
realizing pattern variability with LP as well as CP recon-
figuration. The reported antenna designs are based on
tunable parasitic [13], [33], [207], [208], [209], metasur-
face [210], planar monopole [34], rhombic patch [35], patch
slot array [36], patch with metal wall [211], ME dipole
array [37], reconfigurable endfire dipole-pair elements [212],
and phased array [38] for realizing beam steering with both
LP and CP.

In [207], the driven and four circular parasitic elements
are mutually coupled to reconfigure pattern and polarization.
For LP mode, the main beam is directed to broadside, 4◦,
and ±19◦, whereas with LHCP the main beam is switched
to ±10◦. A reconfigurable antenna with parasitic patch layer
is presented in [208], to realize discrete beam switching with
LP and CP. The CP is obtained by making rectangular slits on
the parasitic elements. The primary beam of the antenna can
be discretely switched to −30◦, 0◦ and 30◦ with both LP and
CP. The prototype fabrication is shown in Fig. 29. To achieve
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TABLE 7. Performance comparison of pattern and polarization reconfigurable designs achieving beam steering with CP reconfiguration.

FIGURE 29. 3-D Schematic of the multifunctional reconfigurable
antenna [208].

pattern diversity and polarization selectivity, a crossed Yagi
patch antenna is proposed in [209]. This design includes two
identical linear Yagi-Uda patch arrays that are reconfigurable
and positioned orthogonally around a single driven element.
The prototype fabrication of this antenna is shown in Fig. 30.
In terms of performance, primary beam of the antenna is tilted
approximately 35◦ in the elevation plane for both LP and CP
configurations.

The antenna design presented in [13] incorporates a
parasitic layer consisting of metallic pixels arranged in a

FIGURE 30. Top view of the reconfigurable crossed-Yagi patch
antenna [209].

6×6 grid above the driven element. This arrangement enables
compound reconfiguration, including changes in frequency,
pattern, and polarization. The antenna supports LVP, LHP,
LHCP, and RHCP. The primary beam of the antenna can
be discretely switched to a ±30◦ angle in both the xz-plane
and yz-plane. Frequency tuning between 12% and 25% is
achieved by adjusting the distance between the driven and
parasitic elements. The fabricated prototype of the parasitic
pixel antenna is displayed in Fig. 31. The antenna design
presented in [33] consists of four parasitic elements and
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FIGURE 31. Picture of the pixel antenna prototype placed above the
driven element [13].

FIGURE 32. Metasurface based pattern and polarization reconfigurable
antenna (a) 3-D view, (b) Top view, and (c) Bottom view [210].

a reconfigurable feeding network to achieve independent
pattern, beamwidth, and polarization reconfiguration.

In [210], a pattern and polarization reconfigurable antenna
based on a metasurface is proposed, as depicted in Fig. 32.
The reconfigurable feeding network utilizes two OR circuits,
a 3 dB power divider, and eight PIN diodes to achieve
HP, VP, and CP operating states. Pattern reconfiguration is
achieved by controlling the PIN diodes on the ring-shaped
pixel structure. Main beam of the antenna is steered to
±40◦ with HP, ±20◦ with VP, and ±25◦ with CP in
the yz-plane, as illustrated in Fig. 33. The symmetrical
structure of the antenna ensures that pattern and polarization
reconfigurability can also be achieved in the xz-plane.
A reconfigurable loop antenna design proposed in [34]

realizes pattern and polarization diversity. This antenna
simultaneously changes the radiated beam in xz-plane and
yz-plane with LP, LHCP, and RHCP operating states.
A rhombus-shaped compound reconfigurable antenna is pro-
posed in [35]. This antenna utilizes six pairs of BAR64-03W

FIGURE 33. Normalized simulated and measured radiation patterns in the
yz-plane at the center frequency of 5 GHz (a) HP, (b) VP, and (c) CP [210].

FIGURE 34. Geometry of the rhombus-shaped compound reconfigurable
antenna [35].

series PIN diodes. The time it takes for the PIN diode to
switch from a forward bias to a reverse bias state is 0.095 sec-
onds, while the transition time from a reverse bias to a forward
bias state is 7 microseconds. Fig. 34 presents geometrical
structure of the rhombus-shaped compound reconfigurable
antenna. The antenna operates at two frequencies 5.2 and
5.8 GHz. Polarization can be switched between LP, circular,
and ±45◦. However, all the mentioned polarizations are
not achieved at both operating frequencies; at 5.2 GHz,
±45◦ slant polarization is achieved, while at 5.8 GHz, LP,
LHCP, and RHCP are obtained. Fig. 35 and Fig. 36 displays
both simulated and measured radiation patterns at the center
frequency of 5.8 GHz.

The antenna design proposed in [36] uses truncated
circular radiator, C-shaped parasitic elements and perturbed
rhombic slot to realize compound reconfiguration. This
antenna achieves LP at both the operating frequencies,
whereas LHCP and RHCP is obtained at 3.6 GHz and
5.8 GHz respectively. Radiation pattern of the antenna can be
switched to broadside, omnidirectional, and ±30◦ with LP.
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FIGURE 35. Simulated and measured radiation pattern at 5.8 GHz for
LHCP, RHCP, and LP state (a) H-plane and (b) E-plane [35].

FIGURE 36. Simulated and measured radiation pattern at 5.8 GHz for
±45◦ slant polarization (a) H-plane and (b) E-plane [35].

FIGURE 37. Geometry of the 1 × 2 antenna array [36].

However, with LHCP and RHCP radiation main beam of the
antenna is always directed in broadside direction. Geometry
of the 1 × 2 antenna array is shown in Fig. 37.
In [211], a multidirectional beam and multipolarization

antenna is introduced. This antenna comprises a feed
section, a radiating patch, four diagonal metal walls, and
four switches. Pattern and polarization reconfigurability are
achieved by connecting the metal walls to the ground plane
using PIN diodes. The antenna operates in eight modes:
LP patterns with narrow and wide beamwidths, LP with
±20◦ beam switching in the xz-plane and yz-plane, and

FIGURE 38. Surface current distribution of the antenna with LP in
(a) Mode 1, (b) Mode 2, (c) Mode 3, and (d) Mode 5 [211].

FIGURE 39. Surface current distribution of the antenna with LHCP in
Mode 7 (a) t = 0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4 [211].

LHCP and RHCP with wide 3-dB beamwidth and 3-dB AR
beamwidth. An advantage of this antenna is achieving a wide
3-dB AR beamwidth for LHCP and RHCP configurations.
Fig. 38 illustrates surface current distribution of the antenna
operating in an LP state under various modes. In mode 1,
a broadside radiation pattern with a narrow beam is achieved
with current distribution along the x-axis. Mode 2 results in
a wide beamwidth pattern due to vertical current generated
on the diagonal metal wall. Modes 3 and 4 steer the main
beam of the antenna to +20◦ and −20◦, respectively, in the
xz-plane, with currents concentrated on the radiating patch
and diagonal metal walls. Similarly, modes 5 and 6 achieve
beam steering of ±20◦ in the yz-plane. Fig. 39 presents
surface current distribution of the antenna in LHCP state
for mode 7, radiating LHCP pattern with wide beamwidth.
In mode 8, RHCP is obtained with wide beamwidth.

A pattern and polarization reconfigurable antenna com-
prising of cavity-backed 1 × 4 ME dipole antenna array is
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FIGURE 40. (a) Photograph of the assembled 1 × 4 cavity-backed ME
dipole antenna array and (b) Measurement environment in the anechoic
chamber [37].

FIGURE 41. Simulated electric field distribution in (a) LP, (b) LHCP, and
(c) RHCP state [37].

presented in [37]. The antenna is able to realize continuous
beam scanning of ±40◦ for the three different polarization
states LP, LHCP, and RHCP. The pattern reconfiguration is
achieved by reflection-type phase shifters loaded with the
varactor diodes. In all the operatingmodes, antennamaintains
the −10 dB impedance and 3-dB ARBW in the range of 2 to
2.4 GHz. Fig. 40 shows photograph of the 1×4 antenna array.
Two switchable cross strips are embedded into the ME dipole
element to realize polarization reconfiguration. Fig. 41 shows
the simulated current distribution on the two switchable cross
strips at an operating frequency of 2.25GHz.When both cross
strips are activated, the antenna operates in LP state, while
activating one strip produces CP state. For instance, with D1
and D2 ON and D3 and D4 OFF, LHCP mode is achieved,
whereas switchingD1 andD2OFF andD3 andD4ON results
in RHCP mode. Thus, by controlling state of the switchable
cross strips, the antennas polarization can be switched among
LP, LHCP, and RHCP modes. The normalized simulated and
measured radiation patterns for all the operating modes are
depicted in Fig. 42.

A 3-D pattern reconfigurable antenna array with
multi-polarization is presented in [212]. This antenna
achieves five independently controlled polarizations with
twelve different radiation patterns. Fig. 43 shows photograph
of the fabricated prototype. A 1 × 4 phased array consisting
of circular patch with an annular microstrip ring is presented
in [38]. Four varactor diodes are loaded on the ring to achieve
frequency tuning from 1.5 to 2.4 GHz. RFN is used to
obtain two orthogonal LP and CP. The antenna achieves

beam steering of ±28◦ at 2.4 GHz and ±52◦ at 1.5 GHz.
Geometry of the antenna array is shown in Fig. 44. Table 8
summarizes results of antenna designs which achieves beam
steering along with the polarization reconfiguration.

VII. PERFORMANCE COMPARISON
This section provides a performance evaluation of the mul-
tifunctional pattern and polarization reconfigurable antennas
that have been discussed. Table 5 provides a comprehensive
overview of specific outcomes for antenna designs that offer
reconfigurable patterns and polarizations, radiating in various
directions and generating diverse beam configurations. A lim-
itation observed in the presented antenna designs [12], [14],
[31], [32], [90], [177], [179], [180], [181], [184], [185], [186],
[187], [188] is that the reconfiguration of pattern and polar-
ization cannot be achieved independently. The pattern and
polarization characteristics of these antennas are linked to the
geometrical design and arrangement of the antenna elements.
In practical applications, reconfigurable antenna designs
achieving independent reconfiguration antenna parameters
will be more useful. Reported designs in [14], [31], and
[32] has advantage of achieving independent pattern and
polarization reconfiguration. However, in [14] the overall
impedance and ARBW for each state is less than< 4%. Also,
this antenna needs 48 PIN diodes which increases power
consumption, loss, and complicates the DC biasing network.

It is observed that the reconfigurable antenna designs
achieving beam steering with LP reconfiguration presented
in [42], [72], [190], [191], and [192] achieves discrete
beam switching. In [42] the radiated beam is switched only
in H-plane with limited steering capability. The antenna
design presented in [191] suffer from drawbacks such as
the structure is non-planar, since the parasitic element is
placed in the vertical plane and radiating patch in the
horizontal plane. Furthermore, the antenna design does not
allow for beam steering towards the broadside direction
and exhibits a significantly narrow impedance bandwidth.
The challenges associated with this category of antennas
include realizing complete azimuthal coverage, enhanced
beam steering capability, and a wide impedance bandwidth.
In addition, it is noted that the pattern and polarization
reconfigurable antenna designs achieving beam steering with
CP reconfiguration realize pattern reconfigurability over a
limited impedance and ARBW.

Table 8 provides an overview of the outcomes obtained
from antenna designs that accomplish both beam steering
along with the LP and CP reconfiguration. It is observed
that the antenna design presented in [208] achieves a
narrow impedance bandwidth of ∼1%. Three prototypes
corresponding to LP configuration are fabricated. Also, this
antenna needs large number of switches. The antenna design
reported in [13] has large size and 60 PIN diodes are needed,
which complicates DC biasing network. This antenna realizes
discrete beam switching and complete 360◦ azimuth coverage
is not obtained. Large gain variation is observed in [33],
as main beam of the antenna is steered away from the
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FIGURE 42. Normalized simulated and measured radiation pattern of the antenna array in the xz-plane at an operating
frequency of 2.25 GHz [37].

FIGURE 43. Fabricated 3-D pattern reconfigurable antenna array [212].

FIGURE 44. Geometry of the frequency agile 1 × 4 linear array antenna
with its polarization feed network (PFN) (a) antenna array and (b) PFN
exciting the radiating elements [38].

broadside direction. In [35] and [36] pattern and polarization
of the antenna cannot be independently reconfigured. Also,
in [35] broadside radiation is not obtained. Reconfigurable

antenna design presented in [211] has certain limitations
such as discrete beam switching, limited beam switching of
±20◦, complete 360◦ azimuth coverage is not realized, and
beam switching is not obtained with CP. The phased array
developed in [38] is associated with complicated feeding
network and beam steering is achieved only in the H-plane.

VIII. FUTURE RESEARCH DIRECTIONS
In future, there is potential for exploring the utilization
of programmable metasurfaces and polarization conversion
metasurfaces to achieve independent pattern and polariza-
tion reconfiguration. Pattern and polarization reconfigurable
antennas need to possess the ability to achieve independent
reconfiguration, wide impedance bandwidth, wide ARBW,
enhanced beam steering, increased gain, and minimal vari-
ation in gain across different operating states. The challenge
is also to design reconfigurable antenna with a low profile,
low complexity, low cost, and easy integration with the
feed networks. The pattern and polarization reconfigurable
antennas should also be able to achieve 360◦ coverage with
LP as well as CP reconfiguration over a wide operating
bandwidth. Reconfigurable antennas can be effectively used
in biomedical systems to give enhanced performance. These
antennas can adjust the operating parameters based on
requirements of various medical scenarios. However, there
are certain challenges in terms of integration of antenna
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TABLE 8. Performance comparison of pattern and polarization reconfigurable antenna designs achieving beam steering with LP and CP.

with other subsystems, need of compact reconfigurable
antennas, safety, energy efficient design, minimized electro-
magnetic interference (EMI), lower cost, low complexity,
and sufficient communication range. The integration of
reconfigurable antennas with other communication systems
such as mm-wave and terahertz technologies possesses
significant challenges. Moreover, incorporation of machine
learning and artificial intelligence algorithms can make
reconfigurable antennas more intelligent and adaptive to the
environment. This approach can help to optimize the antenna
parameters in real time and enhance the overall performance
of wireless communication systems.

IX. CONCLUSION
A comprehensive review of multifunctional pattern and
polarization reconfigurable antennas is presented. Thesemul-
tifunctional antennas are able to realize independent pattern
and polarization reconfiguration in a single antenna struc-
ture. Furthermore, an extensive performance comparison

of all the reported multifunctional pattern and polarization
reconfigurable antennas is presented. Techniques used to
achieve reconfiguration in antennas are reviewed in detail,
along with the challenges faced at mm-wave frequencies.
More research is needed regarding implementation of
reconfigurable antenna using smart materials, liquid crystal
based material for more efficient and flexible reconfiguration
of antenna properties. Conventionally, phased arrays have
been employed to enhance beam scanning capabilities,
exhibiting excellent characteristics such as high gain, low
side lobe level, low scan loss, and improved beam steering.
However, utilization of phased arrays needs sophisticated
feeding network design, precise engineering, and integration
of complex elements. These arrays are linked to higher
power requirements, increased costs, and larger physical
dimensions. From the present review it can be concluded
that very few reported antenna designs have addressed
the challenge that is to achieve independent pattern and
polarization reconfiguration in a compact antenna structure.
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Once the antenna design is optimized for one polarization
in one direction, scanning the main beam while keeping the
sense of polarization remains a challenge.
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