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Preface

The evaluation of wireless communication and satellite technology has increased interest in

advanced antenna design. This reprint presents cutting-edge research contributions that address

challenges in antenna designs for 5G/IoT and space applications. The increasing need for low-profile

and high-performance antennas in advanced communication networks, such as 5G, CubeSats,

IoT, and body area networks, highlights the need for innovative antenna designs and enhanced

integration techniques.

This collection of research articles provides engineers, researchers, and industry professionals

with insights into the latest advancements in antenna technology. The topics covered include phased

array antennas for satellite communications, multifunctional antenna designs for the Internet of

Things, metasurface-based antennas, 3D-printed antennas for urban applications, MIMO antenna

arrays for 5G mobile devices, polarization control for drone networks, gain enhancement techniques

for radar applications, reconfigurable intelligent surfaces (RISs) for beam-steering in IoT applications,

and advanced antenna technologies for CubeSat communication. By presenting these enhancements,

we wish to inspire future investigations and additional research in this field. We thank all the

contributing authors for their valuable work, the reviewers for their thoughtful feedback and

insightful reviews, and the editorial team for their support.

Faisel Tubbal, Ladislau Matekovits, and Raad Raad
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Abstract: The Internet of Things (IoT) envisions the interconnection of all electronic devices, ushering
in a new technological era. IoT and 5G technology are linked, complementing each other in a manner
that significantly enhances their impact. As sensors become increasingly embedded in our daily lives,
they transform everyday objects into “smart” devices. This synergy between IoT sensor networks and
5G creates a dynamic ecosystem where the infrastructure provided by 5G’s high-speed, low-latency
communication enables IoT devices to function more efficiently and effectively, paving the way for
innovative applications and services that enhance our awareness and interactions with the world.
Moreover, application-oriented and multifunctional antennas need to be developed to meet these
high demands. In this review, a comprehensive analysis of IoT antennas is conducted based on their
application characteristics. It is important to note that, to the best of our knowledge, this is the first
time that this categorization has been performed in the literature. Indeed, comparing IoT antennas
across different applications without considering their specific operational contexts is not practical.
This review focuses on four primary operational fields: smart homes, smart cities, and biomedical
and implantable devices.

Keywords: Internet of Things; multifunctional antennas; 5G systems

1. Introduction

Around the world, technology is advancing at a pace that surpasses anything previous
generations could have imagined. Today, wireless communication has transformed from a
privileged good to a necessary need in developed countries. To further increase the quality
of life, a trend has emerged that exploits mobile communication protocols to interconnect
more and more devices [1]. For this revolution to materialize, there is a need to establish a
way to ensure that everything is connected to everything else. The Internet of Things (IoT)
encapsulates this vision by integrating a diverse range of systems. Some popular examples
include intelligent homes, industrial applications, advanced farming techniques, urban
innovations, and the smart energy grid [2].

The IoT is an extensive network that connects a wide array of devices, enabling them
to exchange data with one another at relatively high speeds [2]. For this vast network to
function, these devices must incorporate some form of communication system, whether
wired or wireless. Wired communication is generally preferred due to its high data transfer
rates, low latency, reliability in packet delivery, and efficient power consumption. However,
the necessity of physical connections makes it impractical for many applications, limiting
its appeal. On the other hand, wireless communication offers flexibility and adaptability,
allowing devices to be placed in various environments without the need for complex instal-
lation procedures. The goal is to make it available anywhere and at any time. Despite these
advantages, wireless communication faces reliability issues. The quality of a wireless link

Electronics 2024, 13, 3200. https://doi.org/10.3390/electronics13163200 https://www.mdpi.com/journal/electronics1
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between two devices can be influenced by several factors, including range, environmental
conditions (such as humidity and proximity to the ground), interference, and more. These
factors can lead to increased data loss, jamming, connection drops, high latency, and even
loss of control over the devices [2]. Therefore, there is a pressing need to develop more
reliable and efficient wireless communication methods while also minimizing the power
consumption of the devices involved.

The wireless connection of two devices involves communication via electromagnetic
(EM) waves that can be divided into two major categories: optical and microwave links.
Optical systems utilize EM waves in the infrared or visible light spectrum, enabling high
data transmission rates. However, optical communication is primarily limited to line-of-
sight (LoS) applications because light cannot penetrate obstacles like walls and can be
disrupted by weather and environmental conditions. In contrast, microwaves, while they
are relatively immune to weather and environmental conditions, allow the penetration of
signals through various objects, facilitating non-line-of-sight (non-LoS) communication.
Within microwave systems, antennas play a crucial role in wireless communication. Anten-
nas are capable of emitting or receiving EM waves from their radiating surface, efficiently
converting them to or from electrical currents, thereby enabling the exchange of information
over distances without the need for physical connections.

Designing antennas for IoT applications presents unique challenges due to the diverse
requirements of each application field (such as vehicle-to-vehicle communications (V2V),
biomedical implants, smart sensors, etc.). A versatile antenna designed for IoT purposes
must tackle several objectives, including easy deployment, minimal physical size, and the
capability to efficiently receive a wideband response. Often, these demands are met by
designing antennas that are omnidirectional or quasi-isotropic and support multiple polar-
izations, often in the form of printed antennas [3], especially for smart home applications.
Depending on the specific application, more specialized antenna types may be necessary.
For instance, durable antennas are essential for use in harsh environmental conditions (e.g.,
agricultural fields), whereas biomedical applications may require antennas that are more
flexible and efficient to be placed in a patient and immersed in the highly lossy human
body [4]. In scenarios requiring high data throughput, antennas capable of wideband,
dual-band, or even multi-band operation become critical. For 5G and future generations
where space-division multiple access (SDMA) is utilized, antennas with reconfigurable
radiation patterns that can produce non-overlapping multi-beams while operating within a
specific communication protocol are prioritized [5]. Additionally, the EM link may need
to exhibit different polarizations, such as linear and circular–elliptical (right- or left-hand
rotating). This feature calls for multi-polarized IoT antennas to allow parallel simultaneous
propagation of orthogonal signals, increasing the communication capacity. These situations
underscore the need to develop novel antennas or re-engineer existing ones to enhance the
designer’s toolkit. The goal is to accommodate a broader range of applications while also
enabling precise adjustments to optimize critical performance indicators of the antenna.

In recent years, a growing number of innovative antenna designs have been introduced
in the academic literature, targeting one or more of the above objectives to ensure their
compatibility with IoT devices. Various methods are employed in the design and optimiza-
tion of these antennas, including characteristic mode analysis [6,7], full-wave solvers [8],
equivalent circuits [9], and analytical solutions [10]. Currently, the most common approach
involves using numerical full-wave electromagnetic or multiphysics solvers. This process
starts with a basic antenna structure, such as a rectangular patch antenna, which is then
modified through the addition of slots, new elements, or even a complete redesign [11].
Subsequently, parametric or optimization methods are applied to fine-tune the antenna’s
performance to meet specific operational criteria. Once the design is finalized, a prototype
is manufactured and tested under small-signal conditions to evaluate its S-parameters,
radiation pattern, and efficiency [8].

The effectiveness of an antenna is typically assessed based on its size, bandwidth,
axial ratio (for circularly polarized antennas), reconfigurability, and manufacturability.
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Recent reviews on IoT antennas classify them based on attributes such as reconfigurable
properties [12], design methodology [8], type [13], bandwidth [14], and the kinds of tunable
elements utilized [15]. Occasionally, review papers introduce new metrics to facilitate a
more equitable comparison among different antenna designs. One such metric, the axial-to-
impedance bandwidth ratio, was proposed to evaluate an antenna’s capability to function
as circularly polarized (CP) throughout its entire operational bandwidth [15]. This met-
ric and similar others aim to quantify the performance and suitability of antennas for
specific applications.

The term “IoT” includes a wide range of applications, each with its unique require-
ments, making it overly simplistic to presuppose that any IoT antenna is suitable for all
IoT applications. When an antenna is identified as suitable for IoT, it is essential to specify
its operational domain. For instance, a wideband, high-gain, and beamforming-capable
antenna might be ideal for IoT applications in 5G networks but less suitable for others [4].
Therefore, comparing IoT antennas across different applications without considering their
specific operational contexts is impractical.

To address this issue, we undertake a comprehensive review of IoT antennas, categoriz-
ing them based on their field of operation within IoT. This approach requires selecting the
most representative categories of IoT applications, considering the unique nature of each
application and the specific antenna characteristics it demands. This review focuses on four
primary operational fields: biomedical and implantable devices, smart homes, and smart
cities. It is important to note that even within these categories, there are sub-categories
with vastly different requirements (for example, the differences between implantable and
wearable antenna specifications). This review represents the first attempt, to the authors’
knowledge, to compare IoT antennas based on characteristics tailored to specific applica-
tions, providing a clear understanding of how antenna designs can meet the diverse needs
of the IoT landscape.

2. Materials and Methods
2.1. Biomedical Devices

The Medical Internet of Things (Medical IoT) represents a groundbreaking integration
of medical devices with individuals, utilizing wireless communication to enable the ex-
change of healthcare data, facilitate remote patient monitoring, and significantly improve
the quality of life for patients [4]. This innovation not only promises to enrich lives but also
aims to enhance the quality of care and introduce cost efficiencies within healthcare institu-
tions. The implementation of the Medical IoT in the healthcare sector is rapidly expanding
on a global scale, though it encounters a variety of obstacles that need to be addressed to
widen its application. These challenges include, but are not limited to, scalability, mobility,
cost, complexity, management, trust, security, and interoperability.

Medical IoT applications can range from simple biological metrics, such as blood
pressure [6] or temperature [16], to more complex measurements like the concentrations of
certain substances [17]. The devices responsible for this monitoring need to be sufficiently
small to be implantable [6], ingestible in the form of a capsule [18], or wearable [16].
Beyond the real-time wireless monitoring of various physiological parameters, a variety of
emerging applications have been highlighted in recent studies. These include:

• The management/treatment of brain disorders [19] through brain–computer inter-
faces (BCIs) that enable direct communication between the brain and an external
device [20,21];

• The Tongue Drive System (TDS), which allows for control of devices through tongue
movements [22];

• Leadless pacemakers that provide cardiac rhythm management without the need for
wired leads [23];

• Neurostimulators that deliver electrical stimulation to targeted areas of the brain or
nervous system [24];
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• Techniques for imaging blood vessels to support diagnosis and treatment plan-
ning [25];

• Drug delivery systems designed to release medications in a controlled manner at
targeted locations within the body [26].

These advancements illustrate the broad and evolving scope of the Medical IoT in
enhancing healthcare delivery and patient care.

2.1.1. Challenges of Ingestible and Implantable Antennas

In recent years, there has been a rapid development of wearable sensors and transmit-
ters, making them an easily accessible and commercially available option where simple
patch antennas are sufficient [4]. Different examples of biomedical antennas are presented
in Figure 1. However, IoT antennas for implantable and ingestible devices present a signifi-
cant challenge for the designer. The human body is conductive and presents high dielectric
constants [27], primarily due to its water content and the electrodes. This electromagneti-
cally hostile environment complicates the development of miniature and efficient antennas
capable of penetrating human tissue to transmit data to an external receiver when the
sensor is located inside the patient’s body. For these applications, the antenna must achieve
high efficiency, operate at low frequencies, and have a small footprint.

Figure 1. Architecture of communication systems involving implantable, ingestible, and wearable
antennas.

High efficiency is crucial for these devices as their power supply is limited; they either
use small batteries, which cannot be frequently replaced, or rely on energy harvesting
or wireless power transfer techniques [4]. Additionally, to ensure that the signal can be
transmitted outside of the human body, operating at a longer wavelength is beneficial,
as it facilitates easier signal transmission through heterogeneous human tissues. Moreover,
given the requirement for these devices to be implanted or ingested, it is imperative that
the antennas have a low profile to fit within the confined spaces of a small capsule [18] or
implantable device [28]. Based on the application, the size and the shape of the implantable
antenna may differ, but in most cases, a few dozen mm3 of volume is needed for their
placement inside the human body. On the other hand, the data rate is not deemed a critical
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factor for these types of devices, as the data collection from measurements is expected
to occur at relatively low sampling frequencies (less than 1 Hz), focusing instead on the
reliable transmission of crucial health metrics. As a result, electrically small antennas have
become increasingly attractive for such applications [4].

Designing electrically small antennas presents significant challenges, primarily due to
their extremely low efficiency, often a result of the platform effect seen in printed structures,
and the complexity of their operation in the near field, which complicates the analysis [4].
Furthermore, due to their low operating frequencies, their bandwidth is limited to low-
data-rate applications. The preferred operating frequency for most implantable antennas
falls within the free bands allocated for industrial, scientific, and medical (ISM) applications
(433, 915, and 2450 MHz). Among the various designs, printed planar loop antennas are
the most commonly utilized for these applications [19,29]. These antennas are favored for
their compact size and high efficiency, attributed to their primary excitation of magnetic
fields, which are more capable of penetrating the highly dielectric and lossy human tissue
compared to electric fields. This makes printed loop antennas particularly well suited for
implantable devices, where efficient communication through human tissue is essential.
On the other hand, in a conformal configuration, the antenna is wrapped inside the device
package to minimize the occupied space while maintaining a large electrical size [30]. This
structure is observed in capsule-like ingestible antennas (endoscopy). Their cylindrical
shape is optimal, providing a smooth curvature for antenna wrapping [31]. However,
in recent years, different types of magnetoelectric antennas have been proposed to achieve
low operating frequencies while maintaining a low footprint (<10 mm3) in order to fit
inside leadless pacemakers and brain devices [32,33].

2.1.2. Planar Loop Antennas

A novel rectangular loop implantable antenna design featuring three concentric loops
was introduced, utilizing an I-shaped ground to significantly enhance tuning across opera-
tional bands [34]. Polydimethylsiloxane (PDMS) was chosen as the material for both the
substrate and superstrate due to its favorable properties for implantable medical devices.
The performance and safety of the overall antenna structure were evaluated using realistic
human scalp phantom models and a homogeneous skin box to closely mimic the conditions
of implantation. The simulation studies of this antenna design indicated that it operates
effectively around 5.8 GHz. Concerning safety, the specific absorption rate (SAR), which
measures the rate at which energy is absorbed by the human body when exposed to an
RF field, was found to be 0.28 W/kg for the skin box and 0.26 W/kg for human scalp
phantoms. The safety levels based on Institute of Electrical and Electronics Engineers (IEEE)
and Federal Communications Commission (FCC) standards [35] are 1.6 W/kg and 2 W/kg
when 1 g and 10 g of head tissue is exposed to EM radiation. It is important to note that
these limits are valid for the RF frequency range of 100 kHz–300 GHz. This demonstrates
the antenna’s suitability for safe use within the specified operational parameters (1 mW
input power). The transmitting system is powered by a battery source, which limits the
operational period, particularly for cranial implants. Additionally, while selecting a high
operating frequency can reduce the size of the system compared to other designs, it also re-
sults in a decreased gain of −32 dB. This reduction in gain confines the system’s application
primarily to shallow implants, where such low gain is less critical.

To further simplify the RF transceiver circuitry and eliminate the need for Baluns (bal-
ance to unbalance converters) required by single-ended antennas, differential loop antennas
have been introduced as a solution [18,36]. These antennas feature an inductively coupled
feed structure alongside dual-band meandered radiators, achieving a −10 dB impedance
fractional bandwidth of 10.2% with the circular-shaped foldable circuitry frequently used in
commercial ingestible capsules. Utilizing a realistic phantom for testing at 2.45 GHz, the an-
tenna demonstrated a gain of −27.9 dB, indicating potential suitability for applications in
wireless ingestible capsule technology. However, the frequency of operation was adjusted
due to the structural complexity, which may be attributed to the flexibility of the foam. This
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raises concerns about the behavior of the system when inserted inside the human body.
Furthermore, such antennas present high reactive impedance due to the inductive coupling,
making the matching between the antenna and chip a complex procedure.

2.1.3. Meander Antennas

Meandered patch radiators are an innovative approach to minimizing antenna size,
particularly effective in scenarios requiring biocompatible materials. Such antennas are
normally placed inside a plastic capsule in the shape of a pill in order to be swallow-
able (Figure 2). In one specific design [21], alumina serves as the dielectric substrate. This
antenna incorporates a defected ground structure and a shorting pin to optimize its per-
formance. It is strategically positioned between the cortical bone and dura layer within a
seven-layer human brain phantom to assess its effectiveness in facilitating the transmission
of neural signals to external devices or computers, a key function in the brain–computer
Interface (BCI). The SAR was determined to be an enormous value of 682 W/kg when
averaged for a 1 g tissue sample and 77.1 W/kg averaged over a 10 g tissue sample for
1 W power input. These findings demand that to avoid harmful effects on human brain
tissue the antenna can safely operate at input power levels of 25 µW and 3.24 µW, respec-
tively, much smaller than the expected power around 1 mW. The SAR limit is the same as
defined earlier.

Figure 2. Differentially fed antenna enclosed in a capsule shell for ingestible wireless capsules.

A dual-band meandered patch antenna design is demonstrated in [37]. This minia-
turized antenna, with dimensions of 5 × 5 × 0.635 mm3, displayed a wideband response,
namely, 300 MHz in the 1.4 GHz band and 380 MHz in the 2.45 GHz band. Its meander-
shaped microstrip patch configuration not only provides a low-profile form factor but
also simplifies integration with other circuits. The meandered slots play a critical role in
tuning the antenna, enhancing its bandwidth, and minimizing its size. To achieve fur-
ther size reduction, a material with a high relative permittivity (ϵr = 10.2) was chosen
for the antenna’s substrate (Rogers RT/Duroid 6010). Additionally, the introduction of
ground slots adds a parasitic element that boosts the antenna’s radiation efficiency to a
total of 1%. The proposed antenna’s functionality in wireless bio-telemetry applications
is demonstrated through the use of a pair of wireless transceivers. This setup highlights
the antenna’s capability for sustainable and stable wireless data transmission, achieving a
high data rate of 2 Mb/s over a distance of up to 20 cm when the receiver is placed on the
body surface.

2.1.4. Various Antenna Types

In the realm of antenna design, especially for applications requiring operation within or
around the human body, a variety of innovative electrical structures have been explored and
documented in the literature. Some indicative examples include planar inverted-F antennas
(PIFAs) [38,39], dielectric resonator antennas (DRAs) [40], metamaterial-based antennas [41],
and Vivaldi antennas [42]. Each of these designs offers unique advantages for specific
applications, addressing different challenges related to size, efficiency, and bandwidth.
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In particular, the Vivaldi antenna [42], when embedded vertically against the dura
mater within a skull phantom, demonstrates particularly noteworthy performance charac-
teristics. This configuration results in increased radiation gain directed toward the end-fire
orientation of about 30% with respect to the conventional antenna, namely, with an av-
erage gain of −15.7 dBi across a wide bandwidth range from 3 to 5 GHz. This extensive
bandwidth may go underutilized because even the most bandwidth-intensive modulation
schemes used in such applications will not exceed 100 MHz. However, this antenna can
offer versatility in its frequency of operation, particularly if certain frequencies experience
high attenuation. Furthermore, a link budget analysis of this skull-embedded Vivaldi an-
tenna underscores its potential for reliable wireless communication within the challenging
harsh environment of the human body. The analysis indicates that effective communication
can be maintained over a distance of 10.8 cm between the two antennas (receiver and
transmitter), even with a transmitted power as low as −25 dBm [42]. Another advantage
of the antenna is the low SAR, which permits higher power input in comparison with
previously mentioned antennas (5 mW).

2.1.5. Magnetoelectric Antennas

A novel class of antennas, particularly suitable for low-frequency (LF) applications
where compact size and device integration are critical has been gaining attention. For ex-
ample, the absorption of LF magnetic fields in human tissue is notably lower, enhancing
the suitability of antennas generating dominant magnetic fields for use in or near the
human body. These antennas exploit magnetoelectric (ME) coupling and electromechanical
resonance (EMR) to address the limitations traditionally associated with conventional
electric field antennas, particularly in terms of efficiency and miniaturization, for very
high frequency (VHF) and ultrahigh-frequency (UHF) applications. Unlike conventional
EM antennas that resonate based on electromagnetic properties, LF ME antennas operate
by resonating at the mechanical frequency of their physical structure, which allows for a
significant reduction in their overall size.

In ME or multiferroic or mechanical antennas, a low-frequency AC magnetic field
(HAC) interacts with a magnetostrictive layer, causing a periodic rotation of magnetic do-
mains and a shift in domain boundaries [43]. This interaction generates a mechanical strain,
which, when transferred to an acoustically coupled piezoelectric layer, results in electrical
polarization (or the reverse process, depending on the operation mode). Acoustically driven
antennas can operate at resonant wavelengths that are up to 105 times smaller than their
electrical counterparts, providing a substantial advantage in terms of miniaturization and
efficiency for specific applications. It is important to note that the term high efficiency
is denoted for ME when compared with the same dimensions of electric current-based
antennas at the same frequency. This means that the efficiency may not be high as com-
pared to conventional antennas, but their size is smaller while keeping the efficiency at
acceptable levels.

One of the standout features of acoustic antennas is their real resonant impedance,
while electrically small antennas of similar size present high reactance [43]. Notably, high
real input impedance means that the antenna can accept and then radiate a significant
amount of power. On the contrary, high input reactance causes the reflection of the power
fed to the antenna. This unique operation mechanism allows LF ME antennas to achieve
remarkable miniaturization and higher efficiency compared to embedded traditional EM
antennas. Moreover, ME antennas can possess the dual functionality of wireless energy
harvesting and sensing at different frequencies, expanding their utility beyond data trans-
fer [44]. This dual capability, combined with their compact size and acceptable efficiency
(0.5%), positions ME antennas as a promising solution for advancing the functionality
and performance of a wide range of low-frequency applications, including those in the
medical field.

Despite the above benefits, it is important to note that the radiation efficiency of
acoustic antennas can vary widely depending on how the acoustically driven antenna is
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implemented [45]. While the impedance characteristics are a common trait among most
acoustic antennas, leading to enhanced matching efficiency, the specific design and fab-
rication of an acoustically driven antenna play a crucial role in determining its overall
radiation efficiency.

A groundbreaking development in ME antenna technology involves a self-biased,
miniaturized LF ME antenna, as proposed in [46]. This antenna operates at an electrome-
chanical resonant frequency of 49.9 kHz, and its volume has been significantly reduced to
only 1.75 mm3, making it substantially smaller than comparable EM antennas. The design
features a piezoelectric layer sandwiched between two magnetostrictive layers, effectively
leveraging the magnetoelectric effect for signal generation and reception. The performance
of this antenna was evaluated both in air and within a specially optimized three-layered
(skin, fat, and muscle) human tissue-mimicking phantom as a function of the frequency,
to explore its potential for deep-body communication applications. In tests, the maximum
received power was recorded at 20 nW in air and 8 nW in the phantom media at a distance
of 1.2 m from the source. Notably, this ME antenna exhibits a significantly lower path loss of
only 0.57 dB/m, compared to antennas operating at higher frequencies. In such cases, due
to low operating frequency, the data rate is limited as in the case of [47], where for a center
frequency of 274 kHz a rate of 220 kbps was achieved. However, in the tests, vibrations due
to the body were not taken into consideration, which eventually will degrade the efficiency
of the antenna.

In a similar approach to advance implantable medical devices, an ME antenna de-
scribed in [44] has been integrated within a CMOS energy harvester chip. This combination
aims to establish a wireless communication link specifically designed for fully integrated im-
plantable devices, targeting the dual objectives of energy harvesting and signal transmission.
The system is designed to perform two critical functions: first, to receive pulse-modulated
power from a nearby transmitter, enhancing the device’s operational longevity without the
need for physical connections; and second, to accurately sense and transmit low-magnitude
neural signals, facilitating advanced medical monitoring and therapeutic interventions.
A piezoelectric layer made of aluminum nitride (AlN) was connected via epoxy with a
magnetostrictive layer composed of iron gallium boron (FeGaB). The antenna operates at
two different frequencies, corresponding to its width and thickness resonances, which are
optimized for the specific requirements of neural implant applications.

To evaluate the efficacy of ME antennas, a wireless test platform was developed in [44],
serving as a valuable tool for neural implant design and testing, as seen in Figure 3. This
setup includes an RF measuring system to test the ME antenna behavior, while coils are
used to produce AC and DC magnetic fields. In more detail, the DC magnetic field is
needed to bias the magnetostrictive material, and the AC low-frequency magnetic field is
sensed through the antenna. An RF signal is transmitted through software defined radio
(SDR), which is collected from the antenna acting as a harvesting device, and measured
using a spectrum analyzer. Finally, the SDR can receive an RF signal from the ME, which car-
ries the information about the intensity of the low-frequency magnetic field. Utilizing this
platform, the integrated system demonstrated its capability by successfully transmitting
a magnetically modulated action potential waveform. Neuronal activity generates small
transient currents that produce small neural magnetic fields (NMFs) [48]. The ME antenna
is capable of detecting these NMF signals due to its low operating frequency. The test con-
figuration was developed to simulate the magnetic field generated by brain activity using
Helmholtz coils activated by an SDR. To achieve a realistic testing environment, the ME
antenna was stimulated with neural action potentials to facilitate magnetic modulation
of low-frequency signals. This setup reproduces the action potential’s voltage waveform,
generating a corresponding magnetic field. The process activates the ME antenna, enabling
it to perform wireless sensing and data transmission over a 63.63 MHz frequency link.
The received signal was then processed utilizing the microprocessor of the SDR to estimate
the action potential.
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Figure 3. Measurement setup for simultaneous magnetic field sensing and energy harvesting of a
magnetoelectric antenna presented in [44].

2.1.6. Discussions and Perspectives through Interdisciplinary Collaborations

The aforementioned antennas are summarized in Table 1, which displays their most
crucial parameters for these applications. It is evident that there is a trade-off between
the size of the antenna and its gain, as electrically smaller antennas typically present low
efficiency. Furthermore, in many cases, the operational bandwidth of the antenna is not
mentioned, indicating a small bandwidth that leads to low data rates. To increase the data
rate, multiple-band planar inverted-f antennas (PIFAs) have been investigated by different
researchers [38,39]. To further increase the gain and the antenna efficiency metamaterials
may be used, as seen in [41]. Another way to enhance the efficiency and minimize the
volume of the structure is by exploiting magnetoelectric (ME) materials, though this ap-
proach sacrifices bandwidth. In magnetoelectric antennas, radiation is achieved through
the acoustic resonance of the antenna, which induces magnetic oscillations. This phe-
nomenon is utilized to surpass the radiation bounds defined by Chu–Harrington’s limit,
particularly originating from the distance between the ground plane and the radiator [49].
It is important to highlight that this behavior is observed for general electrically small
antennas due to the longer wavelengths. Despite these advantages, the efficiency of magne-
toelectric antennas remains poor due to acoustic mismatches between the piezoelectric and
magnetostrictive materials, as well as the low piezoelectric and piezomagnetic coefficients.
In summary, the concept of magnetoelectric antennas appears to be more appealing at radio
frequencies than in the microwave region based on current data.
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Table 1. Comparison table of different antenna designs for implantable and digestible devices.

Antenna Gain (dBi) Size (mm3) Q Frequency Reference

Meandered Patch −32.1/−31.5 5 × 5 × 0.635 4.05/6.45 1.4/2.45 GHz [37]
Dif. Meandered Patch −27.9 25 × 11 × 11 10 2.45 GHz [18]

Impl. Vivaldi −15.7 44 2 4 GHz [42]
Rectangular Loop −32 5 × 7 × 0.3 5.9 5.9 GHz [34]
Meandered Patch −28.65 6 × 9.55 × 0.2 5.21 2.4 GHz [21]

Dif. Meandered Loop −28.6 25 × 11 × 11 19.6 2.45 GHz [36]
Diel. Resonator −25.7 3 × 4.7 × 1 - 2.45 GHz [19]
Metamaterial −15.2 8 × 8 × 0.15 - 2.45 GHz [41]

Conformal Loop −28.9/−18.6 28 × 9 × 9 - 0.434/2.45 GHz [29]
PIFA −33.6/−21/−15.49/−10.25 154 3.19/2.25/8.33/14 0.403/0.915/1.4/2.45 GHz [39]
PIFA −45.6/−27.6/−25.4 11 × 20.5 × 1.8 - 0.403/0.902/2.45 GHz [38]
ME −18.1 0.2 × 0.05 × 0.001 632 2.53 GHz [50]

ME Disc −15.59 0.2 × 0.2 × 0.001 16 2.49 GHz [51]
Self-biased ME −61 3.5 × 5 × 0.025 1970 49.9 kHz [46]

The most challenging task in designing wearable, and especially implantable, antennas
is that they primarily operate in the near field due to the highly lossy dielectric medium
of the human body. This medium absorbs electromagnetic waves, significantly affecting
antenna performance. Therefore, designing an effective implantable or ingestible antenna
requires precise measurements within the human body to verify its operation and ensure
reliable communication. However, for practical and ethical reasons human test subjects
(clinical trials) cannot be used in the initial stages of design. Consequently, phantoms made
from materials that mimic human tissue, such as minced meat or agarose gel [37] or an
agarose matrix [52], are used for testing. These phantoms allow researchers to simulate the
electromagnetic environment of the human body, providing valuable insights into antenna
performance without the need for live human trials. By using these realistic models,
engineers can refine antenna designs to enhance their efficiency, safety, and effectiveness
before moving on to more advanced testing stages.

However, actual clinical trials to fully validate a device’s functionality are performed
in very few cases after the initial design stage. In this context, the optimal development
and exploitation of antennas and wireless communication systems for biomedical devices
cannot be achieved solely by engineers. Close collaboration with medical doctors and
other healthcare professionals is essential to ensure continuous dialogue and bidirectional
feedback throughout the design process. Such collaboration ensures that antenna designs
meet both technical and clinical requirements, addressing practical healthcare challenges
and patient needs.

Although the importance of interdisciplinary collaboration is well understood, related
efforts often lack systematic organization. This can lead to communication gaps and mis-
aligned priorities between engineers and medical professionals. Establishing structured
frameworks for collaboration, such as interdisciplinary teams and regular meetings, can en-
hance the integration of medical insights into the engineering design process. By fostering
a more organized and collaborative approach, the development of biomedical devices can
better align with the realities of clinical practice, ultimately improving patient outcomes
and advancing the field of medical technology.

In addition, implantable or wearable antennas and devices require complicated and
miniaturized mechanical designs, and any materials used must be biocompatible. This
issue can greatly benefit from recent advancements in 3D printing if they are appropriately
directed through feedback from scientists developing antennas or biomedical devices. This
perspective was emphasized a decade ago by organizations and universities, such as in
the MIT white paper [53]. To our knowledge, this enlightening idea is not yet widely
established. Organizing interdisciplinary committees at each university, possibly managed
by national forums, could be a good approach.
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2.2. Smart Home Appliances

Smart homes represent the combination of IoT technology with residential living,
offering the ability to remotely control various home functions via a smartphone or com-
puter [54]. This integration has led to remarkable progress in making our living spaces
more comfortable, secure, energy-efficient, and convenient. By incorporating an array of
technologies such as sensors, interactive interfaces, monitoring systems, and intelligent
appliances, smart homes are interconnected environments that facilitate both automated
and manual management of domestic activities [54]. These technologies, controlled by
advanced information and communication systems and enhanced by machine learning
algorithms, allow smart homes to analyze the behaviors and preferences of their inhabi-
tants. This capability enables the home environment to adapt its operations to the specific
needs and habits of its residents, thereby elevating their overall quality of life. Furthermore,
smart homes are adept at optimizing energy consumption, ensuring that appliances and
other household features operate more efficiently [55]. This not only contributes to a health-
ier and more eco-friendly living space but also promotes a more sustainable approach to
residential living.

2.2.1. Antenna Specifications

To ensure connectivity among various sensors and actuators within a household,
the development of novel multifunctional antennas is critical. Given the requirement for
all devices within a home to be interconnected, there are primarily two antenna design
strategies to consider, as illustrated in Figure 4. One approach involves antennas that
generate multiple beams, adaptively steering their main beam toward other IoT devices.
Alternatively, antennas can be designed with omnidirectional or nearly isotropic radiation
patterns to ensure comprehensive coverage across the entire household space. Examples
of omnidirectional and isotropic radiation patterns are depicted in Figure 5, for which the
radiation is emitted almost in every direction. However, in such cases the antenna gain is
minimized, decreasing the covering range of the antenna, so an appropriate analysis must
be performed to ensure the entire coverage of a home. While a hybrid of these approaches
is also feasible [56], this review will focus on the latter strategy. This decision is based
on the assumption that many wireless sensors may lack the size or power capabilities to
support multi-beam functionality.

Figure 4. Typical smart home architecture denoting the antenna utilization. Arrows denote some of
the plethora of possible communication lines.
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Figure 5. Radiation pattern of (a) an omnidirectional and (b) an isotropic antenna.

Regarding operating frequencies, most smart home applications use widely adopted
communication protocols such as Wi-Fi, Bluetooth, and Zigbee, which operate in the ISM
bands. The prevalence of these technologies is due to their mass production capabilities,
cost-effectiveness, and ease of programming for IoT devices. Additionally, these protocols
support high data rates within the small, controlled environment of a home network.
Consequently, the majority of IoT antennas currently operate within the Wi-Fi bands.
However, there have been research efforts to explore mmWave wireless systems, which
offer higher data rates and reduced interference from crowded Wi-Fi bands, as well as
miniaturized sizes [57]. Despite these advancements, commercial availability of mmWave
systems remains limited. In this review, we will not limit our discussion to Wi-Fi bands
but will also cover the entire sub-6 GHz band and some millimeter-wave (mmWave)
bands. This broader scope aims to provide readers with a comprehensive view of emerging
technologies, extending beyond commercially available bands. The primary goal of this
review is to highlight multifunctional antennas that could potentially be used in future IoT
devices. Additionally, many of the presented devices can be appropriately tuned to operate
in the desired frequency bands, even if those frequencies are not currently licensed for use.

Non-directive antennas, therefore, are required to offer multi-polarization capabilities
to cope with the polarization mismatch due to the highly reflective environment of modern
homes. Notably, wave reflection is expected to alter the orientation of the electric field, thus
causing a change in its polarization. This is very well understood in free space propagation,
where a horizontally polarized wave may generate both horizontal and vertical fields when
it is reflected at an obstacle. Thus, the multi-polarization feature is essential for main-
taining reliable communication. Additionally, it is usually preferred for frequency-agile
antennas to operate in different frequency bands of 5G because wideband behavior is
difficult to achieve [15]. Such flexibility in antenna design is crucial for achieving compre-
hensive connectivity within smart homes, enhancing the integration and functionality of
IoT devices.

Incorporating antennas with versatile polarization capabilities into communication
systems necessitates meeting two key criteria: (i) the antenna must possess a structure
capable of supporting multiple polarizations, and (ii) it requires a sophisticated feeding
network designed to excite or receive the specific polarization needed at any given time.
Achieving these requirements using only passive elements presents significant challenges,
leading to the proposal of electrically and mechanically reconfigurable antennas as a solu-
tion [15]. Reconfigurability in antennas allows for adjustments in the electrical size and/or
shape of the antenna, thereby controlling its operational characteristics, such as frequency,
polarization, and radiation pattern. The polarization of an antenna is fundamentally linked
to its physical configuration, as the direction of surface currents on its radiating elements is
influenced by the shape of the antenna radiator and the manner in which it is excited. Recall
that the electric field of the generated wave retains a direction (polarization) parallel (or
following) to that of its source electric current density. An antenna can shift its polarization
sensing between different types, such as from linear (LP) to circular (CP), or from RHCP
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to LHCP, and so on [58]. A simple example is depicted in Figure 6, where a cross-dipole
antenna can be operated in three polarization configurations.

Various methods exist for tuning antenna characteristics, including mechanical ad-
justments (e.g., motor-based steerable systems) [59], pumping liquid metals into special
hollow cavities to alter substrate permittivity and permeability [60], and the use of photo-
conductive switches activated by laser light on semiconductor materials [61]. However,
electrical tunability remains particularly attractive for sub-6 GHz integrated antennas.
The ease with which electronic components can be integrated into antenna systems allows
for efficient and effective modification of antenna properties. This form of reconfigurability
at RF often employs electronic switches, such as PIN diodes and varactor diodes, to alter
an antenna’s operational characteristics [12].

Figure 6. Simple switchable polarization cross-antenna configuration enabled by electronically
controlled RF switches.

2.2.2. Characteristic Mode Analysis as IoT Design Tool

The design process of reconfigurable antennas presents a complex challenge that
requires the utilization of various techniques to transform a conventional antenna into a
multifunctional one. The literature highlights a diversity of methodologies, each bearing
unique characteristics tailored to specific design goals. Notably, there has been a growing
trend in recent years towards the use of characteristic mode analysis (CMA) in antenna de-
sign [62]. CMA is valued for its effectiveness as a design tool, primarily because it provides
direct insights into the radiating behavior of antennas. This facilitates a more systematic
and informed approach to design, as opposed to relying solely on the engineer’s experience
or trial and error. CMA can be particularly effective in determining the optimal locations
for excitation on the radiator. In this context, CMA emerges as a powerful technique, equip-
ping designers with a deeper understanding of the antenna’s operational mechanisms and
allowing for the strategic manipulation of its properties to achieve desired reconfigurability
and functionality.

Various CMA-based antenna designs have been proposed for the IoT [6,7,63–65].
A notable example of leveraging CMA is presented in the design of an electronically recon-
figurable 6-port dual-band dual-mode microstrip ring antenna (Figure 7) [7]. The design
process, facilitated by CMA, identified two non-conventional higher-order modes suit-
able for operation within two sub-6 GHz frequency bands. The selection of these modes
capitalized on the natural orthogonality of the characteristic modes. This orthogonality
translated into achieved isolation exceeding 37 dB in both bands, negating the need for
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complex decoupling strategies typically required to mitigate interference between multiple
ports. To enable dynamic switching between the two identified operational modes, an in-
tegrated electronically reconfigurable matching network was developed, incorporating
six PIN diodes and six varactor diodes. The antenna displayed a peak gain of 4.7 dB for
both modes and radiation efficiency values of 44.3% and 64% at the two frequency bands,
respectively. Unfortunately, the radiation pattern exhibits nulls in certain directions due
to the selected characteristic mode, deviating from the desired quasi-isotropic pattern.
Additionally, the selected modes differ by only about 300 MHz, which is insufficient for
IoT devices that may need to switch between different Wi-Fi bands, such as 2.4 GHz and
5 GHz.

Figure 7. (a) A 6-port reconfigurable dual-band dual-mode microstrip ring antenna designed exploit-
ing characteristic mode analysis: (b) its feeding network and (c) scattering parameters [7].

Two LP states is not quite enough for a polarization-agile antenna, due to the use of
CP waves in an increasing number of applications to mitigate mismatch losses. For this
purpose, a linear array employing square patch slotted elements was introduced in [6].
This innovative design (Figure 8) facilitates LP, RHCP, and LHCP by exploiting two LP
orthogonal modes that possess equal modal significance and a 90◦ angle difference at
2.4 GHz. A strategically designed simple feeding network incorporating PIN diodes is
employed to excite the various combinations of these two modes, depending on the state
of excitation chosen. Notably, a common bandwidth (with |S11| ≤ −10 dB) that accommo-
dates all three polarization states has been identified within the range of 2.25 to 2.55 GHz,
equating to a 12.5% fractional bandwidth and 3 dB gain BW range from 2.25 to 2.7 GHz in
the LP state. The axial ratio of the LHCP and RHCP states maintained values below 3 dB
in their operation bands. The 1 × 4 antenna array showed measured maximum gains of
7.2 dBi for LP and 9.78 dBic and 9.8 dBic for LHCP and RHCP states, respectively. However,
such a directive radiation pattern without the ability to manipulate its beam orientation,
has questionable usability in IoT appliances. However, it can indeed be used when “Things”
are placed at known angular directions, as in that case they may offer a more efficient link.

An alternative approach to achieving triple polarization involves using metasur-
faces (MSs) as polarization transformation components [66] or even purely as metanten-
nas [63]. An innovative solution features a miniaturized reconfigurable tri-polarization
metantenna [63], which uniquely serves as the antenna radiator aperture itself, rather than
as an auxiliary component. This metantenna (Figure 9) is composed of windmill-like units
derived from square patch units, with design optimization based on characteristic mode
analysis (CMA). This approach leads to a significant 46% reduction in size compared to
traditional designs, while the radiation pattern presents only one wide beamwidth front
lobe due to the ground plane. The metantenna shows remarkable maximum impedance
bandwidths of 24.6% (ranging from 3.24 to 4.15 GHz) for circular polarization (CP) and
24.1% (spanning 3.26 to 4.05 GHz) for linear polarization (LP), accompanied by a peak gain
of 5.25 dBi. However, to properly bias the diodes, a complex external network is required.
A clever way to mitigate this was proposed in [66], where the authors managed to bias
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the diodes without using a self-bias network, significantly reducing the complexity of the
overall structure, as seen in Figure 10. A notable implementation involves leveraging a
metasurface to significantly enhance the CP bandwidth while also enabling LP operation,
with a microstrip patch serving as the main radiator. The measurements from this design
confirm an impressive overlapped bandwidth of 12.4% and a broadside gain exceeding
5.8 dBi for all polarization states. These examples highlight the versatility and effective-
ness of employing metasurfaces in developing antennas capable of supporting multiple
polarization states.

Figure 8. Geometrical configuration of multi-polarization slotted patch antenna in (a) top and (b) side
views, designed based on CMA [6]. (c) Photograph of fabricated prototype [6].

Figure 9. Tri-polarized metantenna designed based on CMA [63].
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Figure 10. Triple-polarized metasurface antenna [66].

2.2.3. Alternative Methods for Agile Antennas

Microfluidically polarization-tunable probe-fed patch antennas represent a fascinating
advancement in antenna technology, as detailed in [67]. The proposed design is presented
in Figure 11. This functionality is achieved through the alternative insertion or removal
of metallic ink within 3D-printed channels made of polylactic acid (PLA), demonstrating
the potential of integrating microfluidic systems with an antenna. For the second antenna
discussed in [67], both polarization states exhibit stable reflection coefficients, with a frac-
tional bandwidth of 9.6% (ranging from 4.48 to 4.93 GHz) and a 3 dB axial ratio bandwidth
(ARBW) of 5.2% (spanning 4.48 to 4.72 GHz). The design incorporates slots etched into
the top copper layer of the patch antenna, with fluidic channels filled with EGaIn (eu-
tectic gallium–indium) liquid metal ink serving as switching elements. These elements
can create open or shortcircuit electrical connections, enabling the antenna’s polarization
reconfigurability. Additionally, two slots are etched on a diagonally fed patch antenna to
excite two modes, TM10 and TM01, simultaneously, contributing to the antenna’s ability to
support multiple polarizations effectively. This tuning mechanism is quite intriguing, but it
is challenging to incorporate into a fully integrated system due to the complex process
required to pump fluid in and out of the cavity.

Figure 11. Double CP antenna manufactured by 3D printing and tuned through metallic ink [67].

Quad-polarized antennas represent a significant advancement in antenna technology,
offering support for four distinct polarizations [68–71]. To approximate an all-polarization-
capable antenna, it is essential to accommodate both right-hand circular polarization
(RHCP) and left-hand circular polarization (LHCP), as well as two linear polarizations,
typically horizontal polarization (HP) and vertical polarization (VP). This capability ensures
that any arbitrarily polarized wave can be detected with minimal efficiency degradation.

A noteworthy antenna design is proposed in [69], featuring a 1 × 4 crossed inverted-V
antenna array combined with a dual-Butler-matrix-based feed network (Figure 12). This
setup facilitates both polarization diversity and beam-steering capabilities. The crossed
inverted-V array incorporates a planar director to boost antenna gain. The outputs from
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the dual-Butler-matrix network are connected to each pair of the gain-enhanced inverted-V
antenna elements. Additionally, the dual Butler matrix is integrated with a polarization
mode selection switch matrix. This polarization selector, comprising a simple switch matrix,
allows the RF signal to be directed into a single or both Butler matrices with a relative
phase difference. This arrangement enables the generation of quad-polarization based on
the switching operations performed. Excluding the contributions of the dual Butler matrix,
the measured gain averages 12.8 dBi across all polarizations. However, the beamforming
capabilities of the antenna are limited due to the use of a 4 × 4 Butler matrix, which only
covers the azimuth range between −30◦ and +30◦. Additionally, the occupied volume of
the entire structure poses a challenge, especially due to its height when integrated into an
IoT device.

Figure 12. Configuration of inverted-V antenna array fed by a dual Butler matrix, enabling beam or
polarization switching [69].

There are cases where antennas with four linear polarizations (LPs) are referred to as
quad-polarized [72]. In the design proposed by Takato et al. (Figure 13), a stacked structure
is employed that passively receives four distinct linear polarizations without relying on
diodes for tuning. This design consists of a three-stacked element configuration. The bottom
patch is dedicated to orthogonal-polarized elements, while the upper patch is rotated at a
45◦ angle to facilitate slant-polarized elements. A significant feature of this design is the
reduction in mutual coupling between the two antenna layers. This is achieved through the
introduction of side walls on the upper element and conductor posts. These components
not only maintain the necessary distance between the two antenna layers but also serve as
an electrical shield for the feeding cable to the upper antenna. This effectively mitigates
potential interference and preserves the integrity of the signal transmission. The tuning
in this antenna design can only be accomplished mechanically, requiring an electronically
controlled rotor system. The large size and complexity of this system make it impractical
for IoT applications, where compactness and simplicity are often critical requirements.

In the realm of advanced antenna design, the pursuit of multi-polarization capabilities
has led to the exploration of innovative configurations that extend far beyond conventional
solutions. Such approaches involve the use of high-order-mode cavity-fed patch antenna
arrays (Figure 14) [73], which leverage the electric field distribution of high-order modes to
achieve diverse polarization states. Similarly, high-order cavity-based resonant circular slot
arrays [74] and orthogonally placed bowtie antennas with double printed rings [75] may
be employed.
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Figure 13. Mechanically tuned quad-polarized stacked patch antenna [72].

Figure 14. Multi-polarized high-order-mode cavity-fed antenna 2 × 2 sub-array [73].

A particularly interesting design feature is exhibited by a 16-switchable linear po-
larization sectioned circular stacked antenna, which operates within a reconfigurable
frequency band ranging from 1.84 GHz to 2.64 GHz [76]. A schematic of this circular an-
tenna is presented in Figure 15, along with its biasing network. This antenna employs an
odd–even strategy to manage polarization states, with diode control facilitated by a field-
programmable gate array (FPGA) coupled with the biasing network. This sophisticated
control mechanism allows for significant reductions in linear polarization (LP) mismatching
loss and equips the antenna with robust anti-interference capabilities, making it well suited
for operation in modern, electromagnetically complex environments. The reconfiguration
behavior of this antenna is achieved through the strategic distribution of PIN diodes across
the slots on both patch surfaces. By activating different groups and numbers of sector
patches, the effective current paths within the antenna are altered, thereby adjusting its
operating frequency band.
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Figure 15. Multi-polarized circular section stacked antenna, switched by digitally driven (FPGA) PIN
diodes [76].

A quite intriguing and smart realization of an all-polarization reconfigurable antenna
(Figure 16) was introduced in [77]. The patch antenna is capable of altering its polarization
states among arbitrary LPs, LHCP, and RHCP. The core of this design is a truncated square
patch antenna featuring two isolated H-shaped aperture-coupling feeds, tailored for opera-
tion at 2.45 GHz. This configuration enables the antenna to operate in two orthogonal CP
modes with minimal cross-talk. The mechanism for achieving polarization reconfigurabil-
ity in this antenna involves the selective excitation of one of two feeding microstrip lines.
Port 1 generates LHCP and port 2 RHCP; this means with the appropriate use of variable
attenuators someone can generate only one. Furthermore, by simultaneously exciting both
feeding microstrip lines with equal amplitudes—but with differing initial phases (phase
shifters)—the antenna can produce different LP modes. Remarkably, the orientation of the
LP mode’s polarization plane can be steered to any desired azimuth direction, offering
unprecedented control over the antenna’s polarization state. Simulated and measured
performance metrics for this antenna demonstrate its efficacy, with a consistent peak gain
of approximately 6.8 dBi at 2.45 GHz. Moreover, the antenna’s impedance-matched band-
width, which spans from 2.25 to 2.60 GHz, fully accommodates all polarization states
without compromise.

Figure 16. Configuration of the dual-circularly polarized square patch element: top layer and bottom
layer along with the feeding network [77].
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2.2.4. Recent Feedback on Smart Homes

In Table 2, the characteristics of various IoT antennas for smart home applications are
displayed. Different methodologies have been implemented to ensure multi-polarization-
capable antennas while maintaining small footprints. One group of antennas capable
of integrating into the smallest devices operates in the millimeter-wave spectrum, using
either cavities or frequency-selective surfaces to increase their directivity (gain) and form
narrow-beamwidth main lobes in the radiation pattern. Cavity-backed antennas are a
solution for the next generation of IoT devices, offering higher data rates due to their large
bandwidth, compact structures, and increased efficiency.

Table 2. Comparison of different antenna designs for smart home appliances.

Antenna Type Max Gain (dBi) Size (cm2) Rad. Pattern Polar. (States) Frequency FBW (%) Ref.

Ring Patch 4.7 20.45 × 20.45 Omnidirec. LP(1) 1.6 * GHz 0.5/1 [7]
Slotted Patch 9.8 35 × 10.5 Directive LP(1), CP(2) 2.4 GHz 12.5 [6]
Metasurface 5.8 3.75 × 3.75 Front Lobe LP(1), CP(2) 5.2 GHz 12.4 [66]

Windmill Metantenna 5.25 4.8 × 4.8 Front Lobe LP(1), CP(2) 3.65 GHz 24.1 [63]
Microfluid 7.3 4 × 4 Front Lobe CP(2) 4.6 * GHz 5.2 [67]

Crossed Inverted F 12.8 18.5 × 15 BF (−30◦:30◦) LP(2), CP(2) 5.8 GHz 15.7 [69]
Crossed Inverted F 7.6 5.3 × 5.3 Front Lobe LP(4) 3.4 GHz 5 [72]
High-Order Cavity 25 10.4 × 10.4 Directive LP(4), CP(2) 38.5 GHz 13.3 [73]
High-Order Cavity 16.8 6.1 Directive LP(5) 28.8 GHz <0.1 [74]

Crossed Bowtie Dipole 6.6 9.5 × 9.5 Front Lobe LP(3), CP(2) 2.7 GHz 37.1 [75]
Circular Sectored 4.7 92.25 Front Lobe LP(16) 2.2 * GHz 35 [76]
Truncated Patch 6.8 10 × 10 Directive All 2.45 GHz 12.8 [77]

BF: beamforming; * frequency-agile antenna.

However, this feature is not always desirable in smart home applications because IoT
devices must communicate with different “Things” that may be placed in arbitrary direc-
tions. Highly directive antennas require a beamforming network to ensure a reliable link
between nearby devices. Various solutions to this problem have been partially proposed
in different works [78–82], but we are quite far from establishing a holistic, commercially
ready cavity-backed antenna along with its feeding network. In addition, cavity-backed
antennas operate at millimeter range preferably in the ISM band, but currently, there is
only one below 100 GHz (24.1 GHz). The previously presented millimeter antennas do not
belong in that band, meaning that more research is needed towards exploiting this specific
band for smart home communications.

Therefore, we believe that in the coming years more researchers will propose novel
electronically reconfigurable compact beamforming networks for smart home appliances.
In this direction, metasurfaces and frequency-selective surfaces [83–87] can either enhance
the beam-steering capabilities of the antenna or enable multi-polarization reception, albeit
with the drawback of increasing the volume of the structure.

In the sub-6 GHz region, implementing a cavity-backed or metasurface antenna array
is challenging due to the longer wavelengths in this band, making them unsuitable for
small IoT devices. As explained previously, a quasi-isotropic radiation pattern is a more
realistic option to meet this requirement. As depicted in Table 2, most radiation patterns
show a main front lobe with almost no back lobe due to the ground plane. Therefore, there
is a need for multi-polarization antennas with nearly isotropic radiation patterns. In this
context, monopole antennas [88–92] exhibit omnidirectional or quasi-isotropic radiation
patterns and operate in multiple bands [90]. They can also be printed on flexible substrates
to wrap around any IoT device [56,92].

The smart home industry has already attracted major companies and seems too large to
be driven solely by individual efforts. However, many innovative devices and antennas are
initially inspired, developed, and published by university researchers. These innovations
are then often modified and exploited by industry research and development departments.
Consequently, smart home research evolves slowly and lacks a clear direction, which is often
unfair to university researchers who do not fully benefit from their creations. To address
this issue, a framework for collaboration between businesses and universities is needed.

20



Electronics 2024, 13, 3200

Such a framework could be established through a state-issued open memorandum of
understanding. Within this framework, multinational and domestic firms could announce
their technical needs regarding the next generation of smart home facilities through white
papers. This would motivate researchers worldwide to devise more advanced antennas
and devices to optimally support smart home environments. In turn, national organizations
should implement mechanisms to ensure researchers benefit from their inventions. While
patenting is one such mechanism, it is often too expensive and complicated for individual
researchers, resulting in most patents being monopolized by multinational firms rather
than universities. A more accessible system that encourages collaboration and rewards
innovation could help balance the relationship between academia and industry, ensuring
that university researchers receive fair recognition and benefits for their contributions to
smart home technology.

2.3. Smart Cities

Smart cities harness technology and data to significantly improve the quality of life for
their citizens by enhancing efficiency, promoting sustainability, and encouraging economic
growth [93]. By integrating a network of interconnected technologies, these cities enable
real-time data collection and analysis, which, in turn, allows for informed decision mak-
ing and optimal resource utilization. Through the incorporation of sensors, IoT devices,
artificial intelligence (AI), and machine learning, smart cities can efficiently manage and
improve various urban services, such as transportation, energy usage, waste manage-
ment, and public safety. The transition to smart cities requires significant investments
in infrastructure and innovation, but the benefits are manifold. For residents, it means
living in environments that are safer, more convenient, and more responsive to their needs.
For businesses, it opens up new opportunities for growth and innovation. In terms of the
environment, smart cities promise reduced pollution and more sustainable living practices.
Ultimately, the goal of smart cities is to create more resilient and adaptable urban spaces
that can rise to the challenges of the 21st century. By minimizing the environmental impact
of urban living and fostering economic development, smart cities aim to redefine what it
means to live in urban areas, making them better places for future generations.

In this context, the demand for highly directive antennas becomes evident, driven by
the unique challenges and opportunities presented by urban environments. Unlike the
more confined spaces of homes, where omnidirectional antennas might suffice, smart cities
require a more strategic approach to signal transmission due to their large scale and the
longer distances between sensors and base stations. Directive antennas, especially those
with electronically controllable beamforming capabilities, emerge as optimal solutions in
this setting. Beamforming allows for focused signal coverage, directing power efficiently
towards intended targets or users rather than dispersing it indiscriminately. This targeted
approach not only conserves energy but also enhances the quality of communication,
leveraging the urban landscape’s potential for line-of-sight (LoS) connections. These LoS
pathways between sensors or between sensors and base stations minimize latency and
ensure high-quality signal transmission, which is crucial for the stable operation of smart
city infrastructure.

2.3.1. Challenges for Next-Generation Smart City Antennas

For smart city applications, planar antenna arrays with high gain are preferred be-
cause they can significantly extend signal coverage without increasing power consumption.
These advanced antenna systems feature beam steering, which allows for signal direction
adjustments, enhancing their utility. Beam steering can be limited to a single plane, such as
the azimuth, or it can encompass both planes (azimuth and elevation) for comprehensive
3D spatial scanning. Although the size of the antennas is a secondary concern compared
to their performance capabilities, minimizing their footprint remains a design objective to
ensure seamless integration into the urban landscape without being obtrusive. Size minia-
turization is particularly important for IoT devices. Typically, such antenna systems are
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placed near highly populated metropolitan areas on rooftops, buildings, and lighting poles,
so selecting appropriate dimensions is crucial. Moreover, the ability to reconfigure polar-
ization and frequency is essential for IoT devices spread across smart cities. These features
ensure that the communication infrastructure can adapt to diverse and changing demands,
accommodate various devices and technologies, and make the system indispensable for
the efficient and flexible operation of smart city networks.

In contrast to smart home antennas, which primarily operate within the ISM bands
using well-established protocols such as ZigBee, Bluetooth, and Wi-Fi for short-range
communication within a house [94], smart cities require solutions that can handle longer
distances between sensors and more challenging environmental conditions. To address
these needs, it has been proposed that IoT devices utilize the 5G spectrum for long-range
communications [95]. Currently, the 5G spectrum covers almost the entire sub-6 GHz region
as well as millimeter-wave bands (26–28 GHz). Looking forward, Beyond 5G is expected
to expand to include additional millimeter-wave bands [96], while early 6G systems will
utilize the FR3 band (7–24 GHz) [97,98]. For distances shorter than 1 km, millimeter-wave
bands are preferred due to their capability to provide higher data rates [99]. Considering
these factors, both lower and higher bands of the 5G spectrum will be utilized for future
fully connected IoT networks, depending on the specific topology and requirements of
the deployment.

In the early stages of steerable antenna development, largely driven by radar system
applications, mechanical mechanisms were used to rotate antennas and point beams in
various directions. These systems were capable of controlling the main beam’s direction
in both azimuth and elevation angles, setting the groundwork for advanced directional
communication. However, in the context of smart cities, mechanically steered antennas
pose significant challenges due to their large size and maintenance demands, making them
less feasible for urban deployment.

The trend toward electronically steerable antennas has been motivated by the need
for more compact, rapidly adjustable, and energy-efficient solutions [100]. These antennas
replace mechanically controlled parts with electronic components, enabling rapid changes
in beam direction without any physical movement of the antenna structure itself. Printed
multifunctional antenna arrays have emerged as a potent solution, meeting the demanding
requirements of IoT devices in smart cities and supporting space-division multiple access
(SDMA) or even MIMO (multiple-input multiple-output) communications. A linear antenna
array allows beam steering within a two-dimensional plane (θ), while a planar array enables
three-dimensional space steering (θ, ϕ) by feeding each element with the appropriate phased
current [10]. The phase or time delay of the input current to each antenna element is critical
for determining the direction of the main beam. Additionally, the uniform amplitude
distribution feeding the array elements may also be adjusted to reduce the side lobe level
(SLL), thereby minimizing interference between different antenna systems.

While the theoretical foundations for antenna arrays have been well established for
decades [10], the challenge today lies in designing the individual antenna elements and
their associated feeding networks. Explicitly, the design challenges that an antenna engineer
usually faces are:

• Most antennas and feeding networks suffer from narrow band response, limiting the
applications.

• In uniform arrays, the distance of the elements (d) limits the operation bandwidth due
to beam squint (d = λmin/2, λmin = c0/ fmax).

• To efficiently steer the beam in space (3D) huge planar arrays are normally needed,
which significantly increases the size and the complexity (feeding network) of the
system.

• To adaptively steer an antenna demands huge computational resources (usually in-
corporating a microprocessor in the device), making it more power hungry while
increasing latency.
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• Off-the-shelf electronically tunable elements (e.g., phase shifter) are limited in the
market and when they are found their tunability is small.

• All-polarization arrays are difficult to develop due to the complexity of the array’s
elements and feeding network.

Research is increasingly focused on developing novel structures that integrate the an-
tenna array with its feeding network. The goal is to achieve electronic tunability through the
incorporation of nonlinear elements, thereby enhancing the functionality and adaptability
of antenna systems for the complex needs of modern smart cities.

Achieving continuous electronic scanning in antenna arrays poses significant chal-
lenges and is typically viable for arrays with a limited number of elements, often in
conjunction with software-defined radio (SDR) or cognitive radio (CR) [56,101,102]. These
cutting-edge technologies enable dynamic adjustment and optimization of the radio’s oper-
ating parameters to meet specific needs or adapt to changing environmental conditions.
Despite the potential for continuous scanning, in many practical scenarios, antenna arrays
are operated with a predefined set of beams, utilizing either analog [103] or digital [104]
control methods. This selective approach is particularly relevant for smaller antenna arrays,
which tend to have relatively wide beamwidths. Such beamwidths limit the precision
with which the antenna can steer its beam, making it challenging to achieve the level of
accuracy required for certain applications, such as space-division multiple access (SDMA)
or direction of arrival (DoA). In such applications, a beamwidth of −3 dB around 20◦ is
demanded, while the acceptable overlapping beams ∆G = −3 dB need to be at ∆θ = 20◦.
Consequently, the diversity in radiation pattern states available for selection is directly
related to the complexity of the antenna’s feeding network and the number of controllable
elements within the system, such as PIN diodes or RF switches.

2.3.2. State-of-the-Art Compact Antennas

In [9], a simplified unique single-fed four-faced cubical array with slotted inset-fed
patch antenna designed for operation at 2.45 GHz is introduced. This antenna, structured as
a cube and referred to as a 4× 2× 1 antenna array (Figure 17), incorporates four RF switches,
located at each arm of the four faces. These switches play a critical role in selective pattern
reconfigurability choosing from six different azimuth states. A significant advantage of this
design is its ability to switch beam while maintaining stability in the reflection coefficient.
This offers full 360◦ azimuth coverage by six beams with average HPBW = 50◦ in azimuth.
On the other hand, this specific design was originally intended for CubeSat applications.
However, it can also be utilized in IoT applications as a gateway in a local area network to
receive signals from all directions.

In contrast, another study [105] presents a low-profile, compact 16 × 16 antenna array
that offers reconfigurability in frequency, radiation pattern, and polarization but at the
expense of a complicated system. This advanced antenna design features a square patch
element loaded with four capacitors and four switchable feeding ports, all controlled by
an FPGA. The innovative aspect of this design lies in its frequency adjustability, which
ranges from 1.35 to 2.19 GHz, achieved by selecting capacitance values between 0.31 and
3.14 pF. Additionally, by setting specific coding patterns for the digital radiating elements,
the antenna can produce various radiation beams embodying three distinct LP states
(0, 45, 90◦). This level of versatility and control, however, necessitates the use of 64 PIN
diodes and 64 tunable capacitors, underscoring the complexity and advanced nature of
the antenna’s design. However, the 12 different radiation pattern states present peculiar
behavior such as the creation of multiple front lobes and randomness in beam steering on
the azimuth and elevation planes.

A dual-polarized frequency-reconfigurable patch antenna array designed for millimeter-
wave (mmWave) frequencies was investigated in [106]. The use of varactor diodes, strate-
gically positioned at the four corners of the square patch antenna, allows for dynamic
adjustment of the antenna’s operational frequency. This design enables the antenna array
to be tuned across a broad frequency range from 23.2 to 30.2 GHz, at millimeter range,
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simply by varying the capacitance of the varactor diodes. A key feature of the proposed an-
tenna array is its exceptional isolation capabilities—achieving over 20 dB isolation between
orthogonally polarized antenna elements and more than 15 dB isolation between antenna
elements with the same polarization. This high level of isolation is critical for reducing
interference and improving the quality of signal transmission and reception in densely
populated frequency bands. Additionally, the antenna array exhibits impressive gain per-
formance, with peak gains ranging from 8.9 to 10.5 dBi across its tunable frequency range.
The beamforming capability of this 1 × 8 uniform linear array further enhances its utility in
advanced communication systems. By feeding the different ports with appropriate phase
differences, the array can continuously steer its main beam across a wide azimuth angular
range, from −60◦ to 60◦, with a mean HPBW = 30◦. However, this property was estimated
using the antenna element radiation pattern with the use of the analytical array factor
without any numerical validation and prototype implementation of its feeding network.

Figure 17. Designed cubical array along with the printed slotted patch antenna (radiated element) [9].

In contrast with the previously referred to antennas, a 1× 4 CP patch array antenna was
introduced in [103] for the higher bands of 5G. This antenna employs an ortho-hexagonal
patch element, incorporating three groups (comprising in total six elements) of parasitic
patches and varactor diodes to facilitate continuous tuning in frequency and switching
polarization reconfiguration between LHCP and RHCP. Further enhancing the antenna’s
reconfigurability, four switchable feeding probes, each one integrated with a designed
single-pole four-throw (SP4T) switch, are employed to feed each element. This setup per-
mits feeding the array’s ports with different initial phases. Consequently, by appropriately
switching the feeding probes for the four elements, the radiation beam of the antenna array
can be dynamically reconfigured among five distinct beam states (−40◦, −20◦, 0, 20◦, 40◦),
while presenting a beamwidth of 22◦.

Electronically steerable parasitic array radiators (ESPARs) represent a significant
category of antenna arrays that blend active and passive (parasitic) antenna elements.
By switching these elements between the ON and OFF states, ESPARs achieve a reconfig-
urable behavior, notably in their beam-switching capabilities [107]. A key characteristic of
classical ESPAR antennas is the incorporation of varactor diodes at the base of the parasitic
elements [107]. This is normally achieved utilizing a variable reactive load, as depicted in
Figure 18. The adapted voltage-controlled reactances of these diodes are adapted at produc-
ing varied antenna radiation patterns, enabling dynamic beam steering. As such, ESPARs
are an attractive option for applications requiring directional communication capabilities
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but are constrained by budget and complexity considerations. Some notable examples of
ESPAR designs include:

1. A fan-shaped patch antenna system capable of producing four end-fire beams [104];
2. A 14-beam slot-based cylindrical cavity antenna, which exemplifies the use of ESPARs

in more complex configurations, offering a higher number of beam directions for
enhanced coverage and flexibility [108];

3. A 12-beam metasurface-based antenna, complemented by a reflector made of an
artificial magnetic conductor reflector [107].

Figure 18. An electronically steerable parasitic array radiator (ESPAR) antenna, where the variable
load is implemented with an electronically activated capacitive load loop [107].

In recent advancements within antenna technology, efforts have been directed towards
developing compact antenna arrays capable of performing beamforming in three-dimensional
space. One notable contribution in this area is the development of a polarization-reconfigurable
slot-ring phased array antenna designed specifically for C-band applications [109]. This an-
tenna demonstrates operational capabilities across a frequency range from 5.42 to 7.87 GHz,
achieving a significant 37% fractional bandwidth along with a gain of 7.6 dBi. The strategic
placement of the microstrip line diagonally within the perimeter of a single antenna element
enhances the antenna’s performance and facilitates scalability. A 2 × 2 array configuration
was realized with an element spacing of 0.5λ0. This compact array is uniquely capable of
supporting vertical, horizontal, or circular polarization, a flexibility achieved by feeding each
antenna element port with the appropriate phase shift of the antenna elements. To excite
horizontal LP, the second and fourth elements must present at 180◦ with respect to the first
and third. Moreover, the array demonstrates the ability to perform beam scanning across a
range of ±30◦ with a beamwidth of 60◦. The main drawback of ESPAR antennas is their large
volume requirement, which necessitates designing radomes to protect the antenna from harsh
environmental conditions.

Expanding upon the versatility seen in reconfigurable antennas, a novel non-uniform
all-polarization 2 × 2 array featuring Γ-dipoles (Figure 19) is introduced in [56], offering an
innovative solution as well as advanced beamforming capabilities. This design uniquely
incorporates Γ-dipoles arranged and rotated in such a way that the array mirrors the polar-
ization agility of a crossed-dipole in each corner, enabling it to adapt to a wide range of
polarization requirements. The clever positioning and orientation of the Γ-dipoles provide
the array with a remarkable beamforming versatility. When operating near the broadside
orientation (normal to the array’s surface), and with appropriate phasing, the array mimics
the behavior of a uniform planar array. This configuration facilitates conventional beam-
forming techniques. Conversely, when operating near the end-fire orientation (parallel to
the array’s surface), the array’s behavior transitions to that of a uniform circular array. This
shift not only showcases the array’s flexible beamforming capabilities but also highlights
its adaptability to different operational modes based on orientation. One of the most
striking features of this antenna array is its physical flexibility. The array can be curved or
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even distorted to conform to the surface of the package of an IoT device it serves, while
maintaining nearly identical operational behavior but losing some of its beamforming
capabilities. However, for future work an appropriate feeding network must be developed
to fully harness the benefits of the proposed antenna.

Figure 19. (a) Schematic and (b) fabricated all-polarization Γ-dipole array [56].

An attempt to further minimize the antenna’s footprint was investigated in [110]
where a multi-sectoral annular antenna with electrical length 0.018λ0 was designed, as
depicted in Figure 20a. This antenna employs slits and vias as methods for enhancing
mutual coupling, resulting in a simplified configuration. By feeding the antenna’s sectors
through different ports, the design supports digital beamforming techniques, allowing for
dynamic adjustment of the antenna’s directional pattern. One of the standout features of this
antenna is its ability to produce various polarization states with different radiation patterns
(Figure 20c), including both LP and CP. Despite its innovative design and impressive
efficiency and gain—up to 78% and 4.62 dBi, respectively—the antenna faces challenges
in terms of its impedance bandwidth and return loss. These limitations suggest areas
for further research and development, as overcoming these obstacles could significantly
enhance the antenna’s applicability and performance in real-world scenarios. A challenging
feature of this non-uniform array is the implementation of its controllable feeding network.
This has not been presented yet but it is expected to be feasible based on a low-cost
software-defined radio or even a dedicated chip.

Figure 20. (a) Top view of multi-sectoral annular antenna: (b) measured S-parameters and (c) beam-
steering capabilities [110].

2.3.3. Necessity of Integrated Social–Technical Systems—Smart Cities

The properties of the presented antennas are summarized in Table 3. In the literature,
two major methodologies for designing antenna arrays are proposed: designing only the
phased array or designing the array with the beamforming/feeding network. In the first
approach [56,103,110], the design techniques are presented along with results such as angle
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coverage, polarization, and gain. The beam coverage is then estimated by feeding each port
with the appropriate phase-shifted current. This technique saves researchers a lot of trouble,
as they only need to devise a design plan for the antenna, leaving the feeding network
for a future phase. However, this methodology is impractical for real-life applications,
where the realization of smart cities demands all-in-one wireless systems capable of being
integrated into each IoT device. These elements need to incorporate both the antenna
and an electronically reconfigurable feeding network (controlled by a microprocessor or
microcontroller) capable of steering the main lobe and enabling space-division multiple
access (SDMA). The biggest challenge in this direction is the electronically tunable feeding
network and its integration with the microcontroller.

Table 3. Comparison table of different antenna designs for smart city antennas.

Antenna Array Max. Gain (dBi) No. Beams Angle Cover. Polar. (No) Freq. FBW * (%) Freq. Reconf. Ref.

Cubical 5.6 6 360◦ LP(1) 2.45 GHz 2 No [9]
Planar 15.28 12 60◦ LP(3) 1.8 GHz 46 Yes [105]
Linear 10.8 Cont. 120◦ LP(2) 27 GHz 26 Yes [106]

Ortho-hexagonal 10.8 5 100◦ CP(2) 2.58 GHz 33 Yes [103]
Fan shaped 3.9 4 360 ◦ N/A 2.4 GHz 12.5 No [104]
Cylindrical 4.29 14 6 LP (1) 2.44 GHz 3 No [108]

ESPAR 4.29 12 360 ◦ LP (1) 2.65 GHz 1 No [107]
Slot ring 7.6 Cont. 60◦ LP(2), CP(2) 6.65 GHz 37 No [109]
Γ-Dipole 6.87 Cont. 60◦ ALL 2.5 GHz 9.6 No [56]
Annular 4.62 Cont. 60◦/90◦ LP (3), CP(2) 4.16 GHz <1 No [110]

* For frequency-reconfigurable antennas the tuning range is presented.

In most cases in the literature, due to the limitation of tunable components, only a
finite number of desirable beams (states) can be issued to cover all the space [9]. Despite
these efforts, in the future, the next-generation of the IoT will demand versatile antenna
systems, permitting a main lobe scanning along every azimuth and elevation angle in real
time. Following this path, adaptive continuous beamforming networks have emerged,
targeting full control of currents’ amplitude and phase [111–114]. Despite these efforts,
such networks generally have a small number of ports (N = 4). Therefore, there is still
a long way to go and there is a need for fully adaptive beamforming networks for large
phased arrays to pave the way for establishing cognitive radio.

Despite significant efforts to develop smart city technologies, there remains a lack of
essential dialogue between all stakeholders, including the citizens themselves. Although the
concept of a “smart” city is widely discussed, many cities still fail to utilize available
technologies effectively, leaving them “dumb” in aspects such as street lighting and wireless
metering. What is missing is an integrated systems approach that ensures fairness and
equity for all stakeholders through open dialogue. A promising initiative could begin
with local universities taking the lead in addressing city officials and councils, while
actively involving citizen organizations. This collaborative platform would allow citizens
to voice their requests, while university engineers propose technical solutions that can be
modified for implementation by municipal authorities. Additionally, ideas for addressing
the economic and financial dimensions of smart city projects, such as crowdfunding or
projecting future cost savings to benefit citizens, could be presented and discussed by
the forum.

Engineers play a crucial role in the development of novel, low-cost, and highly efficient
integrated electronic systems, where the RF front end, antennas, and digital processing
units are implemented on the same chip (system on a chip). These compact systems need to
be deployable in various parts of the city, such as traffic lights, rooftops, and electric poles,
to provide seamless wireless communication between different IoT devices, ensuring the
convenience and safety of citizens. An important lesson from wired digital communications
(DSL, ADSL, and VOIP) is that their success lies in backward compatibility, meaning they
all build upon the same infrastructure (copper lines). Building on this concept, antennas
and electronic devices should, at least in their initial implementation, focus on retrofitting
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existing infrastructure to make it “smart”. This approach allows for gradual integration of
new technologies while leveraging existing resources, making the transition to smart cities
more efficient and cost effective.

3. Conclusions

This report has provided a comprehensive overview of various antenna designs,
tailored to meet the diverse requirements of the Internet of Things (IoT). We categorized
these antennas based on their suitability for different IoT applications, highlighting the
evolution and specialization within the field.

In biomedical applications, including in-body monitoring and actuation, the focus has
been on developing compact and efficient antennas that can be implanted or encapsulated.
Electrically small antennas with meandered or loop structures have become prevalent
due to their favorable size and performance characteristics. More recently, there has been
growing interest in magnetoelectric antennas, which offer unique advantages in terms of
miniaturization and efficiency at lower frequencies. However, their adoption has been
limited by poor radiation characteristics and sensitivity to vibrations.

In the context of smart homes, all-polarization antennas with frequency agility have
been identified as promising solutions for enhancing the connectivity of household appli-
ances. The tunability of these antennas can be achieved through various means, including
nonlinear electrical elements like PIN diodes and varactors, as well as innovative materials
such as liquid metal. However, the latter is not yet suitable for integrated devices.

For smart city applications, pattern-reconfigurable antennas are highlighted for their
ability to provide high gain and support space-division multiple access, which is essential
for efficient data traffic management between the multiple IoT sensors and actuators in
metropolitan areas. Despite advancements, achieving electronically controlled continuous
steering of the antenna’s beam poses significant design challenges, with beam-switching
methods remaining the most commonly explored technique in the literature.

As the field of antennas continues to evolve, the drive toward multifunctional designs
is becoming increasingly important for commercial use as the era of the IoT rapidly ap-
proaches. Industries demand antennas that can accommodate the specific needs of various
applications—from biomedical devices to smart home systems—creating an overwhelming
need for innovative solutions. This pursuit of multifunctionality not only challenges tra-
ditional antenna concepts but also opens up new avenues for research and development
of novel designs. To fully achieve these targets, it is essential to foster synergy between
engineers and non-engineers. Collaborative efforts with experts in fields such as biology,
healthcare, urban planning, and user experience design are crucial to ensure that antenna
designs are not only technically sound but also aligned with the practical and social needs
of users. By integrating diverse perspectives and expertise, the development of IoT anten-
nas can better address real-world challenges and enhance the functionality and adaptability
of IoT systems.
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Abstract: With their compact design and versatility, CubeSats have emerged as critical plat-
forms for advancing space exploration and communication technologies. However, achiev-
ing reliable and efficient communication in the dynamic and constrained environment of
low Earth orbit (LEO) remains a significant challenge. Beam-steering antenna systems offer
a promising solution to address these limitations, enabling adaptive communication links
with improved gain and coverage. This review article provides a comprehensive analysis
of the state-of-the-art in CubeSat communication, concentrating on the latest developments
in beam-steering antennas. By synthesizing the findings from recent studies, the key chal-
lenges are highlighted, including power constraints, miniaturization, and integration with
CubeSat platforms. Furthermore, this paper investigates cutting-edge techniques, such
as phased array systems, metasurface-based designs, and reconfigurable antennas, which
pave the way for enhanced performance. This study can serve as a resource for researchers
and engineers, offering insights into current trends and future opportunities for advancing
CubeSat communications through innovative antenna systems.

Keywords: CubeSat communications; beamforming antennas; leaky wave antenna; metasurface

1. Introduction
Medium Earth orbit (MEO) satellites typically weigh between 500 and 1000 kg, carry

out at a height above sea level of 900 km, follow an orbit synchronized with the Sun’s posi-
tion, and have elevated levels of power consumption, at around 8 kW. They have a lifespan
of approximately four years and come with a hefty price tag of USD 50 to 100 million. As
a result, only large companies and government organizations with significant financial
resources have been able to build and operate these large satellites. MEO satellites support
Earth observation, weather forecasting, mobile networks, and scientific research. A notable
example is Formosat-2, the first remote sensing and scientific observation satellite in a
sun-synchronous orbit, developed and deployed by Taiwan’s National Space Program
Office (NSPO). Figure 1 shows a general concept of CubeSat communications (Figure 1).

Traditional satellites use large medium-gain antennas, like horn antennas with pre-
cise pointing systems, for ground communication. In contrast, CubeSats offer low-cost
alternatives that are accessible to the public. These small, lightweight satellites operate
in low Earth orbit (LEO) and utilize readily available, commercial off-the-shelf (COTS)
components. Three typical CubeSat configurations of varying sizes exist, such as 10 cm3 for

Electronics 2025, 14, 754 https://doi.org/10.3390/electronics14040754
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a 1U CubeSat, 10 × 10 × 20 cm3 for a 2U CubeSat, and 10 × 10 × 30 cm3 for a 3U CubeSat
(Figure 2). They weigh between 1 and 6 kg and have low power requirements of around
2 W. The Tokyo Tech 1U CubeSat, CUTE-I, is a prominent example of CubeSat technology.
Developed by TIT, in 2003, it weighs 1 kg and operates in LEO at an altitude of 820 km.
They created it for communication and sensing operations [1].
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The Telemetry, Tracking, and Communications (TTC) subsystem is critical to a CubeSat,
ensuring reliable communication with the ground station for continuous data exchange.
The subsystem’s antenna facilitates the transmission of telemetry and scientific data, such
as images, while also receiving commands. Designing CubeSat antennas is challenging due
to stringent constraints on size (1U), weight (under 1.3 kg), and power consumption (but to
a lesser extent, at 2 W) while still requiring great gain and broad BW [2].

Traditional CubeSat communication systems often rely on omnidirectional mono
or dipole antennas that operate in the UHF or S-band frequencies. Although relatively
simple and robust, they offer limited gain and directivity, resulting in lower data rates and
increased susceptibility to interference. As mission requirements evolve to demand higher
data throughput and more robust communication links, there is a pressing need to enhance
the performance of CubeSat antenna systems.

Beam-steering and beamforming technologies have emerged as promising solutions
for these challenges. Beam steering involves directing the antenna’s main lobe toward a
specific direction without physically moving the antenna. At the same time, beamforming
utilizes multiple antenna elements to electronically shape and control the radiation’s pattern.
These techniques can significantly improve communication performance by increasing
antenna gain, enhancing link reliability, and reducing interference.
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Modern antenna design improvements have resulted in the development of various
beam-steering and beamforming systems suitable for CubeSats. For instance, metasurface-
based antennas have been explored for their ability to steer beams passively, offering
an ideal compact and power-efficient solution for the constrained CubeSat environment.
These antennas utilize engineered surfaces to manipulate electromagnetic waves, enabling
beam-steering capabilities without the need for complex feeding networks or mechanical
parts [3]. In addition, implementing beam-steering and beamforming systems in CubeSats
is challenging. The limited size and power availability necessitate highly efficient and
miniaturized components. Thermal management becomes critical as active components
may generate heat that must be dissipated within the small satellite body. Additionally, the
complexity of integrating these advanced antenna systems with existing CubeSat platforms
requires careful consideration to ensure compatibility and reliability.

Despite these challenges, the potential benefits of enhanced communication capabil-
ities make the pursuit of beam-steering and beamforming technologies for CubeSats a
worthwhile endeavor. As the demand for more sophisticated CubeSat missions contin-
ues to grow, developing and implementing advanced antenna systems will be crucial in
expanding the horizons of small satellite applications.

Paper Contributions

This review paper makes a distinct and valuable contribution to the field of Cube-
Sat communication by focusing on the advancements in beam-steering antenna systems,
addressing critical challenges such as power efficiency, miniaturization, and integration
with CubeSat platforms. Our paper delves deeper into the specific context of CubeSat
communication in low Earth orbit (LEO). It also adequately addresses dynamic beam-
steering technologies’ unique demands and opportunities, such as phased array systems,
metasurface-based designs, and reconfigurable antennas. By synthesizing recent research,
our review paper investigates the critical gap in beam-steering technology for CubeSats,
offering a more targeted and up-to-date analysis of beam-steering antennas tailored to
CubeSat communication. This includes highlighting innovative approaches that enhance
gain, coverage, and adaptability in constrained environments. In terms of the focus of this
review paper, other review papers have discussed the types of antennas used for satellite
and CubeSat communications. For instance, Reference [1] is primarily a general survey
of planar antennas for pico-satellites, emphasizing their fundamental characteristics. It is
also essential for understanding planar antenna designs. However, it does not sufficiently
explore the specific requirements and potential of dynamic beam-steering technologies,
particularly in the context of CubeSat communications, which is the primary focus of our
paper. Our paper, therefore, not only builds upon but also surpasses the foundational
insights provided in [1], serving as a modern resource for researchers and engineers seeking
to advance CubeSat communication through cutting-edge beam-steering antenna technolo-
gies. In addition, Reference [2] reviews antennas designed for CubeSats, providing a broad
overview of such designs, covering various types and their fundamental characteristics.
It also serves as a valuable resource for understanding the general landscape of CubeSat
antennas. However, the authors do not focus on an analysis of beam-steering technologies,
which are critical for enabling adaptive communication links with improved gain and
coverage. Furthermore, they do not extensively explore emerging techniques, such as
phased array systems, metasurface-based designs, and reconfigurable antennas, which are
at the forefront of recent advancements in CubeSat communication and the focus of our
paper. Our paper addresses these gaps by offering a more focused and up-to-date synthesis
of the state-of-the-art developments in beam-steering antennas, highlighting their unique
demands, opportunities, and potential to overcome LEO communication challenges.
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The structure of this review paper is organized as follows: In-depth explanations
of CubeSat communications, applications, challenges, and techniques are provided in
Sections 1 and 2. Then, the general aspects of antennas utilized for CubeSats are assessed in
Section 3. Next, Section 4 presents in-depth information on antennas used for beam steering,
and several industry cases studies are provided in Section 5. Finally, Sections 6 and 7
discuss and conclude the review.

2. CubeSat Antennas, Challenges, and Requirements
Various research efforts have explored different frequencies, techniques, materials,

and dimensions to address the challenges and limitations in designing high-performance
antennas for CubeSats. CubeSat antennas must meet specific requirements to be suitable
for space communications. CubeSats are limited by size and weight, typically within
10 × 10 × 10 cm3 units (1U) or multiples. Antennas need to be compact and lightweight
to adhere to these limits. Deployable structures are often used for more extensive or
higher-gain antennas. They must be securely deposited, compacted during the process,
and efficiently positioned once in orbit. CubeSats typically operate within designated
frequency bands, such as VHF, UHF, S-band, or X-band. The antenna must be adjusted to
operate within the target frequency band and comply with ITU and other international
standards for satellite communications. Depending on the mission, the antenna may require
omnidirectional coverage—especially for low Earth orbit (LEO) missions—to maintain
connectivity regardless of the satellite’s orientation. Alternatively, directional antennas with
high-gain patterns may be used to focus energy for enhanced communication reliability [4].

Other critical design considerations can be addressed as follows:
Polarization: circular polarization (CP) is often preferred due to its resistance

to orientation mismatches, although linear polarization may also be employed with
precise alignment;

High efficiency: the antenna must maximize limited power resources onboard;
Sufficient bandwidth: it should support the necessary communication protocols, includ-

ing telemetry, commands, and data downlinks;
Low-power operation: since CubeSats have constrained power budgets, the antenna

must perform efficiently with limited power;
Environmental resilience: antennas must withstand extreme temperature variations and

radiation in space, ensuring long-term operational reliability;
Structural durability: The design should be able to endure launch vibrations and shocks.

Deployable antennas, in particular, must have reliable mechanisms for flawless operation
in microgravity and vacuum conditions;

Multifunctionality: antennas may need to support multiple tasks, such as data trans-
mission, telemetry, and intersatellite communication;

Minimal interference: designs should avoid disrupting other onboard systems;
Cost-effectiveness: manufacturing must be affordable, as CubeSat missions often operate

within strict budgets.
Considering these requirements and the techniques to improve them, the follow-

ing research on antenna design was performed and proposed for CubeSat and satellite
communications.

3. Antennas with General Aspects Utilized for CubeSat
This section depicts all recent antennas designed and used for CubeSat communica-

tions and applications. All relevant aspects of antennas designed for this purpose, such as
the working band, polarization, dimensions, and materials, were considered in the analysis
of each work.
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3.1. Planar Phased Patch Antennas and Their Arrays

Reference [5] investigated the design and feasibility of a reconfigurable phased antenna
array to enhance CubeSat operations in the Ka-band. The proposed design enables dynamic
beam steering, improving the gain and allowing for high-data-rate communication links
for advanced CubeSat missions. The antenna’s reconfigurability allows for the adaptability
of the radiation patterns, making it suitable for multi-ground-station communication and
intersatellite links. Operating in the Ka-band provides broader bandwidths and higher data
rates, which is ideal for Earth observation and scientific data transmission applications.
However, the study acknowledges the challenges of integrating such systems into CubeSats,
including the high power demands, precise pointing accuracy requirements, and the com-
plexity of controlling multiple antenna elements. Additionally, Ka-band communication
is more susceptible to atmospheric attenuation, impacting performance. Despite these
challenges, the feasibility analysis highlights the potential of phased arrays to meet Cube-
Sat size, weight, and power (SWaP) constraints through careful design and optimization,
offering a promising approach to extending CubeSat communication capabilities.

Reference [6] presents the development of a compact microstrip antenna array tailored
for fifth-generation (5G) CubeSat applications. The proposed design features 16 miniatur-
ized patch antennas arranged in a 4 × 4 configuration, utilizing a feeding network on a
Rogers TMM10 substrate. This configuration achieves a low-profile structure suitable for
the limited space available on CubeSats. The antenna array operates effectively within
the frequency range of 3.46 GHz to 3.54 GHz, making it compatible with 5G communica-
tion standards. Both simulation and experimental results demonstrate the antenna’s high
gain and performance, indicating its potential for enhancing data transmission capabili-
ties in CubeSat missions. The study underscores the importance of integrating efficient,
low-profile antenna systems in small satellite platforms to meet the growing demand for
high-speed communication.

Reference [7] explores the integration of phased array microstrip patch antennas into
structural panels of satellites. This multifunctional approach aims to optimize the limited
space in small satellites by combining structural and communication functions. The study
evaluates the feasibility of embedding these antennas within composite panels of carbon-
fiber-reinforced polymers (CFRPs) and aluminum, focusing on maintaining the structural
integrity while ensuring effective communication capabilities. The embedded phased
array design offers advantages such as a reduced payload volume and enhanced system
integration, which are critical for small satellite missions. However, the challenges include
managing the potential electromagnetic interference between the antenna and composite
materials, ensuring that the panel’s structural properties are not compromised. The research
concludes that with careful design and material selection, embedding phased array patch
antennas within satellite structures is a viable solution to enhance the functionality and
efficiency of small satellites.

Reference [8] addressed the challenge of enhancing data transmission rates for Cube-
Sats, which are often limited by power constraints and low-gain antennas. The authors
propose a low-power, electrically steered, S-band phased array antenna system designed
to increase CubeSat communications’ adequate isotropic radiated power (EIRP), thereby
enabling higher data rates. The prototype developed in this study features an active phased
array with beam-steering capabilities, allowing for directional communication without the
need for mechanical movement. This design is particularly advantageous for CubeSats,
offering a compact, power-efficient solution to improve the downlink capacity. The research
includes constructing and testing the prototype in an anechoic chamber, demonstrating its
potential to significantly enhance CubeSat communication performance.
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In Ref. [9], CubeSats, which are a type of nano-satellite, offer a cost-effective platform
for space missions that now support applications involved in Earth observation, remote
sensing, deep space exploration, and intersatellite communication. Advancements in an-
tenna technology have driven their development to meet diverse mission requirements.
Despite their potential, CubeSats face challenges such as limited data rates. Transceivers
with elevated gain and data rates are currently being developed to address these challenges.
Circularly polarized (CP) antennas are essential for reliable communication, mitigating
issues like antenna misalignment and atmospheric Faraday rotation. Among the various an-
tenna types, microstrip patch antennas are the most versatile for CubeSat missions because
of their low profile, light weight, cost-effectiveness, and integration issues. Microstrip patch
arrays deliver high gain and are CP, which are crucial for high-data-rate downlinks. Design-
ing CP microstrip arrays involves techniques like sequential feeding with a 90◦ phase shift
between elements. While practical, this method adds design complexity and potentially
leads to signal loss.

The SPORT is a CubeSat mission jointly developed by Brazil and the United States to
study space weather. The SPORT CubeSat uses an X-band radio for downlink communica-
tions, featuring a custom-designed circularly polarized antenna positioned on the nadir
side to face Earth consistently. This low-cost antenna meets specific size and reliability
requirements for consistent communication as the CubeSat rises from the horizon. In the
communication link, transmitted power experiences losses due to device imperfections,
atmospheric attenuation, antenna polarization mismatches, and path losses, which are
calculated using the Friis transmission equation. The receiver antenna also introduces noise
due to environmental interference and heat generated by resistance and internal compo-
nents. The SNR, the proportion of received power to noise, must exceed a threshold for
reliable communication. A link margin above 0 dB indicates a successful signal reception,
with an ideal margin exceeding 3 dB. The SNR maximum depends on the required BER
and the modulation technique employed [10].

Reference [11] presents a compact UHF multi-band RHCP quadrifilar antenna devised
for CubeSat communications, operating in the LoRa bands. The antenna employs two
FR4-epoxy substrates linked by shorting pins, with a ceramic insertion in between and
screws for mechanical robustness against launch vibrations. By utilizing parasitic elements,
it achieves a multi-band functionality, while its quadrifilar structure ensures effective
RHCP radiation, mitigating alignment issues with terrestrial stations. Measurements in
the anechoic chambers showed a 2.3 dBic gain at 870 MHz and 1.1 dBic at 920 MHz,
featuring an AR < 3 dB across a 120◦ aperture beamwidth. The antenna demonstrated
successful real-world application in a 3U CubeSat launched with validated ground-to-space
communications. However, the challenges included reduced gain when integrated into the
CubeSat due to chassis-induced vertical currents, a modest fractional bandwidth of 7.8%,
and a suboptimal RF performance by the FR4 material despite its mechanical advantages.
Overall, the design offers a robust solution for CubeSat communications, with potential
areas for improvement including the material and integration effects.

Reference [12] presents a transparent microstrip GPS antenna designed for CubeSat
applications, utilizing transparent conductive materials to maintain optical transparency
while ensuring RF functionality. The design employs a microstrip patch configuration with
materials like ITO (indium tin oxide) or AgHT (silver halide transparent) conductors, which
allow for integration with solar panels, optimizing the utilization of space on CubeSats.
The findings highlight an adequate GPS signal reception, compact size, and low-profile
design, making it suitable for CubeSat deployment. However, challenges such as high
resistive losses, reduced conductivity compared to traditional metals, and fabrication
complexities impact the efficiency, gain, and durability in space conditions. Additionally,
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while the design supports GPS reception, it is not optimized for beam steering or dynamic
beamforming, limiting its applicability for advanced CubeSat communication systems
requiring directional adaptability and high-gain performance.

A 1U CubeSat, which is a 100 mm cube, is built to support multiple functions. CubeSat
satellites require antennas for TT&C, downlinking data, receiving signals, and facilitating
intersatellite cross-links. The available area for antenna allocation in the minor CubeSat
is 100 × 100 mm2, necessitating compact and lightweight antennas. CubeSat VHF–UHF
antennas typically use deployable linear wire designs, mainly dipoles and their variations.
Conversely, the machine-driven arrangement of these antennas introduces the danger of
assignment collapse, as several small satellite missions have encountered issues due to
these mechanical components. Many CubeSats operate within the VHF and UHF frequency
bands [13].

Maintaining a communication link during the CubeSat maneuvers is crucial, and the
challenge lies in achieving superior gain with compact patch antenna arrays fitted within the
constrained space of the CubeSat. Reference [14] introduced a four-element antenna array
for CubeSat cross-linking, with each element featuring two 14 × 14 mm2 transparent patch
antennas mounted on a 1U CubeSat’s sides. To ensure circular polarization, each patch is
cropped. The authors simulated four arrays of patch antennas by applying a T-junction PD
to feed them with sequential phase rotation. Every component has dimensions of 83 mm
× 69 mm × 1 mm. A simulated S11 of −17 dB (with solar cells) and a 10.20% bandwidth,
ranging from 4.78 to 5.3 GHz, are achieved. In contrast, without solar cells, an S11 of
−21.5 dB at 5.1 GHz, with a bandwidth of 8.43%, was obtained [14].

In Ref. [15], a high-performance four-element patch antenna array tailored for
a 3U CubeSat was suggested. This antenna is planned for attachment to one side
(100 × 100 mm2) of a 3U CubeSat, and it is specifically designed for Earth observation
purposes. The primary goal is to enhance the gain of the antenna and attain circular po-
larization (CP) by positioning each adjacent pair of patches at a 90◦ angle and powering
them through a Wilkinson power divider. This setup enhanced the signal strength and
improved the isolation among ports, leading to optimal input impedance matching. It
achieved a simulated gain, S11, and BW of 8.22 dBi, −45 dB at 2.45 GHz, and 2.05 to
3.15 GHz, respectively.

In Ref. [16], researchers developed an antenna for 3U CubeSat communication. The
main design featured a transparent quartz substrate with square mesh lines arranged on a
square ground plane. A significant challenge in this design was addressing the non-linear
correlation between the copper meshed lines due to diminished radiation efficiency and
gain. It achieved a transparency of 90%, a BW of 1.65%, an efficiency of 85.9%, an S11 of
−14.5 dB, and a total gain of 5.3 dBi at 2.43 GHz (28.44 × 43.7 mm2 dimensions). A notable
benefit of this design is its high transparency, enabling it to be positioned over solar cells,
allowing sunlight to pass through. This approach effectively halves the required area, since
the antenna and solar panels occupy the same space. However, the transparency of the
antenna is poor at lower frequencies (below 2.4 GHz).

Reference [17] introduced a design for a CP, meshed antenna suitable for 1U CubeSats.
The antenna has compact dimensions of 24.1 × 24.8 mm2 and operates at 2.45 GHz. Both the
bandwidth and overall gain were enhanced when it was seamlessly integrated with a solar
cell. CP was achieved by orthogonally exciting the antenna through two terminals, with the
feed network positioned below the solar cell. This configuration improves the performance
while maintaining a high transparency, as the meshed lines are placed on glass, allowing
sunlight to pass through to the solar cells. This integration is significant for maximizing
the space for solar cells, thereby increasing the satellite’s power budget for its subsystems.
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Both simulated and measured reflection coefficients were reported, with values of −18 dB
(1.35% bandwidth) and −19 dB (2.45% bandwidth) at 2.385 GHz, respectively.

In Ref. [18], a patch antenna array designed for intersatellite communication on a
1U CubeSat was introduced. The configuration consisted of a 3 × 3 array comprising
nine identical subarrays, with each subarray made up of 2 × 2 rectangular patch elements
connected sequentially. CP was achieved by orienting every two elements within the
2 × 2 subarrays orthogonally. Operating at 5.8 GHz, the antenna array demonstrated a
measured reflection coefficient of −21 dB and a simulated total gain of 6.98 dBi, though it
featured a narrow bandwidth of 1.20%. A key advantage of this design was beam steered
by modifying the feeding angles. This enhances communication between CubeSats and
ground stations, particularly during maneuvers, adjusting the consistency and adaptability
of the communication system. A high-gain F-shaped patch antenna was developed for
a 3U CubeSat, designed to operate at 2.45 GHz (S-band). The antenna had dimensions
of 100 × 100 mm2. This innovative approach minimized the physical size by effectively
extending the electrical length of the radiating patch. To increase the bandwidth around the
two bands, two arms were utilized. The F-shaped patch antenna also obtained a wide BW
and boosted the gain when assessed against other types of patches. However, a significant
limitation was its lack of durability, as the reliance on shorting pins between the upper patch
and ground plane posed potential challenges to its robustness in practical applications
(Figure 3) [19].
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In Ref. [20], researchers developed a 16 × 16 array for CubeSat communications,
considering the 6U. It incorporates two layers folded into a compact 2U volume, supported
by four deployable formations, and is designed to operate at 3.6 GHz. A key benefit of this
design is its ability to minimize the usage of space while folded, leaving extra space for solar
panels and other components on the 6U CubeSat. Once in orbit, the patch antenna array
expands to improve communication. The results indicate an impressive gain of 30.5 dBi,
highlighting the antenna’s efficiency in transmitting data. However, the design faces a
critical limitation due to its reliance on a complex deployment mechanism. Any failure
in deployment could lead to mission failure, emphasizing the need for highly reliable
disposition systems.

Reference [21] introduced a CP two-band transmitter for CubeSat communications on
three units. Designed for communication with ground stations, the antenna operates in
the following two distinct bands: L-band and S-band. The design positions the antenna on
one side of the CubeSat, with dimensions of 100 × 100 mm2. The −27 dB and −40 dB S11

with BWs of 9.55% and 9.66% were obtained for the lower and upper bands, demonstrating
strong performances at both operating frequencies. However, the design has certain
drawbacks. The ground plane measures 110 × 110 mm2, exceeding the CubeSat face’s
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dimensions of 100 × 100 mm2. Furthermore, the antenna lacks the ability to beam steer,
making it challenging to maintain communication links during CubeSat maneuvers.

In the study conducted in Ref. [22], a broad-spectrum, compact stacked-patch antenna
was created for communications with a 3U CubeSat. This antenna operates within the
S-band range and measures 100 × 100 mm2 in size. A slot-coupled, strip-line feed structure
was employed as a key design component. Metallic enclosures surround the uneven strip-
line feeding network to enhance the antenna’s efficiency. This arrangement is crucial, as it
creates a cavity that improves the electric field distribution, strengthening the link between
the emitting element and excitation structure through the nearby electromagnetic field. Its
gain improved by up to 9 dBi, and the radiation to backward was steered forward. The
study reported an extensive 32.6% BW covering the frequency range of 0.8 GHz. This
configuration effectively maximizes the CubeSat’s available space while ensuring robust
satellite communications.

The primary drawback of current works that operate in the S-band frequency range is
their relatively larger dimensions, especially when they form an array [23]. To resolve this
problem, the authors of Ref. [24] developed a foldable microstrip patch antenna featuring
a fractal layout for 1U CubeSats. The novel implementation of a Koch snowflake fractal
design enabled the antenna’s miniaturization while preserving a high gain, low reflection
coefficient, extensive bandwidth, and efficient impedance matching. The authors also
suggest a simple method for deploying the fractal antenna. The antenna displayed a low
reflection coefficient of −28 dB at 2.3 GHz and offered a wide bandwidth of 28.7%. It
attained a moderate gain of 4.39 dBi at the same frequency. The main benefit of this antenna
was its compact dimensions, measuring only 60 mm × 26.3 mm × 0.02 mm. However, its
key drawback was its omnidirectional radiation pattern, which leads to reduced gain.

In Ref. [25], an array of circularly polarized slot antennas was proposed to facilitate
CubeSats communication. The design featured a single-slot array element functioning
within the C-band, incorporating four slots and measuring 70.5 mm × 23.5 mm. To enhance
the radiation efficiency and minimize losses, an SIW structure was implemented, with
four slots strategically placed on the upper copper layer. The primary concept involved
mounting two SIW slots on both sides of the CubeSat’s walls, allowing for sufficient room
to integrate solar panels or additional components. This configuration plays a key role
in conserving power while directing the antenna beam effectively, ensuring a stable link
despite variations in the CubeSat’s orientation. The simulated and experimental results
demonstrated gains of 5.08 dBi and 4.98 dBi at 5 GHz, respectively. The fabricated antenna
exhibited an S11 of −17 dB with a limited 1.99% BW. Additionally, the design supports
beam-steering capabilities.

A cavity-backed slot antenna concept tailored to CubeSat communications is presented
in Ref. [26], and it operates in the UHF band (485 and 500 MHz). The design features a
looped meander-line slot that wraps around and is affixed to four faces of a 1.5U CubeSat
situated between the solar panels. Circular polarization (CP) was achieved by feeding each
neighboring loop section with a phase shift of 90◦, ensuring reliable signal transmission
regardless of the CubeSat’s orientation. Additionally, the operational frequency can be
tuned for uplinks/downlinks by adjusting the meandered segments’ lengths. However, a
key limitation of this design is its relatively low gain.

In Ref. [27], the authors introduced a dipole antenna set with 3 × 1 arrays designed for
CubeSat communications (1U). The central objective is to enhance the gain, directionality,
and BW while eliminating the need to deploy. A major benefit of this design is its capacity to
electronically direct the beam, providing adaptable and dependable communication links.
The proposed antenna was installed on a GND layer with dimensions of 80 × 80 mm2,
with each dipole measuring enough spacing between them. The antenna achieved a
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5.03 dBi gain, −27.35 dB for S11, and a 4.8% BW. Nevertheless, its primary drawback is its
considerable size, occupying substantial areas on the CubeSat—80 mm × 80 mm on each
side. Its large dimensions potentially limit the space available for other components.

In Ref. [28], a compact planar dipole antenna with a square form for 1U CubeSats was
designed to incorporate four array elements linked through a phase-shifting network. To
maintain a balanced power distribution, a balun was positioned beneath each dipole. This
configuration produced circular polarization (CP), ensuring a stable communication link
even as the CubeSat reoriented in space. It had compact dimensions of 55 mm × 55 mm
and exhibited bidirectional radiation. It achieved a broad bandwidth of 33.46% and a
3.49 dBi gain. The primary benefit of this design is its small size coupled with a wide
bandwidth. Regarding the bandwidth, the antenna in Ref. [28] outperformed the dipole
antenna. Nonetheless, a major limitation is the relatively low gain, which might constrain
the communication range or performance compared to higher-gain designs.

Another major limitation is the complexity of the deployment mechanisms. Among
the designs, the one in Ref. [29] distinguishes itself by having achieved the highest gain of
48.7 dBi in the Ka-band (34.2–34.7 GHz), exceeding the gains of other systems.

The researchers introduced an X-band CP 2 × 2 annular array of patches developed
for a 1U CubeSat. The main innovation involves grounding by short-circuiting it to the
GND layer with six pins to accomplish CP. Furthermore, the array elements are energized
by a ring resonator positioned at the array’s center, which is connected to all four patches
via strips. It employs a sequential phase feeding network, yielding a broad BW of 16.97%
and a total gain of 13 dBi. However, the researchers only presented simulation results for
this design [30].

In Ref. [31], the authors present a transparent dual-band patch antenna array designed
for a 3U CubeSat, operating at frequencies of 8 GHz and 11.2 GHz. The innovative aspect
of this design is the implementation of a transparent patch on a glass substrate, allowing it
to be placed above solar cells. This configuration maximizes the space available for solar
cells while enabling sunlight to reach them. The antenna consists of an 8 mm × 8 mm top
patch layer for the 11.2 GHz frequency, which is fed via two probes from a coupler at the
bottom layer. Beneath this, a 6.3 mm × 6.3 mm patch serves the 8 GHz frequency and is fed
from the top patch layer. A dual-band coupler provides two inputs with a 90◦ phase shift,
facilitating both right-hand circular polarization (RHCP) and left-hand circular polarization
(LHCP). However, the proposed antenna has notable limitations, such as exceptionally high
reflection coefficients of −19 dB at 8 GHz and −15.5 dB at 11.2 GHz. These values indicate
that a significant amount of power is reflected rather than radiated into space, which can
impact the overall efficiency of the communication link. To mitigate this, shorting walls
and pins can reduce the antenna size without compromising performance aspects like gain,
bandwidth, and impedance matching.

Ref. [32] introduced a multifunctional, high-gain, and circularly polarized (CP) trans-
parent subarray patch antenna tailored for CubeSat remote sensing applications. Operating
in the X-band, the antenna has a compact size of 10 mm × 10 mm. The design comprises
a 2 × 2 subarray with two layers and a cross-slot etched into the bottom ground plane.
The authors utilize the Fabry–Perot cavity approach and a parallel sequential rotation
feeding network technique to achieve CP and enhance antenna performance. The feeding
network is an unequal power divider with four output ports with a 50 Ω impedance,
providing a 90◦ phase delay between ports in an anticlockwise direction. The antenna is
constructed using a combination of indium tin oxide (ITO) and copper (Cu)-coating layers
on a transparent polyethylene terephthalate (PET-G) substrate, ensuring high transparency
and good conductivity. This design allows for the solar panel to be placed between the
TMM10i and PET-G substrates, maximizing the space for solar cells on the CubeSat and
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facilitating better energy harvesting. The authors report simulated and measured reflection
coefficients of −25 dB and −18 dB at 10 GHz, respectively, with a wide −10 dB bandwidth
of 40% (covering 8–12 GHz). Additionally, when the solar cell was integrated with the
antenna design, it achieved a high measured gain of 15 dB at 10 GHz. This innovative
approach enhances the communication capabilities and optimizes the power efficiency for
CubeSat missions.

Reference [33] presents a high-gain X-band patch array antenna design for small
satellites, including CubeSats, to achieve enhanced aperture efficiency and low sidelobe
levels for circular polarization (CP). The proposed antenna measures 100 mm × 100 mm
and operates within the 7.52 to 8.82 GHz frequency range. It features a 4 × 4 patch array
comprising 16 stacked CP patch elements, contributing to its high aperture efficiency. The
authors employed unequal 1–16 series parallel power dividers for the antenna feed to
minimize sidelobe levels. Additionally, each of the 16 driven patch elements includes
a slot and two truncated corners to facilitate CP radiation. The antenna demonstrated
measured reflection coefficients of −15 dB and −12 dB at frequencies of 7.7 GHz and
8.6 GHz, respectively. It also provided a measured −10 dB bandwidth of 15.85%, an
impressive gain of approximately 20.03 dBi, a low sidelobe level of −20 dB, and an aperture
efficiency of 86.5%.

Reference [34] outlines the creation of a deployable high-gain antenna for the Mars
CubeSat. The antenna is an innovative crumpled reflectarray engineered to be tailored
within a 6U CubeSat (8.425 GHz). With RHCP, it achieved a 29.2 dBic gain. A significant
benefit of the design is its compact stowage, occupying only about 4% of the available
spacecraft payload volume and weighing less than 1 kg.

In Ref. [35], an antenna was implemented on a 40 × 40 mm2 PCB and operated in
the X-band. HFSS 2013 software was used for the evaluations. The antenna incorporates
circular and rectangular slot structures to enhance the BW and achieve dual resonance.
Measured values for an S11 of −17.14 dB and −14.29 dB, consistent radiation efficiency of
78.85%, and 4.31 gain dBi were obtained. The impedance BW of the proposed design was
recorded at 1.59 GHz.

A miniature pentagonal patch antenna was designed for dual-band operation at
7.6 GHz and 12 GHz, catering to satellite communication, 5G, and high-speed applications.
Built on an FR4 substrate with dimensions of 16 × 16 mm2 and a thickness of 0.8 mm,
the antenna also cut the patch with four corner circles and a cross-shaped slot to enhance
performance. A partial ground plane improved the BW and gain, achieving 7.13 dBi and
8.07 dBi peak gains at 7.6 GHz and 12 GHz, respectively. Its small size and wide BW make
it suitable for C-, X-, and Ku-band applications, including satellite ground stations and
remote sensing [36].

Various MPAs aimed at medical, wireless technology, and satellite communication
applications. Antennas operating in the S-, C-, and X-bands were developed using FR4 and
polyimide substrates. A bow-tie antenna was implemented for the S-band, while compact
X-band antennas were analyzed for a fixed satellite service (FSS) within 7.89–10.49 GHz,
achieving, again, up to 35 dB. Another design at 6 GHz was categorized in the C-band,
while an X-band antenna utilized an SSR background for simulation. Fabrication used
chemical etching, and the results were compared in terms of impedance, S11, gain, and
directivity. Additionally, the proposed antenna was evaluated as an array element to
enhance the gain during transmission and reception [37].

A compact inverted S-shaped patch antenna was designed for three-band operation in
the X-band. A fabricated prototype confirmed the design’s performance, with measured
BWs of 5.02%, 9.13%, and 3.79% for all bands. Elliptical slots in the ground plane enhanced
the gain. The antenna showed strong agreement between simulations and measurements.
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Its stable gain, omnidirectional radiation, and efficient performance made it suitable for
X-band applications [38].

One project focused on designing and implementing a 2 × 2 antenna array for X-band
radar applications. The compact design operates between 7.5 and 9.8 GHz, achieving a
12.5 dB peak gain with a directional radiation pattern. Stacked patches with an air gap
enhance the impedance and bandwidth performance. FR4 and other substrates were ini-
tially used for their availability and affordability. Simulations and analyses were conducted
using HFSS software [39].

A compact dual-frequency microstrip antenna was designed for S- and X-band op-
erations. Utilizing a 1:3.3 frequency ratio saved space by using the S-band antenna as
the ground plane for a 2 × 2 X-band array. Electromagnetic coupling enabled measured
bandwidths of 13% at the S-band and 6.2% at the X-band (|S11| < −10 dB), with the
isolation exceeding 38 dB. The antenna achieved gains of 7.5 dBi at the S-band and 10.5 dBi
at the X-band (Figure 4) [40].
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Figure 4. S-band antenna serving as the ground for an X-band array in a dual-frequency S-/X-band
design [40].

A multi-band, crescent-shaped patch antenna was designed using five nested annular
rings. Three rings were merged on the upper section, while two were positioned along
the feed line. The key parameters were analyzed, including bandwidth, radiation pattern,
gain, impedance, and return loss. The compact design achieved return losses of −33 dB at
3.1 GHz and 9.3 GHz. Simulated using ANSYS HFSS, the results showed strong agreement
with the measurements. The X-band and WLAN bands offered 500 MHz and 4300 MHz
bandwidths, making the antenna suitable for various applications (Figure 5) [41].

A rectangular, slot-loaded microstrip antenna with DGS was designed for multi-band
operations, achieving high gain across the C-, X-, and Ku-bands. Simulated using HFSS 13.0,
the antenna supports frequencies at 6.035 GHz (GNSS), 6.795 GHz (satellite TV), 7.46 GHz
(long-distance communication), 8.505 GHz (radar), 11.45 GHz (space communication),
13.35 GHz (detector), 15.06 GHz (military), 17.24 GHz (aerospace), and 19.05 GHz (astro-
nomical observation). Multi-band functionality was enabled by U-slot and rectangular
slot cuttings, with no ground or patch modifications required for quad-band resonance.
Additional slot adjustments extend operation to nine bands. The optimized slot dimensions
enhance the gain, which reached up to 14.679 dB at higher frequencies [42].
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3.2. Dielectric Lenses, Reflectors, and Beam Control

A one-meter mesh reflector was devised to be compatible with 12U CubeSat telecom-
munications. This reflector is designed to work with NASA’s DSN in the X-band and
Ka-band frequencies. The following three categories of RHCP antennas are presented:
only-X-band, only-Ka-band, and both X- and Ka-band operations [43].

Reference [44] proposed a compact, high-gain antenna designed for CubeSat appli-
cations. The use of a cavity-backed reflector enhances the gain. It ensures a directional
radiation pattern, which is crucial for establishing efficient communication links, while
the CPW-fed design simplifies integration with CubeSat circuitry and minimizes the sys-
tem weight. Additionally, its low-profile and compact form factor aligns well with the
space constraints of CubeSats. However, the design has several limitations for modern
CubeSat communications. It lacks dynamic beam-steering capabilities, which are essential
for handling frequent repositioning and enabling multi-ground-station or intersatellite
links. The antenna is likely optimized for a single frequency band, limiting its support
for the multi-band or wideband communications required in diverse CubeSat missions.
Furthermore, the inclusion of a cavity-backed reflector, while effective for enhancing gain,
poses scalability challenges for advanced systems like phased arrays or MIMO systems,
which are becoming increasingly relevant. Finally, the antenna’s fixed radiation parameters
reduce its adaptability to dynamic and rapidly changing communication demands in low
Earth orbit (LEO).

Parabolic antennas, recognized for their substantial dimensions, can deliver high gains
surpassing 30 dBi across frequency ranges of 0.3–300 GHz [45]. They have recently attracted
considerable interest for CubeSat missions in elevated orbits and deep space due to their
ability to support long-range communications with enhanced gains. However, the primary
obstacle is their bulky size, making their accommodation within a CubeSat’s restricted
space more challenging. Several reflector-based antenna configurations are recommended
for CubeSat applications, offering high gains spanning 28–48.7 dBi, functioning across
X-band and W-band frequencies. Despite these benefits, the considerable physical size of
these antennas remains a significant drawback, consuming a large portion of a CubeSat’s
available surface area.

In Ref. [46], the challenges of limited storage volume and deployment complexity
associated with reflector antennas are addressed by suggesting a CP, elevated gain feed
horn antenna for CubeSat applications and operating in the W-band. The key innovation
proposed is the use of a horn antenna to illuminate a reflector with an offset parabolic
shape, integrating a polarizer with circular cavities that generate LHCP while shortening
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the overall length compared to conventional polarizers. The resulting reflector antenna,
with a diameter of 100 mm, was designed to fit within a 1U CubeSat. Together, both the
horn and reflector antennas occupied the entire 1U CubeSat volume. The feed horn and
parabolic reflector antennas were integrated within a 6U CubeSat model. The system
achieved a 9.88% BW, demonstrating an LHCP gain of approximately 8.8 and 9.2 dBic.
At the same time, the antenna with a reflector in an offset parabolic shape delivered
exceptional right-hand circular polarization gains of around 33.77 and 34.36 dBic at 86 GHz
and 83 GHz, respectively.

An ultra-compact, X-band deployable wrap-rib antenna was designed for space ap-
plications, particularly small satellites. The antenna employs a wrap-rib deployment
mechanism, which allows it to remain compact during launch and expand in orbit, ensur-
ing a balance between high gain, compact stowage, and structural stability. The design
includes a parabolic reflector with a deployable rib structure, offering efficient X-band
communication with improved directivity. The findings demonstrated successful deploy-
ment, stable radiation patterns, and enhanced gain, making it viable for deep-space and
Earth observation missions. However, the reliance on mechanical deployment introduces
potential failure points, increasing the risk of malfunction due to mechanical wear, space
debris impact, or deployment errors. Additionally, the mechanically steered reflectors
lack real-time electronic beam control, making them less suitable for dynamic CubeSat
communication, which requires agile and adaptive beam-steering capabilities [47].

Reference [48] outlines a 1.5 × 1.5 m2 reflect array antenna that is designed to be stored
within a cylinder with a 20 and 9 cm diameter and height, respectively. After deployment,
the antenna offers a gain of 39.6 dB, and the reflect array’s mass is 1.75 kg. The reflect array,
composed of multiple crossed dipoles positioned 5 mm above a ground layer, is supported
by thin composite face sheets, with collapsible “S”-shaped springs maintaining the spacing
between the dipole layer and the ground plane. The structure, divided into concentric
quartz–epoxy composite strips, is interconnected with sliding folds, allowing the strips to
be compressed, star-folded, and wrapped, which enables the entire assembly to fit within a
compact cylindrical volume. After the construction and testing of a full-scale prototype,
it successfully demonstrated stowage within the specified volume while meeting all RF
performance criteria, as verified by both pre- and post-deployment RF tests.

The authors of Ref. [49] introduced two innovative high-gain deployable reflect-array
antennas for CubeSats. The first ISARA design was developed for 26 GHz and planned for
employment in a 3U CubeSat. This antenna consists of three reflect-array panels measuring
33.9 cm × 8.26 cm. The second design features an antenna with a reflect array, crafted
explicitly for station communication on the ground, and a 6U CubeSat (8.425 GHz). This
antenna features three reflect arrays of 33.3 cm × 19.9 cm. The ISARA and MarCO antennas
offer high gain (33 dBi) with very low stowed volumes, making them suitable for LEO and
deep space use (0.38% BW at 8.425 GHz). The antennas are deployed once the CubeSat
reaches orbit. The antenna that operates in the X-band provides a 28 dBi gain and a
1.19% BW. These designs deliver high-gain communication capabilities while maintaining
compact form factors for space missions.

Reference [50], which was presented at the 2018 International Symposium on Space
Terahertz Technology, discusses the design of a dielectrically embedded mesh lens intended
for deployment on a 6U CubeSat. The primary objective is to observe the 556 GHz water
emission line, a spectral feature inaccessible from ground-based observations due to at-
mospheric absorption. The proposed lens design aims to provide a significant effective
collecting area at this frequency, enabling the CubeSat to detect and study water emissions
in space. This approach offers a cost-effective solution for space-based water detection,
leveraging the CubeSat platforms’ compact and versatile nature.
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In Ref. [51], a dielectrically embedded mesh lens composed of stacked printed circuit
board (PCB) material layers with embedded copper elements was designed. The mesh
lens consists of layers of dielectric material containing sub-wavelength-dimension metal
elements arranged in a grid pattern, resulting in a flat and lightweight structure. This
configuration is particularly advantageous for CubeSats with stringent size, weight, and
power (SWaP) constraints. The design aims to provide a cost-effective solution for high-
frequency applications, such as water detection in space missions, by leveraging the
compact and efficient nature of the mesh lens. The study demonstrates the feasibility of
this approach, offering a promising avenue for future CubeSat antenna designs.

Reference [52] introduces a novel antenna design intended for CubeSat applications.
This design features a dielectrically embedded mesh lens composed of stacked printed
circuit board (PCB) material layers with embedded copper elements. The mesh lens con-
sists of layers of dielectric material containing sub-wavelength-dimension metal elements
arranged in a grid pattern, resulting in a flat and lightweight structure. This configuration
is particularly advantageous for CubeSats with stringent size, weight, and power (SWaP)
constraints. The design aims to provide a cost-effective solution for high-frequency applica-
tions, such as water detection in space missions, by leveraging the compact and efficient
nature of the mesh lens. The study demonstrates the feasibility of this approach, offering a
promising avenue for future CubeSat antenna designs.

Reference [53], presented at the 31st Symposium on Space Terahertz Technology in
2020, discusses designing and testing a metamaterial flat lens operating at 20 GHz. This lens
is intended as a low-frequency prototype to validate design procedures for higher-frequency
applications, such as those operating at 600 GHz or above 1 THz. The lens is designed to
transform a plane wave into the phase of a converging Gaussian beam, with a focal length
of 1.5 cm and a diameter of 2.5 cm. The lens is fabricated using 11 RO3003 circuit board
laminate layers with etched sub-wavelength-sized copper patterning. The study includes
measurements and simulations to evaluate the lens’s performance, aiming to achieve less
than half a dB of loss, significantly better than that of a Fresnel zone plate lens. The
successful design and testing of this prototype are expected to facilitate the development of
metamaterial lenses for higher-frequency applications in space-based missions.

3.3. Leaky-Wave Antenna (LWA) Technology

In Ref. [54], a CP microstrip antenna was developed for S-band applications, focusing
on ground and intersatellite communication. The antenna measured 80 × 180 mm2 in
size. The design used a closed-loop traveling wave as the radiating element to achieve
an optimal performance for either LHCP or RHCP. A two-terminal hybrid coupler was
employed in the feeding mechanism, enabling control over the phase difference between
the feeds. The desired polarization was obtained by feeding the antenna through ports
1 and 2 with equal magnitudes but distinct phase differences. Specifically, a quadrature
phase difference of −90◦ produced RHCP, while a +90◦ phase difference resulted in LHCP.
The simulated reflection coefficient was reported as −27 dB at 2.43 GHz, with a bandwidth
of 16.05%. The measurements showed a reflection coefficient of −23.5 dB at 2.52 GHz and
a bandwidth of 11.11%. The simulated gain at 2.45 GHz reached 7 dBi, while the measured
gain was 5.2 dBi. This antenna design demonstrated adaptability and efficiency for CubeSat
communications, effectively balancing compact dimensions with high performance.

A higher-order mode suppression technique for single- and dual-frequency microstrip
antennas was proposed. The method integrates a microstrip filter within the antenna,
simplifying the transmitter/receiver chain by eliminating the need for a separate filter. This
technique leads to a higher-order mode suppression of 8 dB using a low-pass microstrip
filter without affecting the resonance frequency and the antenna gain. A dual-frequency
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antenna for the S- and X-bands was designed using this technique to obtain a bandwidth
of 7% and a gain of 8 dBi for the S-band and a bandwidth of 10.5% and a gain of 11.5 dBi
for the X-band. This antenna can be used for satellite applications [55].

Reference [56] presents the design of a miniaturized planar Yagi-Uda antenna tailored
for integration with PicoSats and other small satellite missions. To address the space
constraints inherent in small satellite platforms, the authors employed miniaturization tech-
niques such as meandering and one-dimensional artificial dielectric concepts, effectively
reducing the guided wavelength and enabling the antenna to fit within the limited footprint
of small satellites. The antenna operates effectively within the frequency range of 3.46 GHz
to 3.54 GHz, aligning with communication standards for small satellite missions. Both the
simulation and experimental results demonstrate the antenna’s high gain and performance,
indicating its potential for enhancing data transmission capabilities in CubeSat missions.
The study underscores the importance of integrating efficient, low-profile antenna systems
to meet the growing demand for high-speed communications with small satellite platforms.

Reference [57] introduces a compact substrate-integrated waveguide (SIW) antenna
designed for CubeSat applications. This antenna utilized middle-point feeding and shorting
walls to achieve broadside radiation at two distinct frequencies, effectively transitioning
from a dominant leaky wave at lower frequencies to a more uniform radiation pattern
at higher frequencies. The dual-frequency operation enhances communication flexibility,
allowing CubeSats to operate across multiple frequency bands. The antenna’s compact
structure is achieved through shorting walls and middle-point feeding, which reduces the
overall size without compromising performance. This design is particularly advantageous
for CubeSats with stringent size, weight, and power (SWaP) constraints. The antenna’s
broadside radiation pattern ensures efficient signal transmission and reception, crucial
for maintaining reliable communication links in space. The study demonstrated that the
proposed antenna meets the specific requirements of CubeSat missions, offering a viable
solution for enhancing communication capabilities in small satellite platforms.

Reference [58] introduces a novel planar leaky-wave antenna (LWA) designed to
enhance CubeSat communication capabilities. Using substrate-integrated waveguide
(SIW) technology, the antenna features periodic fan-shaped slots etched on the SIW’s
surface, facilitating high-efficiency circular polarization (CP) radiation. This design is
particularly advantageous for CubeSat applications, as it offers a compact and lightweight
solution that meets the stringent size, weight, and power (SWaP) constraints typical of
small satellite platforms. The antenna’s high gain and broadside radiation pattern ensures
reliable and efficient communication links, which are crucial for maintaining consistent data
transmission during space missions. The study demonstrated that the proposed antenna
design effectively addresses the communication challenges faced by CubeSats, providing a
viable solution for future small satellite missions.

Reference [59], which was presented at the 2024 17th United Conference on Millimetre
Waves and Terahertz Technologies (UCMMT), introduces an innovative antenna system
designed to enhance communication capabilities for 3U CubeSats. This system integrated
a planar leaky-wave antenna (LWA) with a reflectarray, aiming to achieve high gain and
directivity within the compact constraints of CubeSat platforms. The LWA, based on
substrate-integrated waveguide (SIW) technology, radiated in single-linear polarization
and served as the feed for the reflectarray. A full-wave simulation was conducted to analyze
the near-field radiation from the SIW LWA on a surface corresponding to the reflectarray,
which was sized to fit within the 3U CubeSat’s dimensions. This design approach optimizes
the antenna’s performance, ensuring efficient communication links for CubeSat missions.

Reference [60] presents the development of a high-gain, broadband, and circu-
larly polarized Fabry–Perot cavity (FPC) antenna designed to enhance data transmission
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capabilities for CubeSat and small satellite missions. The proposed antenna utilizes a
spatially separated superstrate area excitation method to achieve broadband operations,
which is crucial for accommodating the diverse communication requirements of CubeSats.
The design aims to provide a compact and efficient solution that meets the stringent size,
weight, and power (SWaP) constraints typical of small satellite platforms. The study in-
cludes detailed simulations and experimental validations to demonstrate the antenna’s
performance, highlighting its potential to support high-data-rate communication links in
CubeSat applications. This advancement is significant for the small satellite community,
as it addresses the growing demand for efficient and reliable communication systems in
space missions.

Reference [61] introduces a cost-effective dual-polarized leaky-wave antenna (LWA)
fabricated using 3D printing technology, offering broad beam-scanning capabilities and
dual-polarized operations. While the design benefits from low-cost manufacturing and
relatively high radiation efficiency, its reliance on frequency-dependent beam steering
limits its suitability for CubeSat communications, for which a stable and predictable link
performance is essential. Additionally, LWAs suffer from gain degradation and beam
distortion at large steering angles, which can negatively impact a signal’s integrity in dy-
namic satellite environments. Using 3D printed materials raises concerns about mechanical
stability and long-term reliability in space conditions. In contrast, electronically controlled
phased arrays or metasurface-based antennas provide more adaptive beamforming capa-
bilities, making them better suited for CubeSat applications requiring precise and reliable
communication links.

3.4. Hybrid Beamforming Techniques

In Ref. [62], the hybrid beamforming combines analog and digital processing to mit-
igate the high cost and power consumption associated with fully digital beamforming,
which requires a dedicated radio-frequency (RF) chain for each antenna element. This
technique leverages analog beamforming to manage a large number of antennas with fewer
RF chains. In contrast, digital beamforming provides fine-tuned signal processing control,
thereby balancing performance and hardware complexity. The proposed method in the
paper addresses challenges such as hardware impairments and inter-user interference by
optimizing the hybrid beamforming architecture, resulting in improved spectral efficiency
and reduced computational complexity. However, the limitations include potential perfor-
mance degradation due to analog hardware constraints and the need for precise calibration
to maintain beamforming accuracy. In the context of CubeSat communications, hybrid
beamforming offers significant advantages. CubeSats are constrained by size, weight, and
power (SWaP) limitations, making deploying extensive RF chains impractical. By employ-
ing hybrid beamforming, CubeSats can utilize large antenna arrays to achieve the high-gain
directional beams necessary for long-distance space communications while keeping the
number of RF chains minimal to conserve power and space. This approach enhances data
transmission rates and link reliability without imposing substantial hardware burdens,
making it a viable solution for advanced CubeSat communication systems.

In Ref. [63], the authors suggest a two-band single monopole antenna to minimize
the number of antennas needed for CubeSat communications. This antenna functions
at VHF and UHF, simultaneously enabling data transmission and reception. The main
idea is the use of a diplexer to manage uplink and downlink communications through a
single antenna. The design incorporates a strip that attaches the antenna to the CubeSat’s
surface. The proposed deployable monopole antenna has several significant drawbacks.
The primary issue is the potential for mechanical failure in the deployment system, which
can lead to a loss of communication with the ground station and possibly result in mission
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failure. Additionally, the relatively low gains of 2.06 dBi (uplink) and 3.35 dBi (downlink)
restricts the antenna to short-range communications and lower data rates, which might not
meet the requirements of specific CubeSat missions.

In Ref. [64], retractable dipole and monopole antennas works at dual frequencies
within the VHF and UHF bands, optimizing transmission and reception while reducing
the number of required antennas. By utilizing a single dual-frequency antenna instead of
separate ones, the design effectively conserves space on a CubeSat, making it more efficient.
The antennas are integrated with an LC circuit, leveraging the CubeSat’s outer structure
as a ground plane, particularly for the monopole configuration. When fully deployed, the
dipole antenna spans 980 mm in length and exhibits 2.59 and 3.91 dBi directional gains.
Additionally, it measures 313.5 mm in total length and demonstrates an exceptionally low
reflection coefficient. The monopole antenna provides a superior gain, lower reflection
coefficient, and more compact form factor than its dipole counterpart.

One paper aimed to design a practical shape for a microstrip patch antenna for the
X-band (8 to 12 GHz) and Ku-band (12 GHz to 18 GHz). An artificial neural network was
used to optimize the microstrip antenna’s dimensions. The network inputs the different
microstrip antenna parameters and delivers their dimensions in X-/Ku-band satellite com-
munications. An error and validity analysis of the neural network results was conducted
in MATLAB 2015. Finally, HFSS simulation software was used for the prototype of the
microstrip antenna, which had the best antenna parameters compared with the actual
value [65].

3.5. Metasurfaces and Advanced Materials

This section discusses metasurface antennas and advanced materials like metamate-
rials. Metasurface antennas utilize engineered subwavelength structures to manipulate
electromagnetic waves, enabling beamforming, beam steering, and polarization control
without traditional phase shifters or mechanical movement. These antennas offer high
gain, low profile, and reconfigurable radiation patterns, making them attractive for ad-
vanced wireless and satellite communications. By adjusting the metasurface elements,
they can dynamically steer beams, enhance directivity, or generate multiple beams effi-
ciently. However, challenges such as lossy materials, fabrication complexity, and limited
bandwidth must be addressed. Their potential in CubeSat communications lies in their
ability to provide compact, low-power, and adaptive solutions, improving link reliability
in space environments.

Reference [66] presents a semi-transparent meshed patch antenna with CP, which
is designed for S-band CubeSat use at 2.25 GHz. A new method was introduced by
integrating solar cells with an antenna, where these cells and glass served as the primary
substrate materials. The authors integrated metamaterials featuring an RIS as a GND layer
to improve the BW and performance. An 11.11% BW and an overall 3D gain of 4.87 dBi
were obtained. The antenna in Ref. [66] demonstrated a broader −10 dB bandwidth.
Nonetheless, it exhibited a decrease in gain compared to the other antennas discussed in
the referenced studies.

Slot antennas generally comprise flat metal surfaces (plates) featuring cuts and operate
within the 0.3–25 GHz range. Few slot antenna designs have been explicitly developed
for CubeSats, mainly due to their provision of LP and little directivity, which lead to an
insufficient signal and diminished gain. Several methods and strategies are suggested and
applied to address these shortcomings. Among the slot antenna designs, the one in Ref. [67]
is notable for its 9.71 dBi gain and 30.2% BW. Nevertheless, its major disadvantage is its
larger size. Brief summaries of these works are presented in Tables 1 and 2.
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Table 1. Proposed patch antennas designed for the CubeSat.

Ref. Size (cm2) fr (GHz) BW (%) Gain (dBi) CubeSat
Type Deployable Polarization Application

[1] N/A 7.4 16.21 7.2 1U No CP Ground
Communication

[2] 1.41 × 1.17 5.1 10.2 5.9 1U No CP Intersatellite
Communication

[9] 0.78 × 0.78 2.45 44.9 8.22 3U No CP Earth Observation

[10] 0.23 × 0.35 2.43 1.65 5.3 1U, 2U, 3U no N/A Ground
Communication

[11] 0.19 × 0.20 2.45 2.45 4.8 1U No CP Ground/Intersatellite
Communication

[12] 1.93 × 1.93 5.8 1.2 6.98 1U No CP
Intersatellite

Communication
Educational

[13] 2.13 × 2.13 8, 11.2 2.39, 3.22 6.45, 5.34 3U No Dual, CP Ground
Communication

[14] 0.89 × 0.69 5.03 (C-band) 1.99 4.98 1U No LHCP Intersatellite
Communication

[15] 0.96 × 0.4 0.485/0.5 (UHF) N/A 4 1.5U No CP TT&C

[17] 0.76 ×
0.127 2.45 (S-band) 4.45 8.62 2U No CP Ground

Communication

[18] 0.4 × 0.4 2.45 (S-band) 2.05 5.8 1U No CP Ground/Intersatellite
Communication

[43] 0.67 × 1.51 2.52 11.11 5.2 3U No CP Ground/Intersatellite
Communication

Table 2. Utilized planar antennas for CubeSat communication operations in the X-band.

References Gain (dBi) Efficiency
(%)

CubeSat
Unit Polarization Dimensions

(mm × mm2) Feeding Tech fr (GHz) Mass (kg)

[30] <13 N/A 1 CP N/A coaxial
probe 8.27 N/A

[31] <7 N/A 3 × 1 CP 100 × 100 coaxial
probe 8, 11.5 N/A

[32] 15 65 1 CP <300 Fabry–Perot cavity 10 N/A

[33] 20 97.5 1 CP (RHCP) 100 × 100 unequal series parallel
power dividers 8.2 N/A

[34] 29.2 45 6 CP (RHCP) 100 × 200 × 340 offset fed reflect array 8.425 <1

[35] 4.31 <78.8 N/A N/A 40 × 40 coaxial
probe 8–12 N/A

[36] 8.07 N/A N/A N/A 16 × 16 coaxial
probe 7.6, 12 N/A

[37] 35 N/A N/A N/A N/A coaxial
probe 7.89–10.49 N/A

[38] <5.5 90.90 N/A N/A 20 × 17.2 coaxial
probe 9, 11 N/A

[39] 12.5 N/A N/A N/A 70 × 70 patch rod 8 N/A

[40] 10.5 N/A N/A N/A 95 × 95 coaxial
probe 8.15 N/A

[41] 6.1 >80 N/A N/A 35 × 33 coaxial
probe 9.3 N/A

[42] <10 >80 N/A LP 27 × 22 coaxial
probe 8.5, 10 N/A

[48] 39 N/A 3 × 2 N/A 1500 × 1500 diagonal cord feed 8.4 1.75
[55] <11.5 N/A N/A N/A 49.6 × 53 PBG 2.5, 8 N/A

4. Antennas for Beam Steering and Beamforming
Beam steering and beamforming are related concepts in antenna systems, but their

meanings and applications differ slightly. Beamforming is a signal-processing technique
used to shape the radiation pattern of an antenna array to focus energy in a desired direction
while minimizing interference in other directions. It involves adjusting the amplitude
and phase of signals fed to or received from individual elements of an antenna array
to create constructive interference in the desired direction and destructive interference
elsewhere. Beamforming enhances signal strength and quality in a specific direction,
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improving the communication range and reducing interference. On the other hand, beam
steering is the ability to dynamically change the direction of the main lobe (i.e., focus)
of an antenna’s radiation pattern without physically moving the antenna. It involves
electronically controlling the phase of signals in an antenna array to steer the beam in
the desired direction. Beam steering allows for the flexible coverage of a specific area
or tracking of a moving target, such as a satellite or mobile device, without mechanical
movement (Figure 6).
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The feasibility of dynamic beam-steering in Low Earth Orbit (LEO) satellite communi-
cations is heavily impacted by power limitations. Directing communication beams toward
ground targets demands precise antenna array control, which requires considerable power
for signal transmission and steering operations. This challenge is particularly pronounced
in small satellites like CubeSats, which have minimal energy resources due to their size.
Consequently, the power used for beam-steering must be shared with other vital tasks,
such as managing onboard systems and regulating thermal conditions. To tackle these
constraints, researchers have introduced energy-efficient strategies that optimize beam
handovers and switching within multi-LEO satellite networks, aiming to maximize power
efficiency without compromising communication reliability [68].

Moreover, studies on beam scheduling and beamforming design under individual
feed power limitations emphasize the difficulties in distributing power effectively across
multiple beams. The goal is to optimize data rates while ensuring the overall power con-
sumption remains within the designated limits [69]. In addition, beam-hopping techniques
have been investigated as a solution to manage uneven traffic demands. These methods
enable flexible adjustments in both time and power domains, ensuring that diverse commu-
nication needs are effectively met [70]. These methods highlight the importance of adequate
power management to sustain dynamic beam-steering in LEO satellite systems with limited
power resources. Additionally, artificial intelligence (AI) offers transformative potential by
enabling real-time adaptability and optimizing antenna arrays. AI-driven solutions can
enhance power allocation, minimize latency, and boost beamforming precision, ensuring
optimal utilization of CubeSat energy reserves [71].

4.1. Beam-Steering/Beamforming Techniques and Their Possible Features for
CubeSat Communications

By adjusting the phase and amplitude of signals at each antenna element in an array,
beamforming enables enhanced signal strength, reduced interference, and better spectral
efficiency. It is critical in modern communication systems like 5G networks, satellite com-
munications, and radar systems. Beamforming can be categorized into analog beamforming
(ABF), digital beamforming (DBF), and hybrid beamforming (HBF), each with distinct
methodologies, advantages, and limitations.
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In ABF, the signal phase and amplitude are controlled directly at the radio-frequency
(RF) stage using analog devices such as phase shifters and attenuators. This technique
generates a single beam by combining signals from all antennas before converting them to
a baseband. It has several advantages, such as low complexity (simpler hardware imple-
mentation compared to digital systems, making it more cost-effective), power efficiency
(consumes less power as it requires a single RF chain), and suitability for narrowband sys-
tems (well-suited for systems with limited bandwidth requirements). However, it also has
some limitations like limited flexibility (generating only a single beam per array, restricting
its capability to support multi-user scenarios), lack of interference mitigation (limited ability
to perform complex spatial filtering, leading to a reduced performance in high-interference
environments), and susceptibility to non-idealities (analog devices introduce phase errors
and amplitude mismatches, impacting beamforming precision). The techniques utilized
variable phase shifters for signal steering and employing RF combiners to merge signals
from different antenna elements.

DBF operates at the baseband or intermediate frequency (IF) stage. Signals from each
antenna element are individually digitized and processed using digital signal processing
(DSP) algorithms, allowing for precise control over beam characteristics. Its advantages
are high flexibility (it can generate multiple beams simultaneously, supporting multi-user
scenarios), interference management (enables advanced signal processing techniques for
interference suppression and null steering), and wideband support (capable of handling
wideband signals, making it suitable for modern broadband communication systems).
However, each antenna element requires a dedicated RF chain, ADC/DAC (analogue to
digital/digital to analogue), and DSP unit. It consumes significantly more power due to the
extensive hardware and processing requirements and the complex hardware and software
integration. Its applied techniques include the application of advanced DSP algorithms,
such as adaptive beamforming, minimum variance distortionless response (MVDR), and
eigen-beamforming. Digital filters are usually used for beam steering and shaping.

HBF combines the principles of analog and digital beamforming to balance efficiency
with hardware complexity. It employs analog beamforming at the RF stage and digital
beamforming at the baseband stage. Its advantages are scalability (reduction in the number
of required RF chains compared to digital beamforming while maintaining high perfor-
mance), cost, and power efficiency (balances cost and power consumption by using fewer
RF chains), and support for multi-user scenarios (can generate multiple beams with fewer
resources than a fully digital system). Nevertheless, its performance is typically inferior to
pure digital beamforming due to reduced flexibility in analog signal steering. It requires
careful integration of analog and digital components, increasing the system’s design com-
plexity, and involve trade-offs in beam placement and resource allocation. The utilized
technique is the decomposition of the beam-forming task into analog precoding and digital
precoding. Moreover, low-dimensional digital beamformers can be combined with analog
phase shifters or switches, and sparse array structures can reduce the complexity while
maintaining performance.

Artificial intelligence (AI)-driven beam steering is emerging as a transformative ap-
proach in CubeSat communications, offering enhanced adaptability and efficiency in dy-
namic space environments. Traditional beam-steering methods, such as mechanical ad-
justments or predefined electronic configurations, often struggle to meet modern CubeSat
missions’ rapid and complex demands. By integrating AI, particularly machine learning
algorithms, CubeSats can achieve real-time adaptive beamforming, optimizing signal di-
rectionality and strength in response to changing conditions. For instance, supervised
learning algorithms have been proposed for real-time adaptive beamforming on multibeam
satellites, enabling precise beam projection and dynamic adjustments to beamwidth and
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sidelobe levels, thereby enhancing communication performance. The application of AI
to beam steering also addresses the limitations of traditional mechanical systems, which
can be bulky and slow to respond. AI algorithms can process vast amounts of data from
onboard sensors to predict and react to environmental changes, such as satellite move-
ment or signal interference, allowing for swift electronic adjustments without mechanical
components. This capability particularly benefits CubeSats, for which size, weight, and
power constraints are critical considerations. Research has demonstrated that AI-driven
beam steering can effectively manage these constraints while maintaining high commu-
nication performance. Moreover, AI-driven beam steering facilitates the implementation
of advanced communication techniques, such as multiple-input, multiple-output (MIMO)
systems, by efficiently managing the complex signal processing tasks required for these
technologies. This integration enhances the data throughput and link reliability, which are
essential for the increasing demands of CubeSat applications. Studies have shown that AI
algorithms can optimize the performance of MIMO systems in satellite communications,
leading to significant improvements in data rates and connection stability. In addition to
improving performance, AI-driven beam steering contributes to the resilience of CubeSat
communication systems. By continuously learning and adapting to the space environment,
AI algorithms can anticipate potential issues, such as signal blockages or degradations,
and proactively adjust beam patterns to maintain optimal communication links. This
initiative-taking approach reduces the risk of communication disruptions and enhances the
overall reliability of CubeSat missions. Research in this area has highlighted the potential
of AI to significantly increase the robustness of satellite communication systems through
adaptive beam steering [72–74].

When beam steering and beamforming are discussed, signal processing should be
considered an inevitable part. Signal-processing techniques are fundamental to CubeSat
communications, enabling efficient data transmission within limited power and bandwidth
constraints. Digital modulation schemes, such as phase shift keying (PSK) and frequency
shift keying (FSK), are commonly employed to optimize the spectral efficiency and resilience
to noise. Additionally, error correction codes like Reed–Solomon and convolutional codes
enhance the data integrity by mitigating the signal degradation effects during transmission.
Integrating software-defined radios (SDRs) allows for flexible implementation of these
techniques, facilitating adaptability to various communication protocols and frequency
bands. This flexibility is particularly advantageous for CubeSats operating in the crowded
VHF and UHF bands, as it enables dynamic spectrum access and efficient utilization of
available frequencies [75].

The advent of 5G technology has introduced opportunities to enhance CubeSat com-
munications through advanced signal-processing techniques. One notable advancement
is the utilization of millimeter-wave (mm-wave) frequencies, which offer significantly
larger bandwidths than traditional frequency bands. Operating in the 30 to 100 GHz range,
mmWave communications can support the high data rates essential for high-resolution
Earth observation and real-time data relay applications. However, mmWave signals are
susceptible to greater free-space path loss and atmospheric attenuation, necessitating
sophisticated beamforming and beam-steering techniques to maintain reliable links [76,77].

Beyond 5G, research has explored the terahertz (THz) frequency spectrum (0.3 to
10 THz) to further augment communication capabilities. THz frequencies promise ultra-
high data rates due to the vast available bandwidth, making them attractive for future
CubeSat missions requiring substantial data throughput. Nevertheless, THz communica-
tions face challenges such as severe atmospheric absorption and a limited transmission
range, which can be mitigated through advanced signal-processing techniques like adaptive
modulation and coding and the development of high-gain directional antennas.
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The integration of mmWave and THz technologies into CubeSat communications
necessitates advancements in signal processing to address the challenges associated with
high-frequency signal propagation. Techniques such as adaptive beamforming, which
dynamically adjusts the directionality of the antenna array, can compensate for signal
degradation and enhance link reliability. Implementing multiple-input, multiple-output
(MIMO) systems can also exploit spatial diversity to improve data rates and link robustness.
These approaches require sophisticated algorithms and real-time processing capabilities,
underscoring the importance of high-performance onboard processing units in future
CubeSat designs [78].

As mentioned before, beam steering and its techniques are slightly different. Beam
steering is a pivotal technology in modern communication and radar systems, enabling
the dynamic redirection of signal beams without needing mechanical movement. This
capability is essential for applications such as 5G networks, satellite communications, and
advanced radar systems, for which rapid and precise beam direction is crucial. Recent
advancements have introduced innovative methods to enhance beam-steering performance,
presenting unique challenges and outcomes. Two of the most common techniques that have
been utilized to improve the performance of beamforming/ beam steering are applying
metasurface and reconfigurable structures.

Metasurfaces are ultra-thin, two-dimensional structures composed of sub-wavelength-
sized elements that can manipulate electromagnetic waves in a controlled manner. By
engineering these elements, metasurfaces can modulate the amplitude, phase, and polariza-
tion of incident waves, enabling advanced wavefront-shaping capabilities. In beamforming
and beam-steering applications, metasurfaces offer a low-profile alternative to traditional
bulky components, allowing for precise control over the direction and shape of electro-
magnetic beams. This precision is achieved by designing specific phase gradients across
the metasurface, facilitating the steering of beams without mechanical movement. The ad-
vantages of metasurfaces include their compactness, lightweight nature, and the potential
for integration into various platforms, making them suitable for applications like wireless
communications and optical systems. However, challenges such as fabrication complexity,
sensitivity to fabrication errors, and potential limitations in bandwidth and efficiency need
to be addressed. Ongoing research aims to overcome these limitations, with developments
in tunable and reconfigurable metasurfaces showing promise for dynamic beamforming
and beam-steering applications [79].

Metasurface structures have been used to improve beam steering. For instance,
Ref. [80] employed a reflective metasurface technique, incorporating metal slots around the
radiating patch to enhance the gain. A secondary metasurface antenna was also positioned
10 mm from the primary radiating antenna to further enhance the radiation and directivity.
The design utilized a partial ground and line feeding with a conventional coplanar waveg-
uide (CPW) technique to optimize the overall performance. A rectifier circuit was also
integrated to convert the harvested electromagnetic energy into direct current (DC) output
power. The proposed model achieved a gain of 8.1 dB, a backward radiation reduction
to −13.1 dB, and a DC output power of 2.82 V. While the antenna demonstrated effective
gain enhancement and beam-steering capabilities for RF energy harvesting, its suitability
for dynamic beamforming or beam-steering applications is limited. The design focuses
on static beam steering achieved through the fixed configuration of metasurfaces and
metal slots. This static approach restricts the antenna’s ability to adaptively steer beams
in response to changing signal environments or target movements, a key requirement in
advanced communication systems. Moreover, integrating multiple metasurface layers
and the specific placement of components introduces fabrication complexities. It increases
the overall size of the antenna system, potentially limiting its applicability in compact or
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dynamically reconfigurable platforms. Therefore, while effective for enhancing the gain
in RF energy harvesting, this design is not suitable for applications requiring agile and
real-time beamforming or beam-steering capabilities.

Reference [81] introduced a metasurface antenna capable of electronic beam steering
without mechanical movement. The design features an array of subwavelength resonators,
each integrated with tunable elements, allowing for dynamic control over the phase and
amplitude of emitted microwaves. This configuration enables rapid adjustments to the
beam direction, enhancing imaging, radar, and wireless communications applications.
The antenna’s planar structure offers a compact, cost-effective alternative to traditional
phased array systems. However, challenges such as the fabrication complexity, power
consumption of tunable components, and potential limitations in bandwidth and effi-
ciency affect the performance. Further research is necessary to optimize these aspects for
practical deployment.

Reference [82] focuses on the application of Huygens’ metasurfaces—ultra-thin struc-
tures capable of controlling electromagnetic wavefronts—to achieve precise antenna beam-
forming and beam steering. By engineering these metasurfaces, the authors demonstrated
the ability to manipulate the direction and shape of antenna radiation patterns without
relying on traditional bulky feeding networks. This approach offers a low-profile solu-
tion for directing electromagnetic beams, which is advantageous in various applications
such as wireless communications and radar systems. The study highlights the potential
of Huygens’ metasurfaces to provide efficient and compact alternatives to conventional
beamforming techniques.

Reference [83] introduces a metasurface-driven antenna system designed for three-
dimensional beam steering in satellite communications. The system employed a pair of
phase gradient metallic metasurfaces (PGMMs) operating in the Ku-band, engineered using
a near-electric field phase transformation method. By independently rotating these PGMMs
above a fixed-beam base antenna, the design achieves wide-angle beam steering in both
the azimuth and elevation planes. The experimental results demonstrated effective beam
scanning, with the elevation angles reaching ±38◦ and full 360◦ coverage in the azimuth
plane. This approach offers a low-profile, passive solution for dynamic beam steering,
eliminating the need for complex feeding networks or mechanical movement, which are
common in traditional systems.

One notable development involved the use of metasurfaces for beam steering. A study
published in Ref. [84] demonstrates beam steering by employing two vertically oriented
metasurfaces. This method achieves precise control over beam direction by manipulating
electromagnetic waves at the metasurface interface. The primary challenge in this approach
is the complex fabrication and integration of metasurfaces into existing systems. However,
the outcome showed significant potential for high-precision beam steering with minimal
signal loss, indicating a promising avenue for future research.

Integrated optical beam-steering devices have been developed using switchable liquid
crystal metasurfaces. A study available in Ref. [85] depicts a method employing holography
techniques to calculate the required phases, enabling dynamic beam steering in optical
systems. The challenges of this approach include the precise control of the liquid crystal
properties and the integration into compact optical devices. The outcomes demonstrated
ultrafast beam-steering capabilities, which could revolutionize applications in optical
communications and beyond (Figure 7).
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Reference [86] introduced a pattern-reconfigurable antenna that utilizes a metasurface
for two-dimensional beam steering. The design integrates a reconfigurable metasurface
with the antenna structure, enabling dynamic control over the radiation pattern in both the
azimuth and elevation planes. This approach allows for efficient beam steering without
the need for mechanical movement, offering potential advantages in applications such as
wireless communications and radar systems. However, the available summary did not
provide specific details regarding the operational frequency range, steering range, and the
methods employed for reconfiguring the metasurface. Further information from the full text
is necessary to comprehensively assess this design’s performance and potential limitations.

Reference [87] presents a dual-port, dual-beam, and pattern-reconfigurable antenna
capable of independent two-dimensional (2D) beam scanning. The antenna features two
feeding ports that allow for the independent control of each beam, enhancing flexibility in
beam directionality. This design enables dynamic beam switching, making it well-suited
for applications requiring adaptive beamforming, such as satellite communications and
wireless networks. The proposed antenna achieves efficient 2D beam scanning without
requiring mechanical movement, reducing system complexity and improving reliabil-
ity. However, the design introduces challenges related to the feed network’s complexity
and potential mutual coupling between the two beams. Additionally, the extent of the
beam-scanning coverage and its adaptability in real-time environments require further eval-
uation. While promising for advanced communication systems, its feasibility for CubeSat
integration depends on the size, power consumption, and reconfiguration speed.

Reference [88] proposes a low-cost multibeam switching antenna utilizing a reconfig-
urable hybrid metasurface for beamforming applications. The design integrates a hybrid
metasurface with tunable elements, enabling beam switching without requiring complex
phase-shifting networks. This approach enhances beamforming efficiency while main-
taining a cost-effective and compact structure, making it suitable for wireless and satellite
network applications. The proposed antenna achieves dynamic beam control with min-
imal power consumption, an advantage for power-constrained platforms like CubeSats.
However, its reliance on discrete tuning elements introduces response-time limitations,
potentially restricting real-time adaptability in highly dynamic environments. Additionally,
practical implementation challenges, such as fabrication complexity and integration with
existing satellite communication systems, must be addressed. While promising for adap-
tive beamforming, its scalability and performance under different operational conditions
require further investigation.
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Reference [89] proposes a beamforming technique for a linear antenna array using a
reconfigurable frequency selective surface (FSS). The antenna comprises a 1 × 4 linearly
polarized array fed by a power divider and a coaxial connector. A reconfigurable FSS
superstrate was mounted above the antenna to control the radiation pattern dynamically.
This configuration allows for adjustable beamforming, enhancing the antenna’s adaptability
in various communication scenarios. The reconfigurable FSS enables real-time pattern
modification, offering potential benefits in flexible beam-steering applications. However,
the complexity of integrating the FSS with the antenna array and the potential of an in-
creased system size present challenges. Additionally, the performance of the reconfigurable
FSS in terms of bandwidth and efficiency needs further evaluation to ensure its suitabil-
ity for practical applications. While promising, the design’s effectiveness in dynamic
beamforming scenarios, such as those encountered in CubeSat communications, requires
further investigation.

Reference [90] proposes a beam-reconfigurable multi-antenna system utilizing beam-
combining technology to enhance UAV-to-everything (U2X) communications. The system
integrates multiple antennas with phase control techniques to reconfigure radiation pat-
terns, dynamically improving the communication reliability and coverage. The system
enhances signal strength by employing beam-combining and mitigating interference, mak-
ing it suitable for various UAV applications, including surveillance, disaster response, and
remote sensing. This approach’s key advantage is its adaptability to changing environ-
ments, ensuring stable connections despite UAV mobility. However, the implementation
faces challenges such as increased system complexity, power consumption, and potential
hardware limitations in real-time beam adjustments. While effective for UAV commu-
nications, its direct applicability to CubeSat beamforming requires further exploration,
as CubeSats operate under stricter power and size constraints. Nonetheless, the study
provides valuable insights into beam-reconfigurable designs that can be adapted for space-
based communication networks.

Reference [91] introduces a pattern-reconfigurable integrated array antenna leveraging
a coding metasurface. This design integrates a coding metasurface with an antenna array
to achieve dynamic radiation pattern reconfiguration. By adjusting the coding sequences
of the metasurface elements, the antenna can steer beams and modify radiation patterns
without mechanical movement. This approach offers a low-profile and efficient solution
for applications requiring adaptable beam steering, such as wireless communications and
radar systems. However, the reliance on electronic reconfiguration introduces challenges
related to control complexity and response time. Additionally, the performance in terms
of bandwidth and efficiency under different operational conditions requires further eval-
uation to ensure its suitability for practical applications. While promising, the design’s
effectiveness in dynamic beamforming scenarios, such as those encountered in CubeSat
communications, also requires further investigation.

Reconfigurable transmit array antennas have also garnered attention for their beam-
steering capabilities. A comprehensive review in Ref. [92] highlights the recent devel-
opments and challenges associated with these antennas. The study discusses methods
involving tunable materials and electronic components to achieve dynamic beam steering.
The challenges include the complexity of the design and the potential increases in the
system’s cost. Despite these hurdles, the outcomes demonstrate enhanced beam-steering
performance, making reconfigurable transmit array antennas a viable option for modern
communication systems (Figure 8).
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Figure 8. The design of a reconfigurable antenna.

Furthermore, in the realm of wireless applications, reconfigurable electromagnetic
surfaces have been explored to enhance beam steering. For instance, the research pub-
lished in Ref. [93] introduces an innovative approach using reconfigurable electromagnetic
surfaces to achieve beam steering in reflectarray structures. The method involves electron-
ically adjusting the surface properties to direct beams dynamically. The challenges with
this technique include the need for sophisticated control algorithms and potential signal
degradation. Nevertheless, the outcomes indicate improved beam steering flexibility and
efficiency, significantly impacting future wireless communication technologies.

Metasurfaces and reconfigurable antennas offer precise beamforming and beam-
steering without mechanical movement, making them ideal for modern communication
systems. Various designs, including reflective, tunable, and Huygens’ metasurfaces, enable
wide-angle and adaptive beam control, benefiting CubeSats, UAVs, and optical systems.
While these structures improve the compactness and efficiency, challenges like the fab-
rication complexity and bandwidth limitations remain. Advances in tunable materials
and electronic control continue to enhance their adaptability, reinforcing their potential
for next-generation wireless and satellite communications. In addition, metasurfaces and
reconfigurable structures outperform traditional beam-steering methods like mechanical
steering and phased arrays by offering compactness, low power use, and real-time beam
control without moving parts. Unlike phased arrays, which require complex phase shifters,
metasurfaces use subwavelength elements for precise wavefront control, reducing the
system’s complexity and cost. Reconfigurable designs further enhance adaptability to
changing environments with minimal hardware modifications. These advantages make
them ideal for CubeSats, UAVs, and next-generation wireless networks, for which the size,
weight, and energy efficiency are crucial.

As a vital part of any communication system, antennas should be fully understood
so that all of their requirements and characteristics can be used for CubeSat and satellite
communications. The following section illustrates more passive antennas utilized for beam
steering in CubeSat communications. A brief of some metasurface and reconfigurable
antennas are presented in Table 3.

Table 3. Utilized metasurface and reconfigurable antennas for beam steering and beamforming.

Reference Gain (dBi) Efficiency (%) Dimensions (mm
× mm2) Technique fr (GHz) Steering Range (◦)

[80] N/A N/A N/A metasurface 12.5 10–23
[81] <10 <90 120 × 229 SIW, Nyquist metasurface 9, 10 −75–75
[84] N/A N/A <85 mm2 IRS, metasurface 26.5–27 15–45
[82] <8 <77 18 mm2 Huygens’ metasurface 10 N/A
[86] N/A N/A N/A partially reflecting surface 3.3–3.8 −40–40◦

[87] 8 >80 80 mm2 partially reflecting surface 3.6 −30–30◦

[88] 7.32 80 58 × 49 hybrid metasurface 9.07–9.42 48◦, 312◦

[89] 10.7 N/A 131 × 131 reconfigurable FSS 5.5 −48–48◦

[90] 5.8 76 <60 mm diameter single-pole, double-throw 5–5.5 0, 90◦
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4.2. Passive Antennas for Beam Steering

Beam steering is a critical technology for modern communication systems, enabling
high directional gain and interference mitigation by focusing transmitted or received energy
in specific directions. Passive antennas, which do not rely on active electronic components
such as amplifiers, are increasingly being explored for beam-steering applications in small
satellite platforms, including CubeSats. These systems offer compact, lightweight, and
energy-efficient alternatives to active beamforming systems, making them particularly
attractive for space missions constrained by mass, volume, and power budgets. In Cube-
Sat communications, achieving high data rates and reliable links over long distances are
challenging due to their small form factor and limited power availability. Passive antennas
designed for beam-steering can address these issues by enhancing signal directivity without
adding complexity and power consumption to active elements. Despite their advantages,
passive antennas for beam-steering face several challenges. Passive beamforming systems
require meticulous design to achieve precise phase control and high efficiency. This often
involves intricate geometries, tight tolerances, and advanced materials. In the harsh envi-
ronment of space, passive antennas must withstand extreme temperatures, radiation, and
mechanical stresses, which can degrade performance over time. Manufacturing compact
and lightweight passive antennas with high precision is also challenging, especially when
integrating them into the constrained volume of a CubeSat. Moreover, passive antennas
can achieve beam steering; the range and accuracy of the steering are typically less flexi-
ble than active systems. To address these challenges, several innovative techniques have
been developed, such as passive phased arrays that utilize time-delay elements or phase
shifters to control the direction of the radiated beam. These systems achieve high gain and
directivity, although their operational bandwidths often limit them. In the reflect arrays
method, antennas combine the features of reflectors and arrays by using a flat panel of
passive elements to reflect and steer the beam. Their planar structure is ideal for CubeSat
integration. In addition, the metasurface technique, composed of subwavelength elements,
enables beamforming through phase manipulation across the surface. These antennas
offered ultrathin profiles and enhanced design flexibility. To overcome volume constraints,
deployable passive antennas inspired by origami techniques have been developed, al-
lowing for compact stowage during launch and deployment in orbit. Last but not least,
using lightweight, radiation-hardened, and thermally stable materials can also improve the
durability and performance of passive antennas in the space environment.

Recent antennas utilized for CubeSat communications, as well as explanations of their
limitations, techniques, and outcomes, have been presented. It would be informative to
consider several recent passive antennas for beam steering to investigate their challenges
and methods, as well as explain how they can be used for CubeSat communications.

Reference [94] explores phased array antennas operating in the D-band frequency
range (110–170 GHz), focusing on high-frequency performance. Microstrip-based tech-
niques were used for compactness and integration. The antenna demonstrated the design
feasibility of D-band phased array antennas, with notable gains of 26.75 dBi and beam-
steering capabilities of −13.5–13.7◦. It also addresses the need for miniaturization, which
is crucial for high-frequency applications. Operating in D-band frequencies requires high
precision of fabrication because of the small dimensions and tight tolerances, which are not
always feasible in mass production. Microstrip antennas suffer significant losses at high
frequencies, impacting the overall efficiency. The study explored beam steering but did
not address real-world challenges, such as hardware implementation for real-time beam
control. While simulations showed promising results, real-world environmental factors
like interference, material imperfections, and atmospheric absorption in the D-band range
limit performance.
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In Ref. [95], a microstrip antenna array was designed and implemented to support
beam steering, emphasizing compactness and low-profile characteristics at 2.4 GHz. It
likely incorporated phase shifters and other techniques to achieve beam steering, enhancing
the signal directionality for communication systems. The authors also included various
configurations (e.g., linear and planar) to improve the gain and performance. They highlight
an increased gain of up to 7 dBi and beam steering as significant benefits of using the
microstrip antenna array. They also suggest that communication system applications, such
as 4G and 5G networks or radar, require high data rates and precise signal directionality.
However, the paper does not address challenges related to dielectric and conductor losses,
especially for higher-frequency applications. The beam-steering technique, while helpful,
can increase the design complexity, especially if implementing phase shifters or control
systems. There was a limited discussion of real-world challenges like environmental
interference, manufacturing tolerances, and system integration into commercial devices.

Reference [96] focuses on the K-band frequency range (~18–27 GHz) with microstrip
technology, which is suitable for compact and planar systems. The authors employed
phased array principles to achieve directional beam steering, improving antenna efficiency
in high-frequency communication. They used series feed techniques to distribute power
uniformly across array elements. They also demonstrated a gain of 7.6 dBi and a beam range
of 30 degrees. However, the closely spaced elements in the array can lead to interference,
reducing the overall efficiency. High-frequency designs, particularly in the K-band, are
more susceptible to environmental factors like atmospheric attenuation.

Reference [97] focuses on scalable and integrated patch antennas for 28 GHz, a key
frequency for 5G applications. It demonstrated an integrated beamforming solution for
enhanced connectivity in automotive systems. It used high-efficiency power amplifiers
in the antenna system to ensure effective signal transmission in 5G networks, offering
maximum gains of 7.5 dBi and 21.8 dBi before and after amplifier integration. The pro-
posed antenna system offers 5G signal coverage and capacity through beamforming and
amplifier integration. It is tailored for high-speed and reliable communications in auto-
motive environments, addressing challenges like Doppler effects. However, integrating
power amplifiers with antennas can lead to thermal issues, especially in compact systems.
Moreover, high-frequency signals, such as those at 28 GHz, are prone to attenuation due to
weather conditions and obstacles.

In Ref. [98], a multibeam antenna at 38 GHz, a critical band for 5G communication, was
designed. The array enhances spatial coverage using a folded Butler matrix for compact
beam steering, which reduces the circuit area while achieving precise beam steering. It
also focused on integrating multiple components into a package to save space, which is
crucial for 5G mobile and IoT devices. An excellent beam-steering performance with low
sidelobe levels was demonstrated, improving the signal quality and reducing the size by
53.5% compared to conventional Butler matrices and phased arrays, making it suitable for
space-constrained applications. Four beams were measured at ±36◦ and ±12◦ and offered
maximum gains of 19.8 and 21 dBi, respectively. However, the multi-folded design can
introduce additional losses, which affect the overall efficiency.

In Ref. [99], antenna arrays were designed to operate at 28.8 GHz, focusing on minia-
turization. The arrays adopt a linear arrangement to enable efficient beam-steering capa-
bilities. The design also incorporates techniques for efficient energy usage, supporting
a high-frequency performance while maintaining a small footprint. The antenna arrays
demonstrate an enhanced gain of up to 9.19 dBi and directional beam steering. The results
indicate their potential for deployment in 5G applications and beyond. However, the
design does not support broader frequency ranges, limiting the flexibility.

62



Electronics 2025, 14, 754

Reference [100] presents a compact and lightweight multi-beam antenna system tai-
lored for CubeSat applications operating in the Ka-band (26.5–40 GHz). The design incorpo-
rates a 3D printed dielectric lens to enhance beam directivity and a planar antenna array to
generate multiple beams with a coverage of 14–18◦ for efficient connectivity. This approach
enables passive beam steering, reducing the complexity and power consumption while
maintaining high performance, such as a maximum gain of 16 dBi. Three-dimensional
printing also lowers the manufacturing costs and facilitates scalability for CubeSat systems.
However, the design faces challenges, such as sensitivity to manufacturing tolerances,
limited adaptability to other frequency bands, and environmental factors like signal attenu-
ation in adverse weather.

Reference [101] introduces a dual-band antenna design leveraging phase-gradient
metascreens (PGMs) and near-field meta-steering capabilities. The design employs innova-
tive dual-band, phase-gradient metascreen structures to achieve effective beam steering
of ±46◦ and ±51◦ for near-field applications. These metascreens are designed to operate
efficiently at two distinct frequency bands (11.57–11.97 GHz and 13.95–15.0 GHz), with
independent beam-steering capabilities for each band. The PGMs were engineered to
precisely control the electromagnetic wave propagation through phase adjustments across
the metascreen surface. However, the approach relies on intricate multi-layer structures,
which increase the manufacturing complexity and cost. Metal layers in the design introduce
conductivity losses, impacting the overall system efficiency.

Reference [102] explores the design of a dual-band, shared-aperture antenna system at
3.2–3.45 GHz and 25.5–29.5 GHz, tailored for 5G technologies. This system integrates mul-
tiple antenna elements within a compact shared aperture, supporting dual-band operation
and beam-steering capabilities. Beam steering of up to 112◦ in the sub-6 GHz band and up
to 56◦ in the mm-wave band are achieved using an innovative phase-shifting network that
facilitates precise control of the antenna beam across both frequency bands. The design
prioritizes compactness and achieves a maximum efficiency of 78% and gain of 19.31 dBi,
making it suitable for integration into modern 5G infrastructure.

Reference [103] proposes a hybrid reflectarray antenna combining passive and active
unit cells for efficient two-directional beam steering in the coverage of −18◦ and 18◦ around
10.1 GHz. The active cells enable dynamic control of phase gradients, while passive cells
ensure a lightweight and cost-effective design. Integrating active and passive unit cells for
phase manipulation and phase-gradient control to direct beams toward two target directions
offers a high efficiency of up to 69.5%. However, the design’s complexity increases because
of the integration of active and passive cells, and the scalability for multi-directional beam
steering is limited.

Reference [104] introduces a low-profile, dual-band, and dual-circularly polarized
folded transmit array antenna for independent beam control in the K- and Ka-bands
(12 and 15 GHz). The design utilizes a unique folded transmit array mechanism and
polarization control to steer beams independently at each band (up to 45◦). The system
provides high gains of 24.7 dB and 26.1 dB for the respective bands, with efficiencies
exceeding 55%. These results highlight the antenna’s effectiveness in modern applications
like satellite communications and 5G networks, combining compactness with advanced
polarization and beam control capabilities. However, its limitations include potential
challenges in fabricating such intricate structures and maintaining high precision for dual-
band beam control.

Reference [105] presents a design for a dual-band transmit array at 12.5 GHz and
14.25 GHz capable of generating orthogonally polarized contour beams (360◦ phase range),
targeting advanced communication systems. The design utilizes independent phase
compensation for each band, achieved through the design of high-precision elements,
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polarization control, and a maximum gain of 25.3 dBi. Its limitations involve the com-
plexity of fabrication and alignment, as well as challenges in maintaining the perfor-
mance over wide angular ranges. The design holds promise for improving multifunctional
antenna systems.

Ref. [106] presented a Fabry–Pérot-based, all-dielectric Huygens’ structure for
millimeter-wave beam steering with circular polarization. The design employs dielec-
tric metasurfaces with tailored phase and amplitude responses to achieve compactness and
efficient beam steering (360◦ phase coverage). It is integrates well with 60 GHz slot antennas,
achieving circular polarization with a gain of 34.13 dBic. While the design demonstrates
effective beam steering and reduced cross-polarization, its limitations include fabrication
complexity and potential performance sensitivity to dielectric material inconsistencies.

Reference [107] presents a method for achieving wide-angle beam steering with circu-
lar polarization in the Ka-band (29.5–30 GHz) using a plate lens antenna. The approach
relies on the in-plane translation of a dielectric plate lens to steer the beam over a wide an-
gular range while maintaining circular polarization (0◦ to 50◦). The method demonstrates a
high gain of 27.3 dBi and high beam quality. However, the mechanical translation of the lens
introduces practical limitations, such as slower response times and potential wear-and-tear
issues in dynamic systems compared to fully electronic beam steering. Additionally, the
setup can be bulky and less suitable for highly compact or integrated applications.

Ref. [108] presented a high-gain aperture antenna using a leaky-wave antenna (LWA)
array with substrate-integrated waveguide (SIW) technology designed for CubeSat ap-
plications. Operating at 28 GHz, the antenna achieves a gain of 15.2 dBi with a fixed
radiation angle of -45◦, while its compact design (98.6×16×1.575 mm³ per element) ensures
integration within a 1U CubeSat. SIW enables a low-profile, efficient structure, making it
suitable for space-constrained environments. However, its fixed radiation angle may limit
communication flexibility, requiring satellite orientation adjustments, and the frequency-
specific design at 28 GHz may necessitate modifications for different operational bands.
Despite these limitations, the proposed antenna offers a promising solution for enhancing
CubeSat communication with its high gain and compact form factor.

Reference [109] proposes a CubeSat microstrip antenna incorporating a metamaterial
structure for LoRa communication at 924 MHz. The design utilizes a metamaterial layer to
enhance the antenna’s performance by improving the gain by up to 2.6 dBi while maintain-
ing a compact form factor suitable for CubeSat applications. The authors demonstrate that
the metamaterial structure effectively reduces the antenna’s size while preserving its effi-
ciency, making it ideal for low-power, long-range communications such as LoRa. However,
while the antenna shows promise for CubeSat-based IoT and remote sensing applications,
its suitability for beamforming or beam-steering tasks is limited. The passive nature of the
metamaterial structure restricts dynamic beam control, making it less adaptable to varying
communication conditions in low Earth orbit (LEO).

Reference [110] presents a compact phased array antenna for 5G millimeter-wave
communication devices. The linear array comprises eight elements utilizing substrate-
integrated waveguide technology, complemented by two rows of metasurfaces to enhance
impedance matching and optimize the transition to free space. The antenna operates within
the 26.5–29.5 GHz frequency range, achieving a maximum realized gain of approximately
12.5 dBi. It maintains a radiation efficiency exceeding 60% across this band. The design
supports a wide scanning range, enabling effective beam steering for enhanced communi-
cation performance in 5G applications. Although the proposed metasurface-based phased
array antenna offers excellent beam scanning and efficiency for 5G terrestrial networks, its
reliance on high-frequency operation, power-hungry active beam steering, and structural
limitations make it less suitable for CubeSat communications.
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5. Industry and Study Cases of Antenna for CubeSats
CubeSats have become a popular platform for space missions due to their cost-

effectiveness and versatility. A critical component of these small satellites is the antenna
system, which ensures effective communication with ground stations. Several industry
trials and studies have focused on developing and testing antennas tailored for CubeSats.
Notable examples include the following:

X-Band CubeSat Communication System Development: This project focused on de-
signing and testing a complete X-band communication system for CubeSats. It involved
simulations, antenna analysis for the X- and S-bands, transceiver design, and optimization
of space-to-ground links. The findings contribute to advancing NEN-compatible CubeSat
communication systems [111].

A reflectarray antenna was designed and measured for a downlink antenna on the
2-by-3-unit surface of 6U and 12U CubeSats operating in the X-band frequency range
(8.025 GHz to 8.4 GHz). A key design requirement is the minimization of the internal
volume required to stow the antenna within the CubeSat. The resulting design involves
a cavity feed that protrudes less than 4 mm into the CubeSat. This implies that there is
still room for an entire unit of payload below the feed. The feed is linearly polarized, and
to achieve the required RHCP for the downlink, the reflectarray is designed to generate
circular polarization [112].

A novel mechanical beam-steering system was designed for integration with deploy-
able antennas. It uses motors to control rods attached to a parabolic dish, with rod lengths
determining the dish’s orientation, stored in a codebook. It enables a high-gain deployable
antenna for THz-band CubeSat links, achieving an over 40 dB gain across various angles.
The design and development of the prototype are in progress [113].

The AcubeSAT mission, developed by SpaceDot at the Aristotle University of Thes-
saloniki, studies the effects of microgravity and radiation on eukaryotic cells. Its com-
munication system features a 2.4 GHz S-band microstrip antenna and a deployable UHF
antenna for telemetry and telecommand. Over three years, the antenna design evolved
through multiple iterations with input from ESA experts. Initially, the team considered
adapting the UPS at ADM but opted for an in-house design. They share insights into the
development process, covering design considerations, ADM architecture, and key lessons
learned. Environmental tests on the EQM were conducted, and future improvements are
explored [114].

University of San Diego researchers developed and analyzed RF components for
a phased array antenna designed for 1U CubeSats. The study assessed the viability of
achieving high-speed, low-power, and cost-efficient communications. With a limited power
budget of only a few watts and integration of low-power COTS components, a four-element
phased array downlink system was deemed feasible. The system is theoretically capable
of achieving an 11 Mb/s downlink speed, surpassing any previously deployed CubeSat,
while maintaining low power consumption to sustain other onboard subsystems and
sensors [115].

In 2022, the Get Away Special (GAS) team at Utah State University launched GASPACS
to demonstrate inflatable structures in space. This project was part of NASA’s CubeSat
Launch Initiative, which funds and launches university and nonprofit satellites for research
experiments [116].

SOURCE (Stuttgart Operated University Research CubeSat for Evaluation and Edu-
cation), as a nanosatellite with dimensions of 10 × 10 × 36 cm3, complies with the 3U+
CubeSat standard. It was developed in cooperation between KSat eV and the Institute of
Space Systems (IRS) at the University of Stuttgart. As a student CubeSat, it is developed
and operated exclusively by students under the supervision of the IRS. As part of the
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“CubeSat Technology Internship” module, many students had the opportunity to gain
practical experience over a semester and earn credit points for their participation in the
project. In addition to supervising the project, the IRS offered numerous opportunities
for testing and developing its components. Moreover, SOURCE was funded by ESA’s
Fly Your Satellite! Program, which enabled students to learn development, testing, and
documentation in accordance with the standards of the European Cooperation for Space
Standardization (ECSS) [117].

6. Discussion and Future Directions
The evolution of CubeSat communication systems has necessitated significant ad-

vancements in antenna technologies, focusing on beamforming/beam-steering techniques
that ensure efficient and reliable communication in resource-constrained environments.
This review analyzes diverse approaches to passive antennas used for CubeSat communi-
cations, including planar phased patch antenna arrays, dielectric lenses, and leaky-wave
antennas (LWAs), highlighting their respective merits and challenges in addressing the
unique demands of CubeSat platforms.

A significant takeaway from the reviewed studies is the growing shift toward in-
novative design methodologies to achieve high gain, compact form factors, wide-angle
beam steering, and efficient polarization. For instance, planar phased patch arrays, though
offering rapid and precise electronic beam steering, face power consumption-, cost-, and
complexity-related challenges. These issues became particularly pronounced in CubeSat
platforms, for which size, weight, and power (SWaP) constraints are critical. Similarly,
dielectric lenses provide high efficiency and excellent polarization but rely on mechanical
steering mechanisms that can hinder the response speed and complicate system integration.
UWB antennas are ideal for wideband applications but encounter difficulties achieving
consistent gain and effective beam steering across their operating range.

To overcome these challenges, future research directions emphasize the need for
hybrid systems that combine the strengths of multiple techniques. For example, integrating
phased array principles with dielectric metasurfaces can mitigate power consumption
issues while maintaining beam-steering capabilities. Similarly, using advanced materials,
such as metamaterials or lightweight 3D printed dielectric structures, can facilitate the
development of compact, efficient, and scalable antenna solutions. Emerging concepts, such
as reconfigurable intelligent surfaces (RIS) and adaptive control algorithms, offer further
opportunities to enhance beam-steering performance. RIS technology can dynamically
manipulate electromagnetic waves to optimize beam steering in real-time, while adaptive
algorithms can adjust beamforming parameters in response to changing link conditions
and orbital dynamics. Together, these advancements hold the potential to unlock new
levels of adaptability and efficiency in CubeSat communication systems.

By leveraging the natural beam-steering capabilities of LWAs, this configuration can
provide an optimal balance between simplicity, functionality, and performance. The two-
port design reduces the complexity of feeding networks. At the same time, the four-element
array enhances the gain and directivity, which are critical for maintaining robust commu-
nication links in low Earth orbit (LEO). To address the limitations of traditional LWAs,
such as bandwidth constraints and gain degradation at extreme angles, the integration
of passive beam-steering networks and advanced materials, such as metamaterials, can
be proposed. Metamaterials and gradient-index structures offer broader bandwidth and
improved beam scanning capabilities, while 3D printed dielectric materials facilitate the
creation of lightweight, customizable designs that integrate seamlessly into CubeSat ar-
chitectures. Additionally, flexible and deployable materials are being explored to develop
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antennas that can be stowed compactly during launch and deployed in orbit, maximizing
the size and performance without exceeding launch constraints.

In addition, HBF techniques, which combine passive networks with frequency-tuned
operations, represent a viable path forward, enabling multi-directional coverage and high
gain without excessive power requirements. Moreover, metasurface-based LWAs can
expand bandwidth and improve beam control, aligning with CubeSat SWaP requirements
while enhancing the overall communication performance.

Adaptive control algorithms are emerging as a critical area of focus, offering the ability
to dynamically optimize beam-steering parameters in real time. Algorithms powered by
machine learning can analyze live data to adjust beam direction, enhance signal quality, and
respond to disruptions caused by orbital motion or interference. These algorithms ensure
robust and reliable communication links, even in challenging operational environments.

7. Conclusions
This review paper highlights advanced beamforming/beam-steering techniques for

CubeSat communications, focusing on technologies like planar phased patch arrays, dielec-
tric lenses, and leaky-wave antennas (LWAs). These approaches offer benefits such as high
gain, compact design, wide-angle beam steering, and efficient circular polarization but face
limitations like phased arrays (which provide rapid electronic beam steering but are costly,
complex, and power-intensive), dielectric lenses (which deliver high efficiency but rely on
slow mechanical steering and are challenging to integrate), and leaky-wave antennas (which
enable frequency-based beam steering without complex circuitry but suffer from limited
bandwidth, gain degradation, and open stopbands at large angles).

A two-port, four-element LWA is proposed as a viable solution for CubeSat communi-
cations, balancing simplicity, efficiency, and functionality. This design enhances gain and
directivity while meeting size, weight, and power (SWaP) constraints, which are critical to
CubeSats. However, limitations like bandwidth and beam control issues require advanced
solutions. To address these challenges, integrating passive beamforming/beam-steering
networks (e.g., Butler matrices and Rotman lenses) and advanced materials (e.g., meta-
materials) can improve bandwidth, scanning range, and multi-beam operations. Hybrid
beamforming/beam-steering techniques combining passive and frequency-tuned methods
are recommended for efficient, multi-directional coverage.

This review paper remains limited regarding experimental feasibility, future directions,
real-world mission tests, and experimental validation. However, the techniques and the
state of the art discussed here can pave the way for reaching an effective experimental
performance. For instance, phased array systems have been tested in some satellite mis-
sions, demonstrating their capability for rapid electronic beam steering. However, their
high power consumption and complexity restrict widespread CubeSat adoption. Dielectric-
lens-based antennas have shown high efficiency in lab environments, but their reliance on
mechanical steering poses integration challenges for small satellites. LWAs, another promis-
ing technique offering frequency-dependent beam steering, have been experimentally
validated in terrestrial applications. However, their space-based implementation is still in
its early stages, with concerns over bandwidth and gain degradation at extreme angles.
While some CubeSat missions have explored reconfigurable antennas and passive beam-
forming networks, comprehensive on-orbit demonstrations of metasurface-based designs
and hybrid beamforming solutions remain scarce. Future work should focus on integrating
these technologies into CubeSat platforms for real-world testing, ensuring their feasibility
for Earth observation, intersatellite networking, and deep-space communications.
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Abstract: In this article, a novel method of achieving a single-layer, dual-band, dual-
circularly polarized (CP) shared-aperture phased array antenna with wide beam scanning
coverage is presented. The space antenna was designed to provide direct-to-cellular
communications services at S-/C-bands with a frequency ratio of 1:1.8. Using novel
ceramic substrates with high dielectric constants for antenna miniaturization, the optimum
interelement spacing can be ensured in one single layer to meet the large-angle scanning
demand. The CP characteristic of the phased array is improved by the sequential rotation
technique. A prototype of phased array, which is composed of an 8 × 8 S-band Rx array
and a 16 × 16 C-band Tx array, is fabricated to verify this design. The measured results
show that the shared-aperture phased array can provide ±50◦ beam scanning coverage
at both the S- and C-bands simultaneously to meet the direct-to-cellular communication
demand in low earth orbit (LEO) satellites.

Keywords: satellite communication; shared-aperture array; dual-band; dual-circular
polarized; single layer

1. Introduction
Commercial off-the-shelf cellular phones, or “stock” cellular phones, have a demand

to establish connectivity directly with the satellite for voice, messaging, and basic web
browsing services, especially outside the reach of traditional terrestrial mobile networks.
Due to the limitation of terrestrial mobile terminals in gain and transmission power, a
large aperture of phased array antenna for satellite payload is needed to improve the
passive gain and realize direct-to-cellular communications. The space antenna with a large
aperture should have the merits of a low-profile, shared aperture for RX/TX, be lightweight,
and be deployable to meet the serious demands of limited space, weight, and power in a
satellite platform.

This work has selected the S-/C-band for direct-to-cellular communications services,
specifically 1.9–2 GHz and 3.4–3.6 GHz for the downlink and uplink, respectively. However,
it is costly to support two separate downlink and uplink phase arrays simultaneously,
especially for a satellite with limited space and resources. The shared-aperture antenna is
thus an attractive candidate due to its compact space and cost-effective manufacture [1].
Circularly polarized (CP) antennas have many advantages [2,3] over linearly polarized
antennas [4–6]. For example, due to its lower attenuation in complex climatic environments,
the CP antenna could penetrate the ionosphere and overcome the Faraday Effect in the
ionosphere between satellite and earth communications. Therefore, CP antennas have an
important significance in direct-to-cellular communications.

Electronics 2025, 14, 387 https://doi.org/10.3390/electronics14020387
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Recently, different antennas for space applications with dual-band and dual-CP opera-
tion have been reported. A simple way to achieve dual-band dual-CP operation is to use a
reflector and feed horn with dual-frequency dual-CP characteristics [7,8]. However, the
reflector antenna is relatively too high and heavy for the application of the multi-satellite
launch mode. Therefore, the planar phased array based on microstrip antenna technology
is a better choice. In [9], this antenna is fed by microstrip lines with double orthogonal
slits, and the circular-polarized radiation can be realized by tuning the quadrature slits
with appropriate amplitude and phase. However, two orthogonal double-slit structures
are too large and complicated to be arranged for dual-frequency dual-CP operation in
the phased array normally with an elements space of half-wavelength. More commonly,
dual-frequency, dual-CP performance is realized by multi-layer stacking [10–12] with two
different elements for different frequencies, respectively. The multi-layer stacking structure
can effectively improve the isolation between the two bands. However, the axial ratio
(AR) and the gain of the lower frequency antenna are normally deteriorated due to the
shielding of the upper layer. Moreover, multi-layer antennas are less stable than single-layer
antennas and have the potential risk of delamination in the complex space environment,
with alternate operation temperatures from −90◦C to 90◦C in low earth orbit (LEO) as
an example.

Several antennas have also been proposed to achieve dual-frequency dual-CP through
single-layer structures, such as monopole [13], slot [14], and patch [15]. However, these
antennas have complex fed structures and are still difficult to form large arrays for the
satellite payloads with direct-to-cellular communication capability. In design [13], two
orthogonal E vectors with a 90-degree phase difference is excited in a planar monopole
antenna for dual-CP operation. However, this monopole with a CPW ground is not suitable
for working as a radiation element of a phased array. In design [14], a dual-CP, single-layer,
full-metal slot array antenna in gap waveguide technology is proposed. However, this
antenna has a complex fed structure and is too bulky to form a large direct-to-cellular
communication payload, which is operated in the S-/C-band. An approach to implement
the dual-band dual-CP array with a single-layer substrate is also reported in [15]; dual-CP
operation is achieved by directly connecting two patches operating at 2 different frequencies
and different polarizations. However, the maximum element spacing in high frequency
is limited to avoid grating lobes in large scanning angles, which means that the element
spacing in low frequency is very small under the same aperture, with the same element
number for high- and low-frequency elements as shown in [14]. The gain of the low-
frequency antenna array is thus sacrificed. Furthermore, the strong mutual coupling and
poor isolation due to the small element spacing will greatly decrease the capability of wide-
angle beam scanning in the low-frequency band. Ensuring a wide-angle beam scanning
capability for both high- and low-frequency band operation simultaneously and arranging
all the elements appropriately on one single-layer substrate is never a trivial task, especially
under the limit of a special high-low-frequency ratio.

In this paper, a dual-band, dual-CP, shared-aperture phased array antenna is proposed
for direct-to-cellular communications. The proposed shared-aperture array is composed of
two separate antenna arrays with single-layer structures, viz., a 16 × 16 Tx antenna phased
array with left-handed circular polarization (LHCP) and an 8 × 8 Rx antenna phased array
with right-handed circular polarization (RHCP), respectively. To meet the demands of
antenna element miniaturization and low profile of satellite payload antennas, radiation
elements are optimized using ceramic substrates with appropriate dielectric constant and
optimum interelement spacing on one single layer, to ensure a wide-angle beam scanning
capability for both high- and low-frequency band operation without a grating lobe.
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To the authors’ best knowledge, it is the first time to achieve the large-angle beam
scanning capability with θ ≥ 50◦ in the elevation plane for S-/C-band simultaneously in
one single-layer shared-aperture array based on high dielectric ceramic antenna technology.

This article is organized as follows. Section 2 describes the configuration and design
principles of the proposed dual-band, dual-CP phased array and elements. Section 3
presents simulation results and experimental results. Section 4 shows the performance of
the proposed antenna array compared with other related works. Finally, the conclusion is
shown in Section 5.

2. Configurations and Design Principles
2.1. Architecture of the Shared-Aperture CP Array

The array lattice arrangement is crucial to achieving a good radiation performance
for a dual-band phased array [16]. Within the scanning range, the appropriate element
arrangement should meet the demand of avoiding grating lobes first. In addition, the
element spacing should be large enough to allow element implementation in engineering,
which can effectively help to improve the isolation performance between co-frequency
elements and different-frequency elements. To avoid the generation of grating lobes, the
element spacing should meet the requirement as shown in the following expression:

d ≤ λ

1 + sin θ0
(1)

The maximum scanning angle is θ0. λ is the wavelength of the corresponding fre-
quency in free space. The shared-aperture array has a small frequency ratio of about 1:1.8
between two operating bandwidths. To arrange as many elements as possible under the
same aperture and avoid grating lobes, the element interval is chosen to be ds = 0.58 λs for
the S-band array and dc = 0.52 λc for the C-band array, as shown in Figure 1a.
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Figure 1. Shared-aperture phased array lattice (a) array lattice; (b) array lattice with traditional PCB
substrate. (The yellow ones are C band elements and the red ones are S band elements).

One can see that the spacing d between the S-band and the C-band elements is only
0.37 λc, and it is really difficult to implement both S- and C-band elements using one radio
frequency (RF) printed circuit board (PCB) substrate with the same dielectric constant
(normally with a dielectric constant less than 10) because the elements of high frequency
are partially touched with the elements of low frequency already, as illustrated in Figure 1b.
Two high-permittivity ceramic antenna elements are thus chosen to address this issue.

2.2. S-/C-Band Elements and Generation of CP

It is well known that increasing the dielectric constant of the substrate (while reducing
the dimensions of the antenna) results in a narrower bandwidth [17]. At the same time,
increasing the thickness of the substrate is helpful to increase the operating bandwidth
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(by reducing the quality factor). To ensure the spacing between the two nearest elements
is as large as possible, we truncated the ceramic substrate to a size that is slightly larger
than the size of the printed patch, which shows an extra contribution to reduce the surface
wave loss.

Figure 2 shows the configuration of the CP element for the C-band. The antenna
is composed of a top circular metallic patch (radius Rp), a ceramic substrate (with a
dielectric constant of 15, tanδ = 2.2 × 10−4, and thickness h of 6 mm), and a metal ground
plane. Notably, a slot is cut on the top metallic patch, which produces the CP radiation
characteristics and increases the bandwidth by changing the current flow path on the
surface of the patch antenna (the slot is deviated from the y-axis by 45◦). Furthermore, the
slot also contributes to a further diminution of the antenna’s overall dimensions, thereby
enhancing its suitability for the compact layout of the array where space is also a limiting
factor. The feed probe is offset from the Y-axis to ensure a good impedance match (the
proposed antennas are all fed by coaxial cables). In order to ensure the flexibility of the
sequential rotating installation of the above structure, the corners are cut on both sides of
the patch and the ceramic substrate. Other detailed structural parameters of the element
antenna are listed in the caption of Figure 2.
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Figure 2. Geometry of the C-band antenna. Dimensions are Rs = 9.5, Rp = 8.2, h = 6, a = 11.2, b = 7.5,
u = 1.3. (unit: millimeter).

The configuration of the S-band element is shown in Figure 3. The square substrate
with the same dielectric constant as that of the C-band antenna element is adopted. The
element incorporates four truncated corners, a design feature that helps in optimizing the
radiation characteristics and impedance matching. A slot in the center of the metallic patch
is used to increase impedance bandwidth and decrease the antenna size further (the slot is
deviated from the y-axis by 45◦).
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2.3. Array Design: Sequential Rotation

A good CP performance is essential for satellite communication, as the 3 dB AR
bandwidth of the elements is comparatively a little narrow to meet the requirements of
the application. The sequential rotation technique is used to increase the CP radiation
performance and AR bandwidth of the phased array. The sequential rotation technique
can disrupt the mutual coupling effect among array elements through rotation among
them, thereby improving the antenna’s cross-polarization performance and axial ratio
performance. For a four-element subarray, four elements are respectively rotated around
the center in an anticlockwise or clockwise direction; the phases of these elements are set
to 0◦, 90◦, 180◦, and 270◦, respectively, and RHCP or LHCP will be obtained. With this
method, the AR bandwidth of the array can be greatly increased.

The basic principles of sequential rotation are shown in Figure 4. The C-band elements
rotate in a clockwise direction to realize LHCP, while the S-band elements gradually increase
the phase in an anticlockwise direction to realize RHCP within the same aperture.
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For brevity, the final layout of the proposed one-quarter subarray is shown in Figure 5.
Due to the utilization of the as-proposed antenna element based on the ceramic dielectric
substrate, it can be observed that the presence of air among the elements is also beneficial
to the lightweight design of the antenna and offers more flexibility for antenna installation.
Furthermore, the single-layer structure is not only conducive to the large-scale formation
of phase arrays but also beneficial to the design of radio frequency feeding networks on
satellite solar panels operating in space.
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3. Results
The proposed antenna was simulated and well-optimized according to the required

design specifications. This work was simulated and studied through the full-wave sim-
ulation software HFSS. Based on the simulated results, the prototype of a dual-band
shared-aperture phased array antenna was developed. Then, the fabricated antenna ar-
ray prototype was tested, and the measured results of the antenna array prototype were
compared with the simulated results.

3.1. Simulated Results

To illustrate the operational mechanism of the element antennas, we performed the
surface current distributions of two elements at specific time instances (e.g., phase = 0◦

and 90◦) within a period, as shown in Figure 6. As shown in Figure 6a, the surface current
direction of the S-band antenna element rotates in the anticlockwise direction, achieving
RHCP radiation. On the other hand, the surface current direction of the C-band antenna
element will rotate in the clockwise direction, and an LHCP radiation is thus achieved, as
shown in Figure 6b.
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For the purpose of elucidating the operational mechanism of the offset of excitation, the
surface electric field distributions of the S- and C-band antenna elements were investigated,
as depicted in Figure 7. It is a well-established principle in the field of electromagnetics that
a diminished electric field intensity correlates with a relatively reduced impedance value.
Consequently, by positioning the probe in the vicinity of points characterized by lower
electric field intensity, the attainment of favorable impedance matching conditions can be
ensured. This approach is predicated on the fundamental understanding of the relationship
between electric field characteristics and impedance behavior, thereby facilitating the
optimization of antenna performance through precise manipulation of the probe location
with respect to the electric field distribution. In Figure 7, it can be seen that the electric field
intensities at the positions where the two probes are located are relatively weak, indicating
that the antenna has a relatively good impedance matching at this time. For the S-band
element antenna, the offset of the probe relative to the y-axis is 1.4 mm (millimeter); on the
other hand, on the patch of the C-band element, the probe offset is about 2.3 mm.

The simulated S11 and the gain of the elements are shown in Figure 8. As shown in
Figure 8a, the simulated −10 dB impedance bandwidth of the S-band antenna is about 6.6%
from 1.91 GHz to 2.04 GHz. A simulated maximum gain of 6.76 dBi is attained at the center
frequency of 1.97 GHz. The peak gain does not take into account the mismatch caused by
reflection. The gain variation of the antenna is less than 0.1 dBi over the whole operation
band. The simulated results of the C-band element are depicted in Figure 8b; the simulated
S11 shows that the impedance bandwidth is about 10% from 3.37 to 3.73 GHz. A simulated
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maximum gain of 6.84 dBi is achieved at a center frequency of 3.55 GHz. The peak gain
is higher than 6.5 dBi with a variation of less than 0.2 dBi over the whole operation band.
Notably, the reason that the impedance bandwidth in the C-band is higher than that in the
S-band is its relatively greater thickness (the element in the C-band is 0.071 λc, while that in
the S-band is 0.04 λs).
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The simulated AR of the proposed shared-aperture array is shown in Figure 9; one
can see that a good CP performance with AR less than 0.5 dB is obtained in the whole
operating bands of S-/C-bands. For the proposed array, such excellent circular polarization
performance within the two frequency bands benefits from the application of the sequential
rotation technique.
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Figure 9. The simulated ARs of the S-/C-band CP antenna array.

3.2. Antenna Prototype Fabrication and Measurement

A prototype of the proposed shared-aperture phased array antenna is developed,
and the scanning performance is measured in a near-field anechoic chamber, as shown in
Figure 10. The excitation of each element by the coaxial Sub Miniature version A (SMA)
is fed through the beam controller. The array scanning can be achieved by changing the
phase difference of each element. Due to the limitations of test time and venue, the array
performances at 1.97 GHz for the S-band and at 3.55 GHz for the C-band were tested.
These measured results are sufficient to verify the design validity of the proposed phased
array antenna.
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Figure 10. Prototype of the fabricated as-proposed antenna in a near-field anechoic chamber.

Figure 11a shows the simulation and measurement S11 of the proposed antenna array
at the S-band. As shown, a good agreement between the simulated and measured is
attained, showing a relative bandwidth of about 5.3% from 1.93 to 2.03 GHz with S11 less
than −10 dB. The simulation and measurement S11 at the C-band are depicted in Figure 11b.
The measurement agrees well with the simulated results, which show a relative bandwidth
of about 11% from 3.36 to 3.75 GHz with S11 less than −10 dB.

The isolation between the nearest two different-frequency elements is shown in
Figure 12. For the convenience of analysis, the port sequence is marked in Figure 12.
P1 and P2 are two adjacent C-band ports, respectively, while P3 and P4 are two adjacent
S-band ports, respectively. The simulated and measured isolations (S34 and S12) between
the nearest S-/C-band elements are higher than 20 dB across the operating S-band and
C-band. Similarly, the simulated and measured isolations (S31 and S13) between the S-band
element and its nearest C-band elements are higher than 20 dB across the operating S-band
and C-band. The results represent the proposed S-band and C-band antenna arrays that
can effectively work at the same time without serious coupling and interference. In addi-
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tion, the S11 and isolations of the proposed phased array were measured through a vector
network analyzer, the Rohde & Schwarz ZNB 40.
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Figure 12. Simulated and measured isolations between the S-/C-band.

The simulated and measured normalized radiation pattern of the S-band array is
shown in Figure 13. Notably, θ and φ are the scanning angles of the array (θ represents
the elevation angle and φ represents the azimuth angle). In addition, the excitations of
all ports are of equal amplitude, and the scanning of the array is achieved by changing
the phase differences among the ports. A maximum gain drop of approximately 4.5 dB is
observed when the scan angle is up to 50◦ (θ = 50◦, φ = 0◦). As can be seen, an obvious
grating lobe appeared when the array pattern pointed down to 50◦ as the element spacing
is exactly 0.58 λ at 1.97 GHz, which is close to the minimum spacing of generating grating
lobes. Because the gain drop is less than 4.5 dB, the above grating lobe is still acceptable.

The simulated and measured radiation pattern of the C-band array at the center
frequency of 3.55 GHz is shown in Figure 14a. The maximum gain drop of 3.4 dB is
observed when the beam is scanning up to 50◦ (θ = 50◦, φ = 0◦), the measurement result
agrees well with the simulated results. Limited by the number of phase-shifter channels of
the testing equipment, only the scanning properties of the 64-element subarray located in
the center of the 256-element array are measured. However, the simulation results of the
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256-element array at 3.55 GHz, as presented in Figure 14b, show that a larger phased array
has a better scanning performance at a large angle with gain drops less than 3 dB. It means
that a phased array can be extended to a larger array with better scanning performance in a
larger aperture for direct-to-cellular communications.
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The simulated and measured AR at the different scanning angles of the S-/C-band
phased array antennas are shown in Figures 15a and 15b, respectively. The AR values
below 3 dB for both the S- and C-band are obtained with measured results a little higher
than that of the simulation, which is probably caused by the phase errors imported by the
phase-shifter channels of the test equipment. The good performance also demonstrates
the enhancement of the circular polarization radiation performance of the array by the
sequential rotation technique.
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The measured parameters of the proposed dual-band, dual-CP phased array are
summarized in Table 1. It can be seen that the proposed array with a single-layer structure
has achieved RHCP and LHCP operations, respectively, within the proposed operating
frequency band. In addition, it can be observed that the proposed array has the ability
to scan up to 50◦ in the elevation direction within two frequency bands, with sidelobe
level suppressions of −12.5 dB and −13.1 dB, respectively. All the measured results
effectively verified the validity of our design, which indicates that the large-scale, dual-
band, dual-circular-polarization, shared-aperture antenna array can be realized on a single-
layer structure.

Table 1. Comparison of measured parameters between two bands of the proposed antenna array.

Operating Frequency S @ 1.975 GHz C @ 3.55 GHz

Bandwidth (GHz) 1.93–2.03 (5.3%) 3.36–3.75 (11%)
Polarization RHCP LHCP

Element Spacing 0.58 λ 0.52 λ
Boresight Gain of 64-Elements Array (dB) 23.57 23.34

Scanning Range ±50◦ ±50◦

θ = 50◦ Side Lobe Level (dB) −12.5 −13.1

4. Discussion
Table 2 gives a comparison between the proposed shared-aperture phased array an-

tenna and other related works. For dual-band, dual-CP antenna arrays, some of them [18,19]
can achieve large-angle scanning, but the phased array with a multi-layer structure is too
complex and has the potential risk of delamination in a satellite environment (alternatively
operated from −90 ◦C to 90 ◦C in LEO). A dual-band, single-layer, shared-aperture antenna
array [15,20], is mainly composed of traditional PCB CP patch elements, and they are
limited by the larger element spacing and cannot provide the capability of large-angle
scanning. Our proposal, with a single-layer shared-aperture structure, can provide stable
wide-angle scanning of larger than ±50◦ for S-/C-bands without a serious grating lobe. It
is thus a potential good candidate for direct-to-cellular satellite payload.
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Table 2. Comparison between the proposed antenna array and other works.

Works Operation
Bands

Frequency
Ratio Structure Element

Spacing
Scanning

Range

[18] K/Ka 1:1.5 Multi-layer 0.49 λ/0.53 λ 55◦/60◦

[19] Ku/K 1:1.5 Multi-layer 0.63 λ/0.62 λ 26◦/30◦

[15] X/Ku 1:1.46 Single-layer 0.67 λ/0.95 λ -
[20] S/C 1:1.45 Single-layer 0.57 λ/0.81 λ -

Our work S/C 1:1.8 Single-layer 0.58 λ/0.52 λ 50◦/50◦

5. Conclusions
In this paper, a novel S-/C-band RHCP/LHCP shared-aperture phased array with

large-angle beam scanning is proposed. The proposed array, based on high-dielectric
ceramic technology, is arranged in one single layer. The optimum interelement spac-
ing is ensured by the miniaturization of the elements to provide wide-angle scanning
of larger than ±50◦ for both high- and low-frequency bands without a serious grating
lobe. The CP characteristic of the phased array is improved by the sequential rotation
technique. The simulated and measured results show that the shared-aperture phased
array can effectively operate at the S-band (from 1.93 to 2.03 GHz) and C-band (from 3.32
to 3.71 GHz) simultaneously with a large-angle beam scanning up to ±50◦ and a good CP
performance with AR less than 3 dB. Furthermore, the as-proposed array is convenient for
expanding to a larger aperture phased array for satellite payloads with direct-to-cellular
communications capability.
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Abstract: This article describes a new design for the sum-channel, circularly-polarized, radiating patch
element of a multimode patch-monopole monopulse feed. Such feeds are suitable for the prime-focus
illumination of a deep symmetric reflector. A relatively simple and compact feed design allows for a
compact single-mirror antenna with monopulse tracking. The feed is about a wavelength in diameter,
also making it suitable for illuminating smaller antennas, for example, in LEO-satellite ground (client)
stations. The design applies a slotted circular patch as a circularly-polarized sum-channel element.
The design variables are optimized mainly for the sum-channel aperture illumination efficiency in
an S-band satellite ground station. After a few cut-and-try iterations, the final feed prototype was
produced and measured. In addition to an additional degree of freedom in the geometry and potentially
easier fabrication, the new sum-channel radiating-element shape allows for a slightly better monopulse
channel isolation, and a higher radiation-pattern symmetry compared to the previous design.

Keywords: monopulse antenna; multimode antenna; prime-focus feed; circularly-polarized patch

1. Introduction

The patch-monopole monopulse feed [1] is a relatively simple and compact multimode
feed design with a circular cavity that is approximately a wavelength in diameter. This type
of monopulse feed is suitable as a prime-focus illumination of a rotationally-symmetric
(deep) reflector, a single-reflector paraboloidal (parabolic) antenna [2,3]. It enables inex-
pensive monopulse antenna designs for stations that benefit from rapid and very accurate
antenna pointing, such as LEO (low Earth orbit) satellite ground stations [4–6], as illustrated
in Figure 1, ground stations of moving aerial or high-altitude platforms, long-distance links
(for example, Lunar communications [7]), and similar.

The compactness of the design results in minimal antenna-aperture shading and
makes the feed suitable also for small(est) prime-focus paraboloidal antennas, only a few
wavelengths in size. The simplicity of the design results in a very manageable fabrication
complexity and low production cost. The compact design makes the feed also suitable for
mobile radars, aerial–platform communications, and similar applications where compact
monopulse antennas are sought.

The main radiating element is a circularly-polarized patch exciting the TE11 mode
(circular-waveguide equivalent) as the sum channel. The second radiating element is a
linearly-polarized monopole exciting the TM01 mode (circular-waveguide equivalent) for
the difference channel. The patch element in a relatively shallow cavity radiates like an
open-ended (short) circular waveguide [8–10]. Two-dimensional monopulse operation
requires a circularly-polarized incident wave, in contrast to the conventional monopulse
design with an antenna array and a comparator network [11–15]. The tracking information
is obtained by quadrature detection with the sum signal as the reference.
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Figure 1. Illustration of the proposed feed in a satellite ground station with sum (Σ) and difference
(∆) beam marking.

This article briefly describes the research, development, and prototype measurements
of a patch-monopole monopulse feed design with a novel, sum-channel, radiating patch
element. The evolved design employs, as a circularly-polarized, sum-channel radiating ele-
ment, a slotted circular patch [16–18] instead of an elliptical patch [18,19] or similar [20,21]
from the previous design [1]. The slot allows for an additional separation of the sum-
channel radiating element from the rest of the feed. The design variables are optimized
mainly for good radiation properties, including the sum-channel aperture illumination
efficiency in a typical satellite-receiving antenna (spillover illumination is minimized).
The slot is designed so that the two fundamental modes of the patch are phase-shifted in
quadrature for circular polarization. A technical drawing of the proposed design is shown
in Figure 2.

As in the previous design, the sum-channel patch is left-handed-circularly polarized
(LHCP) and it is optimized for a symmetric paraboloidal antenna with a focal-distance-
to-diameter ratio F

D of 0.4. The center frequency of operation is 2.21 GHz. Compared to
the previous design, the new patch geometry provides an additional degree of freedom
while the circular patch outline is somewhat simplified, allowing for a potentially easier
fabrication. The new design shows a slightly improved monopulse channel isolation, and a
high radiation-pattern symmetry.
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Figure 2. Top and side views of the proposed feed design with input (±Σ, ∆) and parameter
(dimension) marking. The parameters include cavity diameter (d), cavity wall height (h), patch
height above cavity floor (e), patch diameter (a), patch feedpoint offset (f ), slot dimensions (u, v), and
monopole length (m).

2. Materials and Methods

The main course of the research consisted of a study and review of the literature study,
then the design synthesis, which was followed by a few prototype iterations to optimize
the design. The initial patch dimensions can be obtained from resonance-frequency approx-
imations [22]. Any general-purpose antenna-simulation software, employing, for example,
the method of moments, suffices for simulating and optimizing such a feed. At the current
stage of research, the feeding circuit consists of coaxial lines below the cavity floor, which
complicates electromagnetic modeling of the whole structure. We only simulated the cavity
part of the antenna for coarse-tuning of radiation properties, and the experimental work
was mainly focused on prototype fabrication and measurements. The optimized physical
and electrical dimensions (at 2.21 GHz) of the proposed monopulse feed design are shown
in Table 1 and correspond to the marking in the technical drawing in Figure 2.
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Table 1. Physical and electrical dimensions (at 2.21 GHz) of the proposed monopulse feed design.

Unit d h e a f u v m

mm 96.0 11.0 3.5 69.2 11.0 7.0 18.5 27.5
λ 0.71 0.08 0.03 0.51 0.08 0.05 0.14 0.20

The idea for prototype fabrication is the same as that of the design itself: simplicity and
straightforwardness. Prototypes were fabricated manually, by using only some standard
tools such as a ruler and compass, metal cutters, a drill, a soldering iron with approximately
50 watts of thermal power, standard tin and flux, etc. The used materials and components
were also standard. The cavity and the patch element are both made from 0.4 mm thick brass
sheet. The patch element is held up by the center conductors (and/or dielectric) of both
sum-channel feedpoints, made from flanged SMA (SubMiniature version A) connectors.
The monopole is easily made from a standard SMA cable connector with a flanged mount
and a suitable coaxial cable (such as RG-405) with an outer cladding stripped to make a
monopole. A fabricated prototype is shown in Figure 3.

Figure 3. A fabricated prototype of a patch-monopole monopulse feed.

The sum-channel patch requires a balanced feed for a symmetric, nonsquinted radia-
tion pattern and least coupling to the difference channel. The prototype uses a simple balun
made out of a parallel tee connection of coaxial cables that are 1

2 λ and 1 λ in length. The
patch is best fed at a point where the impedance is around 100 Ω [23]. A parallel connection
of the two arms results in an impedance of around 50 Ω. The monopole feedline is made
for the best impedance matching of the difference channel. The length differences in the
sum and difference channels manifest as an additional constant phase shift of the resulting
monopulse ratio, which needs to be spatially aligned with the antenna (calibrated). The
final feed prototype during radiation-pattern measurements, including the feeding circuit,
is shown in Figure 4.

90



Electronics 2024, 13, 3187

Figure 4. Patch-monopole monopulse feed final prototype during radiation-pattern measurements.

The radiation efficiency is expected to be high since the prototype is made out of good-
conductivity metals and low-loss dielectrics: air in the cavity, PTFE (polytetrafluoroethylene,
also known as Teflon) or PTFE-like in coaxial lines, etc. Simulations show a sum-channel
radiation efficiency above 99% for an ideally-fed antenna and above 95%, including a simple
coaxial network balun. The experimental verification [24] in a less-than-ideal reverberation
chamber revealed a sum-channel radiation efficiency above 80%.

3. Results
3.1. Scattering Parameters

The scattering parameters were measured together with a simple feeding circuit: a
coaxial sum-channel balun and a difference-channel monopole impedance-matching stub.
The feeding circuit was only coarsely optimized with the conventional cut-and-try method,
so only the measurements are provided in this subsection. The simulations indicated
that the return loss is not a limiting factor of the design with a good feeding circuit, and
confirmed that the patch impedance remains predictable [23]. The return loss frequency
characteristic is shown in Figure 5. It indicates a nonideal sum-channel balun for matching
the target frequency of 2.21 GHz. The crosstalk between the sum and difference channels
of the measured prototype is around −35 dB in the band, and is also shown in Figure 6.Graf
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Figure 5. Return loss frequency characteristic measurement of both channels.

91



Electronics 2024, 13, 3187

Graf

Page 1

1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 2500 2550 2600
−40

−35

−30

−25

−20

−15

−10

−5

0

Insertion loss (crosstalk)

Meas.

Frequency [MHz]

|S
21

| 
[d

B
]

Figure 6. Crosstalk frequency characteristic measurement between the channels.

3.2. Radiation Parameters

The total sum-channel directivity of the proposed design at the center frequency of
2.21 GHz is simulated to be 8.9 dBi. Indoor laboratory measurements in a semi-anechoic
space confirmed the simulation results within 0.4 dB of the difference in both radiation-
pattern cross-sections (cuts), even with the nonideal balun. The radiation-pattern cuts of
the sum channel are shown in Figure 7 and those of the difference channel are shown in
Figure 8. The horizontal cut plane (mark H) is parallel to the line between the patch feed
points, and the vertical cut plane (mark V) is perpendicular to them.

The patch has a bandpass frequency characteristic. The axial ratio is 0.1 dB at the
center frequency, where the circular polarization is optimal, and the 3 dB bandwidth of the
axial ratio is 32 MHz. The total directivity and the LHCP gain frequency characteristics
are shown in Figure 9. As explained in Section 2, the radiation efficiency seems to be in
the 80% to 90% range, resulting in a center-frequency LHCP realized gain value of around
8 dBi. The peak aperture illumination efficiency is calculated to be 75% at an F

D ratio of 0.4.
The difference radiation pattern, shown in Figure 8, exhibits a strong dip, suitable for
tracking operation. A quick test of the monopulse operation of the feed with a transmitting
circularly-polarized antenna and a vector voltmeter at the receiving side showed that the
feed is working as expected.

The rotational symmetry of the sum-channel pattern at the reflector’s edge is close to
0 dB according to the simulation results. The measurement results agree well, considering a
semi-anechoic-only measurement space. The difference in both points of a cut intersecting
the reflector’s edge is 0.4 dB for both cuts. The values between both cuts differ by 1.3 dB, and,
on average, the measurements correspond well to the simulation results at the reflector’s
edge. Backside radiation results are not accurate due to suboptimal measurement space
and the effect of the mounting structure.
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Figure 7. Radiation-pattern simulation and measurement results of the sum channel.
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Figure 8. Radiation-pattern simulation and measurement results of the difference channel.
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Figure 9. Sum-channel simulation results of total directivity and LHCP gain frequency characteristics.

4. Discussion

The radiation-pattern measurements correspond well to measurements at about the
same solid angle as the illuminated reflector is located, so the taper efficiency is easily
calculable. The spillover-efficiency calculation is more problematic, since spillover radiation
measurements and simulation results are only rough approximations. The simulation
model is too ideal and the measured weak backside-radiated power is sensitive to a nonideal
measurement space, while also affected by the mechanical mounting structure, cabling,
and a measurement probe (as seen in Figure 4). The same applies to determining the depth
of the difference-channel minimum. The sum-channel radiation pattern tapers off by about
9 dB at the edge of the reflector. Including the edge attenuation due to the reflector shape
(3 dB for F

D of 0.4), the edge attenuation amounts to about 12 dB. There is still confidence in
the results around the reflector’s edge, where the spillover radiation is the strongest. The
weaker side and back radiation affect the spillover-efficiency approximation less.

Compared to the elliptic-patch design [1], the diameter of the feed is slightly reduced,
while the new design still increases the directivity. A feed of this size shades only 2% of the
aperture area of a reflector that is only 5 λ in diameter. More than the new patch shape, the
narrowband design is responsible for the increased directivity, and also a shallower cavity,
to a lesser extent. The feed design is optimized for a relatively narrowband sum channel
to see the achievable efficiencies of such a design. The crosstalk between the channels
of −35 dB is suitable for tracking operation. Since the tracking control loop is very slow
compared to the sum-channel data rate, the difference channel is much less demanding in
terms of bandwidth and the required signal-to-noise ratio.

For future work, a wideband optimization at a minimal and acceptable performance
loss in the middle of the band should be tested with the design to find its practical limits.
The feeding circuit elements could be integrated directly into the feed structure for an even
more compact, repeatable, and integral solution. It should also be possible to scale the
design to at least the X band, make a dual-polarization version of the design, or develop a
simple radome for such a feed. Finally, it is impractical to wholly measure the feed in an
indoor test space, and the final antenna efficiency, gain, and noise temperature can only
be predicted. In the future, we will also focus on field-testing the feed, illuminating a real
ground-station antenna.
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5. Conclusions

The main contribution of this article is the introduction of a new sum-channel radiating
element with a comparable shape complexity to the patch-monopole monopulse feed
design. The new sum-channel patch shape allows for conductive separation of the patch to
the other parts of the feed.

Both sum and difference channel radiation patterns are as expected in the design phase.
The sum-channel center-frequency LHCP gain of the feed is around 8 dBi. The feed exhibits
a somewhat narrowband sum-channel in the 30 MHz range as it is primarily optimized to
test achievable efficiencies of the design. The sum-channel aperture illumination efficiency
is 75% at a target F

D ratio of 0.4. We were unable to measure radiation efficiency very well,
but the design with low-loss dielectrics should not be problematic or limiting in this regard.
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Performance Evaluation of a Low-Cost Semitransparent 3D-Printed
Mesh Patch Antenna for Urban Communication Applications
Luis Inclán-Sánchez
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Abstract: This study explores the possibility of designing simple semitransparent antennas that
allow for the passage of most visible light while maintaining good electromagnetic performance.
We propose a substrateless metal mesh patch antenna manufactured using low-cost 3D printing
and silver conductive paint. Our goal is to integrate numerous such radiators onto office building
windows, preserving natural lighting with minimal visual impact, aiming to alleviate infrastructure
congestion or improve antenna placement in sub-6 GHz frequency bands. In this paper, we conduct
an analysis of the primary parameters influencing patches constructed with substrateless metal mesh
wires, focusing on the grid topology and the width of the metallic wires, as well as their effects
on antenna transparency and back radiation. Owing to the absence of a substrate, the antenna
demonstrates minimal losses. Furthermore, in this study, we thoroughly investigate the effects of
conductivity and roughness on surfaces printed with metallic paint. A prototype at 2.6 GHz is
presented, achieving over 60% transparency, a 2.7% impedance-matching bandwidth, and a realized
peak gain of 5.4 dBi. The antenna is easy to manufacture and cost-effective and considers sustainability.
Its large-scale implementation can alleviate building infrastructure, enhancing radio connectivity in
urban environments and offering new cost-effective and energy-efficient wireless solutions.

Keywords: optically transparent antenna; patch antenna; metal mesh; metal grid; 3D printing;
substrateless antenna; low-cost antenna; surface roughness; effective conductivity; sustainable materials

1. Introduction

We are witnessing rapid advancements in radio systems, primarily driven by the
widespread implementation of 5G technology and strategic planning for the imminent era
of 6G [1]. The increasing availability of frequency bands and the coexistence of diverse
applications, including communications, sensors, vehicle guidance, and the Internet of
Things (IoT), emphasize the growing need for versatile high-efficiency devices.

Within this landscape of multifaceted systems, each demanding exceptional capabili-
ties in terms of latency, ubiquity, and low power consumption [1], it has become imperative
to explore innovative approaches to radio device design. Prioritizing elements such as
sustainable network development [2], energy efficiency, and minimization of visual or ra-
dioelectric impact is crucial. Ultimately, these systems must demonstrate economic viability
and energy efficiency while reducing their environmental footprint during manufacturing
and maximizing recyclability.

Another challenge arises from the vast number of devices that will need to coexist, mo-
tivating an increased need for adequate physical space to accommodate radio systems [1,3].
These locations must facilitate new applications while providing enough space for the
multiple antennas and arrays necessary for configurations like massive MIMO. Addition-
ally, they must adhere to rigorous security standards across all radio applications [1]. This
approach relates to the concept of Smart Cities [4], integrating infrastructure and network
capacity into urban planning from its inception [4] or improving connectivity [5] and
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ultimately addressing the capacity and coexistence challenges of future 5G/6G wireless sys-
tems. In these Smart Cities, reconciling old and new networks is imperative, often requiring
buildings and infrastructure to have additional access points, smart surfaces, antennas, and
signal repeaters. An emerging possibility is the use of windows and architectural glass
surfaces in buildings and vehicles as antenna locations to ensure enough physical space for
radio systems. Seeking to maintain the use of natural light and minimize visual impact,
there is substantial interest in designing optically transparent antennas that allow for the
passage of most visible light [4,6].

The state of the art in transparent antenna design has utilized two main approaches [6].
The first involves designing the entire antenna using transparent materials. In this sce-
nario, the antenna appears invisible, except for limitations in light transmission due to
the materials used and non-transparent parts like connectors. Although it is feasible to
create conductorless transparent antennas using only dielectric materials (DRA) [7], ma-
terials for transparent antennas typically fall into two categories: the substrate and the
metallic parts. For substrates, materials like PET or PMMA plastics, glass, acrylic, and
even water in transparent containers have been used [4,6,8–12]. Regarding the conduc-
tive sections, they are made from semiconductor films like transparent conductive oxides
(TCOs) doped with conductive particles to enhance their electrical properties [13]. Research
conducted using compounds such as ITO, AZO, AgHT, and ZnO aims to achieve high
transparency with high electrical conductivity [4,6,14,15]. However, despite progress, these
materials still experience greater losses and lack the efficiency of metals found in PCB-based
electronics [6].

The second approach involves replacing the solid metal parts of the antenna with
a metal mesh or grid [6,8,16,17]. The density of the mesh—or the spacing between the
metal wires—must maintain electrical continuity (typically with periods between λ/10 and
λ/20 [14]) yet be significantly larger than the wavelength for good optical transmission.
As the ratio of holes to surface area increases, the antenna’s transparency improves at
the expense of electromagnetic performance [8,14]. Practically, this mesh remains visible,
making the antenna truly semitransparent. Nevertheless, it retains utility by harnessing
natural light or reducing visual impact. Previous studies have often employed micromeshes
with thin metal wires—often micrometric [14] or even smaller [18]. This seems like an
intermediate approach in which the layout of the mesh is less perceived by the naked eye
but limits optical transmission according to its density. Overall, this mesh-based approach
generally produces better-performing antenna designs [4,6]. In the state of the art, there are
numerous mesh antennas with greater efficiency than those that use conductive films [6],
even with performance close to their respective non-transparent designs, as is the case
described below. Within the realm of mesh-type antennas, besides the aforementioned
micromeshes, work has been conducted with larger-sized meshes where the grid or antenna
design is notably visible. In this line, PCB techniques have been employed for the metallic
parts, followed by cutting off the non-metallic part [17,19], including via laser cutting [20].

In any of these approaches, antenna manufacturing always involves the following
stages: (1) manufacturing of conductive films, micro metal meshes, or macro grids using
ink-jet processes, PVD, or PCB followed by cutting; (2) the production, purchase, and/or
cutting of transparent materials used as substrates; (3) layer adherence through gluing
or deposition processes on the material. This process resembles conventional printing
technology, but the complexity of the stages and their integration increases.

Regarding the most common applications for transparent antennas, the initial use has
been in communications, including integrating antennas into solar cell panels [21,22], vehi-
cle windows or windshields [10], and device screens [23]. They have also been used in RFID
applications, motion/presence control, and even smart glasses [24]. New application fields
have recently emerged, such as in energy harvesting [25] and instruments for biological
applications [26]. Furthermore, transparent versions of recent technologies are gradually
emerging, as seen in [27] for SIW technology or in [28] for advanced absorbers. Transparent
electronics are mentioned as an area of interest in radiocommunications, involving not
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just antennas but also other elements like filters [4] or their combinations, giving rise to
rectennas [25,29] or filtering antennas [30].

Patch antennas are the most used radiators in the design of transparent antennas,
including examples of all the abovementioned approaches [8,11,15,17,30,31]. In this work,
we develop the idea suggested in [32], proposing the creation of transparent mesh antennas
using 3D printing. The metallic mesh is manufactured from conventional plastic filaments
that are later metallized. Because the antenna can be made as one piece or in two easily
joinable parts that include mechanical fastening posts, it is possible to create the antenna
without a substrate. This idea was used in [33] to propose an optically semitransparent
PIFA made in a grid and integrated into a low-coupling 2 × 2 MIMO configuration. Now,
we propose the development of a low-cost, semitransparent 3D printed patch metallized
with silver conductive paint (SCP). The most relevant aspects of the design, mesh topology,
width of the metal wires, and the tradeoff between electrical behavior and transparency are
analyzed. As the antenna does not have a substrate, it experiences fewer losses, which is
mainly attributed to the effective conductivity and the surface roughness of the metallic grid
elements. These aspects are studied throughout the paper, and some prototypes are charac-
terized to demonstrate the possibility of designing a simple, cost-effective, semitransparent
antenna with good radiation performance and advantages in terms of reduced material
usage. Such antennas might be interesting for setting up transparent radiant systems and
arrays for sub-6 GHz bands in 5G/6G applications. They offer the possibility of being
integrated into office building windows, utilizing natural light, and minimizing visual
impact to address space limitations, alleviate the capacity of new network infrastructure, or
enable optimal antenna placement for specific wireless environments.

2. Semitransparent Mesh Patch Antenna

In this section, we first present the specific application intended for the semitransparent
antenna, covering broader aspects related to energy efficiency and resource utilization.
Subsequently, we provide detailed information about the mesh patch antenna proposed in
this study and its key design aspects.

2.1. Urban Communication Applications: Optical Transparency and Efficient Resource Allocation

Figure 1 illustrates a typical scenario involving the integration of transparent antennas
into the network infrastructure of a smart building. It exemplifies potential solutions for
antenna systems integrated into existing structures, like older buildings with saturated
infrastructure. Additionally, it showcases the strategic placement of these antennas, consid-
ering factors such as coverage from base stations, 5G point-to-point radio links, and the
radio environment influenced by nearby building layouts.

As shown in Figure 1, the building’s primary architectural surface is glass, offering
a substantial area for deployment of antennas or large antenna arrays. Considering the
dimensions of the windows, even at lower frequencies of 5G/6G, the space occupied by
antennas would be minimal, likely positioned at the window’s top or bottom, resulting in
minimal visual impact. Furthermore, considering typical antenna array surface dimensions
of 20–30 cm × 50 cm for frequencies between 2 and 3 GHz, the shielding at optical frequen-
cies would be practically imperceptible, preserving natural lighting. Figure 1 depicts a
potential integration of multiple semitransparent antennas constructed with a metal mesh
on a large window or glass facade of an office building. The intended application involves
the deployment of a significant array of antennas, enabling the passage of most light with
minimal visual impact while forming part of the building’s radio infrastructure. Larger
antennas for windows could correspond to frequencies below 6 GHz (sub-6 GHz bands).
Thus, aside from the space they occupy, a desirable structural characteristic would be a
lightweight design for proper attachment to architectural glass.
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Figure 1. A potential urban application scenario featuring transparent antennas within a smart
building. The zoomed-in view illustrates a potential array of semitransparent antennas constructed
with metal mesh installed on the window of an office building.

The coexistence of numerous radio systems in urban environments, viewed from the
perspective of Smart cities, presents multifunctional challenges with diverse objectives [4,34].
For instance, various wireless network systems coexist within different spatial coverage
scales. For example, WiFi has limited coverage, whereas WiMAX and LTE cover broader
areas. Different operating frequencies or requirements for power, latency, and data rates
present significant variations. Systems like Bluetooth, operating at 2.4 GHz with a range of
approximately 1–10 m and a data rate of 1 Mb/s, contrast with more demanding systems like
LTE-A, operating at 2.5 GHz or 15 GHz with a coverage of 30 Km and data rates approaching
1 Gb/s in the downlink [34].

In addition to managing coverage and power needs, factors such as spectral efficiency
within smart buildings and energy utilization are crucial [34,35]. Energy efficiency is pivotal
in terms of network consumption and overall system balance, including buildings’ thermal
efficiency. Addressing sustainability involves considering waste generation, recycling, and
the impact of electronics and network devices [36]. Balancing these aspects necessitates
optimization of antennas and technology not only for electromagnetic performance but
also for energy utilization, material recycling, manufacturing sustainability, and cost-
effectiveness of the process, as depicted in Figure 2. One of the significant advantages of 3D
printing lies in its positive impact on sustainability and material recycling. This technique
reduces waste by enabling the reuse of surplus material or recycling defective products
back into printable material. This ability to utilize and recycle materials, combined with
manufacturing precision, aids in reducing the environmental footprint and promoting
sustainable practices within the manufacturing industry. In this paper, we specifically
utilize cost-effective 3D printing techniques to further explore these sustainability aspects.
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Figure 2. Conceptual scheme of the proposed work. The aim is a low-cost antenna solution operating
within the sub-6 GHz band that is suitable for integration into building windows to deploy multiple
elements, considering both energy efficiency and resource sustainability.

2.2. Semitransparent Mesh Patch Antenna Description

This section presents the design of a semitransparent antenna made with a metallic
mesh. Figure 3 shows the proposed antenna, using the common approach of dividing
the metallic surfaces into a grid from a solid metallic patch [4,14,17]. The discretization
affects the ground plane and the patch differently, as observed in Figure 3, which also
depicts the absence of the substrate and dielectric posts (see Figure 3c) that allow for the
mechanical support of the structure. Within this section, we treat the metallic components
of the antenna as a lossy conductor. The analysis was conducted using the silver parameters
integrated into the CST Studio Suite 2021 simulator. The feeding line is also meshed, in
this case using three metallic wires, as shown in Figure 3a, with a width of w = 15.6 mm to
provide 50 Ω.
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Figure 3. Description of the proposed semitransparent patch antenna and its main geometric parameters:
(a) patch mesh; (b) ground-plane mesh; (c) side view with the air layer that replaces the dielectric
substrate.

These mesh antennas require a small separation between grid elements compared to
the working wavelength. To achieve high electromagnetic field shielding, a separation
approximately 10 to 20 times smaller than λ0 is necessary [14]. In our case, we verified
that with larger distances, it is possible to achieve good antenna behavior, although perfect
shielding may not be achieved. Our target frequency is 2.6 GHz, and we consider a ground-
plane size of 0.56λ0. This size might seem relatively small, especially considering that a
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patch antenna typically measures around λ0/2 in its fundamental mode. However, we
demonstrate that despite its size, it proves adequate to deliver good performance.

We simulated different spacings for the square ground plane of the antenna, as shown
in Figure 4, which also includes the main geometric parameters considered for the antenna.
As the patch is fed with an inset and considering that the feeding microstrip line is made
with three wires, an odd number of elements in the grid is considered in that axis to
maintain symmetry, while an even number is chosen in the perpendicular direction. Three
transparency levels are compared, corresponding to three different grids: 7 × 8 metal
wires (referred to as grid 1), 5 × 6 metal wires (grid 2), and 9 × 10 metal wires (grid 3).
With these configurations, we have metallic element distances of 0.19λ0 × 0.16λ0 for grid
1, 0.23λ0 × 0.28λ0 for grid 2, and 0.14λ0 × 0.16λ0 for grid 3. Figure 4 shows the vertical
component of the electric field in the antenna’s frequency range at 2.5 GHz, 2.6 GHz, and
2.7 GHz for the three grid sizes. The antenna’s mode is the fundamental TM10, as shown in
Figure 4, with a minimum field in the center and maxima at the ends of the cavity where
the patch’s fringing fields are excited. It is observed that for all frequencies, as the grid
becomes less dense, the electric field penetrates the ground plane to a greater extent. This
clearly corresponds to an increasing level of back radiation as the ground-plane metal wires
move farther away, as shown in Figure 5. Grid 3 exhibits lower levels of back radiation
from the antenna in both planes. Furthermore, in Figure 5, we observe that at all three
frequencies, the radiation patterns obtained for grid 1 are very similar to those of grid 3,
with a slight increase in the back radiation as the frequency decreases. For the case with
the least dense grid (grid 2 of 5 × 6 in Figure 5), the radiation patterns show a substantial
increase in back radiation for both planes across the three frequencies.

Figure 4. Side view of the |Ez| electric field distribution evaluated for the antenna at different
frequencies for the three considered cases of ground-plane metal mesh (gpx = gpy = 64.4 mm, h = 3 mm,
t = 1 mm, d = 1.5 mm, q = 1.9 mm): (a) 7 × 8 wire mesh (L = M = 45.2 mm and n = 16.3 mm); (b) 5 × 6
wire mesh (L = M = 42.4 mm and n = 16.2 mm); (c) 9 × 10 wire mesh (L = M = 45.5 mm and n = 16.3 mm).
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To choose the mesh topology, one must balance the antenna’s electromagnetic behavior
with the achievable level of transparency [4,14]. The transparency level, in our case, can be
obtained from the following expression [20]:

t = 1 − ∑n
i=1 Ai

At
(1)

where the summation extends over the entire surface occupied by all metallic elements; Ai
is the antenna (across both layers if they are not coincident); and At is the total area occupied
by the antenna, which, in our case, is the total surface of the ground plane. Given that our
antenna does not include a substrate, the only elements restricting light transmission in
the optical range are its metallic wires (completely opaque in our case). It is clear that the
transparency level of the proposed patch depends on the number of wires used for the
ground plane and the patch’s radiating layer, as well as their lengths and widths.

Given the intended application, the primary merit of the antenna we are considering
is its gain. The antenna should exhibit sufficient efficiency for typical applications. It also
needs to be planar for seamless integration into buildings. We chose a separation thickness
of 3 mm between the ground plane and the patch (h = 0.026λ0), making the antenna very
flat (approximately 5 mm in total thickness), facilitating its placement on windows. The
patch thickness influences its impedance bandwidth, resulting in a narrower bandwidth
for the antenna. Transparent mesh-based antennas offer a tradeoff between their degree
of transparency on one hand and their gain and resonance frequency on the other [4].
As transparency increases in the patch antenna, its gain decreases, as evidenced by the
radiation patterns shown in Figure 5. The resonance frequency can be easily adjusted
according to the element’s size, but it is important to consider the significant relationship
between the transparency and the front-to-back (FTB) ratio of the radiated power of the
antenna [33]. There is no doubt that this ratio must be high to improve radio coverage
while minimizing interference and exposure levels inside the building. Figure 6 analyzes
these effects comprehensively for the three grids considered thus far.

Figure 5. Simulated radiation patterns for the semitransparent antenna for the three ground planes in
Figure 7: (grid 1) 7 × 8 wire mesh, (grid 2) 5 × 6 wire mesh, and (grid 3) 9 × 10 wire mesh at different
frequencies. (a) f = 2.5 GHz; (b) f = 2.6 GHz; (c) f = 2.7 GHz.
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The densest grid (grid 3) yields a gain of 8.3 dB at the working frequency, whereas for
the intermediate grid (grid 1), the gain slightly reduces to 8.1 dB. In contrast, the grid with
greater separation (grid 2) experiences a decrease in gain down to 7.3 dB at f = 2.6 GHz.
It is also noticeable that in this case, although the antenna is matched to the frequency,
the highest gain values occur at higher frequencies (2.8–2.9 GHz). The variation in the
front-to-back ratio for the antenna relative to the ground plane is much more pronounced.
At f = 2.6 GHz, simulation results show FTB values of 24 dB, 18.6 dB, and 8.5 dB for grid 3,
grid 1, and grid 2, respectively, as seen in Figure 6. When comparing across grids, clearly,
grid 3 and grid 1 offer similar gain values and an FTB increase slightly higher than 5 dB,
which is acceptable to enhance transparency. However, when comparing grid 3 with grid
2, a significant decrease in gain is observed, and notably, a substantial increase in back
radiation reduces the FTB from 24 dB to 8.5 dB. Clearly, grid 2 does not provide sufficient
merit for the application.

In the following sections of this study, we analyze and design a semitransparent patch
with an intermediate topology (grid 1), which offers very similar performance to the densely
meshed patch but substantially improves its transparency. Applying the expression given
by Equation (1), we obtain a transparency of t = 60.2% for the grid 1 topology with a wire
width of d = 1.5 mm.

Figure 6. Front to back and gain evaluated for the proposed antenna as a function of frequency for
the three ground planes in Figure 7: grid 1 (7 × 8 wires mesh with L = M = 45.2 mm and n = 16.3 mm);
grid 2 (5 × 6 wires mesh with L = M = 45.2 mm and n = 16.3 mm); grid 3 (9 × 10 wires mesh with L =
M = 45.5 mm and n = 16.3 mm).

Regarding the mesh design for patch metallization, our initial choice involved a
5 × 6 wire configuration. The odd count along the horizontal axis facilitated a wire
placement at the center of the feeding point. Additionally, aligning the six wires along
the vertical axis, with the lower plane housing the ground plane, helps to enhance the
overall transparency, as discussed below. The spacing between elements within the patch
mesh did not hinder the proper formation of the antenna cavity, as confirmed in Figure 4.
Moving on to Figure 7, the observed |Ey| electric field component aligns with the typical
fringing field distribution of the patch. Symmetry and uniformity in the fringing field
of the two edges of the resonant side for the patch were maintained for both grid 3 and
grid 1, as shown in Figure 7a,b. However, the less dense grid showcased in Figure 7c
resulted in a deterioration in both the distribution of the |Ey| component and the current
across the wires. Returning to the alignment between antenna layers and utilizing a specific
grid similar to grid 1 for the ground plane shown in Figure 8 enables the alignment of
wire positions for both the patch’s meshed layer and the ground plane’s meshed layer,
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as depicted in Figure 8a,b. This alignment prevents direct visual obstruction through the
antenna, enhancing overall transparency, as evidenced in Figure 8c for a manufactured
prototype. However, establishing an exact patch size compromises grid uniformity, as
evident in the prototype shown in Figure 8c. This slight irregularity, considering wire
spacing concerning wavelength, has a minimal impact on the antenna’s response. For grid
1, the focal point from this point forward, this effect is minor and was taken into account
in the simulations. In the final proposed patch design, besides the obtained gain and FTB
values, it was confirmed that the cross-polar components of the radiation patterns remained
consistently below −30 dB across all relevant frequencies.

Figure 7. Surface current distribution (top) and |Ey| field amplitude (lower) at f = 2.6 GHz for three
types of meshed ground plane (gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, d = 1.5 mm, q = 1.9 mm):
(a) 7 × 8 wire mesh (L = M = 45.2 mm and n = 16.3 mm); (b) 5 × 6 wire mesh (L = M = 42.4 mm and
n = 16.2 mm); (c) 9 × 10 wire mesh (L = M = 45.5 mm and n = 16.3 mm).
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Figure 8. Scheme of the proposed configuration for the semitransparent patch: (a) mesh patch layer
(left) and the patch overlaid on the ground plane (right); (b) side view of the antenna’s metal layers
without a substrate; (c) back-view photo of a prototype to illustrate transparency.
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It is clear that once we set the mesh design for both the patch and ground plane, we
can change the antenna’s operating frequency by adjusting the patch size and tweaking the
microstrip line’s position using the inset. The graph in Figure 9 shows how the antenna’s
response varies depending on the patch size. For a patch measuring L = M = 46.2 mm, the
antenna sits right at the target frequency of f = 2.6 GHz, with an impedance bandwidth
(|S11| < −10 dB) of 2.7%. At this frequency, the antenna size with this mesh setup is 0.4λ0,
which is smaller than expected for a continuous patch. In these antennas, it is known that as
the transparency increases (meaning the grid becomes less dense), the resonance frequency
shifts to lower values. To maintain a specific operating range, we shrank the patch size as
we increased transparency. This was evidenced in the values obtained for the antenna size
as the grid became more transparent (Figure 4).
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Figure 9. Simulated impedance response (S11) of the proposed antenna for different sizes of the
square patch considering the ground plane with 7 × 8 wire mesh, i.e., grid 1 (gpx = gpy = 64.4 mm,
h = 3 mm, t = 1 mm, d = 2 mm, q = 1.9 mm, and w = 15.6 mm).

One last crucial aspect to explore in this section is the size of the metallic wires compos-
ing the antenna mesh. For simplicity, we assume that they are all uniform. Starting with
wire thickness, taking into account the conductivity of silver, and assuming the conductor
approximation described in Equation (2) (where f represents frequency and µ0 stands for the
permeability of free space and assuming µr = 1 for the relative permeability of the conductor),
we can calculate the skin depth at the antenna’s operating frequency of f = 2.6 GHz.

δs =

√
1

π f µ0σ
≈ 9.87 × 10−3

√
1
σ

(2)

In this scenario, where δs = 1.25 µm, we observe that the distance at which the field
concentrates does not impose restrictions on the thickness of the wire layers. Although the
wire thickness minimally affects the antenna’s response, its value is governed by mechanical
requirements. As the antenna lacks a substrate and is 3D-printed using plastic materials,
the wire thickness (denoted as ‘d’) must provide adequate mechanical stability and rigidity
for suspension and placement in the window or final location. Printer tests indicated
significantly improved rigidity for thicknesses above 0.8 mm. Therefore, for safety margins,
a value of t = 1 mm was chosen throughout the research.

To understand the effect of metallic wire width on the antenna’s impedance response,
Figure 10 depicts the variation in S11 for three different widths (d). It is evident from
the antenna’s response that as the wire width decreases, the resonance shifts to lower
frequencies, necessitating a smaller antenna to adjust its frequency. Naturally, a thinner ‘d’
would enhance transparency if maintaining the antenna’s size. However, as the patch size
decreases, this effect would be partially or wholly offset, depending on the ‘d’ variation.
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Figure 10. Simulated impedance response (S11) of the proposed antenna for different widths (d) of
mesh wires (L = M = 46.2 mm, gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, n = 16.3 mm, q = 1.9 mm,
and w = 15.6 mm).

Further exploring the impact of wire width on antenna gain, Figure 11 displays the
antenna’s broadside gain for the same ’d’ values as depicted in Figure 10. Reducing the wire
width notably diminishes the antenna’s primary performance, decreasing from a maximum
gain of 8.5 dB to 7.9 dB and 7.6 dB for d = 2 mm, d = 1 mm, and d = 0.5 mm, respectively. The
maximum gain curves depicted in Figure 11 shift towards the left as the wire width decreases,
which is consistent with the trend observed in the return losses shown in Figure 10.
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Figure 11. Simulated gain of the proposed antenna for different widths (d) of mesh wires (L = M =
46.2 mm, gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, n = 16.3 mm, q = 1.9 mm, and w = 15.6 mm).

Considering the minor effect on transparency, the optimal choice to maintain the
patch’s efficiency as a radiator is not to significantly reduce ‘d’; instead, opting for a value
within the previously simulated higher range, i.e., d = 2 mm, seems more advantageous.

Table 1 indicates the values for the main geometric parameters for the designed
semitransparent patch antenna. Numerical analysis suggests promising performance, with
achieved gains exceeding 8 dB; good impedance matching within an FBW of 2.5–3%; and
radiation patterns, FTB ratios, and cross polarizations similar to those of a non-transparent
continuous patch.

Table 1. Parameters of the semitransparent patch antenna.

Parameter L M gpx gpy h
value (mm) 46.2 46.2 64.4 64.4 3

Parameter t d q n w
value (mm) 1 2 1.9 16.3 15.6

In the following section, we evaluate the performance achieved by our cost-effective
design.
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3. Performance Evaluation of the Antenna

This section details the manufacturing of prototypes, characterizes the final result of
the printed and metallized parts of the proposed antenna using microscopy images, and
analyzes the impact of the metallized surface on the performance of the semitransparent
patch through simulation.

3.1. 3D Printing Low-Cost Fabrication

3D printing has revolutionized modern manufacturing by offering an innovative and ver-
satile technique for creating three-dimensional objects from digital models. This is illustrated
in Figure 12, where one of the semitransparent antenna models can be seen in Figure 12a, along
with the result of printing semitransparent patch prototypes using different non-metallized
materials in Figure 12b,c,d. This technique stands out for its relatively low cost compared to
traditional manufacturing methods [37,38], as it minimizes material waste by building objects
layer by layer, using only the precise amount of material required. Furthermore, 3D printing
showcases an impressive diversity of available materials, ranging from plastics and resins
to metals, ceramics, and even biodegradable materials, significantly expanding RF design
possibilities and applications [39].

Figure 12. Illustrative stages of the 3D manufacturing process for the antenna: (a) model used for
printing; (b) PETG prototype manufactured with d = 0.5 mm and t = 1 mm; (c) PETG prototype
manufactured with d = 2 mm and t = 0.4 mm; (d) resin prototype manufactured with d = 2 mm and
t = 1 mm.

From an antenna perspective, an issue that remains unresolved is the metallization
of printed surfaces. On one hand, there is the possibility of printing using FDM diffusion
techniques employing metallic filaments [39]. However, the final conductivity of presently
accessible materials falls short, and published outcomes have been inefficient. Additional
methodologies, such as metal diffusion or the utilization of conductive filament in con-
junction with subsequent electroplating or electrodeposition, represent more advanced
alternatives. However, these methods come with higher costs and limited accessibility in
contrast to the approach expounded upon in this article. In our case, we chose to print
using dielectric filaments (primarily PLA, PET, and ABS) and later metallize the surfaces
using silver conductive paint (SCP). There is a wide range of manufacturing techniques and
numerous dielectric materials available to carry out these printing processes, as detailed
comprehensively in [40], the authors of which provide detailed information regarding the
ranges they offer for tolerances in objects and, more importantly, their impact on surface
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quality. Surface quality, in our case, affects the surface roughness level, which, alongside the
conductivity of the metal layer covering the antenna’s metallized elements, is the primary
determinant of the patch’s electrical performance.

The surface roughness in transmission lines impacts both losses and signal phase
delay [41]. Consequently, patch antenna simulations often underestimate losses stemming
from surface roughness, which is significant in our case due to the inherent inevitability of
roughness in 3D printing. Assuming surface roughness as a random process, advanced
models have recently been proposed to address this problem. In a physical approach with
a clear practical focus aimed at simulation designs, the gradient model was proposed
in [42]. This model calculates a conductivity gradient (perpendicular to the surface) based
on the surface parameter (Rq), from which it derives a surface impedance, enhancing
loss estimation. Additionally, it enables a more precise modeling of propagation delay in
transmission lines or downshift of resonance frequencies in resonators [43]. Rq, known as
the root mean square of measured microscopic peaks and valleys, given a roughness profile
(z(x)) and its length (le), is determined according to

Rq =

√
1
le

∫ le

0
z2(x)dx (3)

This parameter is employed, in the case of lossy metals, by CST Microwave Studio
to quantify the degree of surface roughness and introduce improvements in simulations
by modeling surface impedance. To incorporate this effect into simulations and include it
in the antenna gain analysis, we require an estimation of the magnitude of roughness on
3D-printed surfaces.

Table 2 details the characteristics of several manufactured prototypes, such as their
manufacturing process, materials used, and printing layer thickness. It also indicates
where prototype photographs appear, if available. Typical roughness values for these cases
compiled from similar materials and thicknesses based on referenced studies are included
in the table as Ra parameter ranges measured within this context. It is essential to note that
these ranges are broad due to the dependence of surface roughness on multiple factors,
including the orientation (deposition) angle [44]. For instance, factors like printing layer
thickness, material properties, printing techniques, and printer settings contribute to this
variability. In [40], the most significant factors affecting the surface roughness of PLA
and ABS were identified, listed in order of importance: layer thickness, build orientation,
printing speed, nozzle diameter, and temperature. However, the references consulted
and their values included in Table 2 suggest that the roughness of printed plastic (PLA,
ABS, and PET) surfaces typically falls between 0.1 and 0.3 times the printing thickness,
reaching, at most, the thickness of the layer. To incorporate this effect into simulations using
the commonly used Ra experimental parameter, it needs to correlate with the software’s
characteristic parameter for lossy metals (Rq). Rq represents the average roughness, which
is the arithmetic average of the absolute values of the roughness profile ordinates, and is
calculated as

Ra =
1
le

∫ le

0
|z(x)|dx (4)

The relationship between Rq and Ra varies depending on the surface roughness profile
(z(x)) and may change based on the specific nature of the surface, the measurement technique
employed, or the distribution of its irregularities. Generally, Rq tends to be smaller than Ra. It
has been observed that Ra can typically exceed Rq by about 10% to 20% [40,44]. Commonly
observed associations include Ra = 1.1Rq and Ra = 1.2Rq; therefore, in our case, we consider
these parameters as equivalent for the purposes of our qualitative analysis.
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Table 2. Characteristic overview of 3D printing prototypes and comparison with the state-of-the-art
roughness range (roughness data were extracted for a similar printed layer thickness).

Process Material Printed
Layer Photo Range

Ra (µm)
Range

Ra (µm)
Range

Ra (µm)
Range

Ra (µm)

AM Filament thickness Figure ref [40] ref [44] ref [45] ref [46]

FDM PLA 0.12 mm Figure 13 5–10 - 6–22 -
FDM ABS - - 6–15 11–18 - 7–20
FDM PET 0.1 mm Figure 12b,c 4–31 - - -

SLA/DLP E-guard
(resin) 0.1 mm Figure 12d 5–30 - - -

Conductive paints and inks typically exhibit lower conductivity compared to the bulk
material they contain [39]. Nevertheless, metallization using SCP has been successfully
employed over the antenna in previous RF designs using methods such as airbrushing,
paint-gun application, or manual brush application [37,38,47]. In this work, the antenna was
hand-painted with a brush, applying a single layer on both sides of the conductive parts of the
patch previously printed with dielectric filament. The paint was a commercial SCP containing
approximately 40–50% silver by weight, along with other solvents, such as ethanol and acetone,
as its main components [48]. Figure 13a depicts the 3D-printed parts of the antenna, patch, and
ground plane in unpainted PLA, along with the paint used. The non-uniform configurations
of the meshes for the ground plane and the patch, allowing them to visually overlap for
improved transparency, are also detailed in Figure 13a. The final result of the antenna after
paint application and assembly with adhesive is shown in Figure 13b. Obviously, soldering the
connector is not feasible; hence, it is mounted onto the antenna using silver epoxy. The metallic
paint used for manual metallization in some literature examples exhibits variable conductivity
based on its composition and application. For instance, in [47], a stretchable silver conductive
paste was used, yielding a conductivity value of σ = 1.7 × 104 S/m for a paste layer with
a thickness of 26.5 µm. Another hand-painted design is described in [38], where it was
concluded that the manufacturer’s nominal conductivity of the paint (σ = 1.3× 106 S/m) did
not significantly impact the antenna’s efficiency in the measurement. However, the surface
layer’s conductivity was not experimentally characterized. In [37], similar SCP as in our
case [48] was used to airbrush a 3D-printed filter prototype. Subsequently, in this study, the
metallization was enhanced through an electroplating process, but before this, the estimated
paint layer, with a thickness ranging between 10 and 20 µm, was experimentally characterized.
Resistance was measured using probes at different distances across the dry paint layer,
resulting in a DC conductivity value between σ = 2.86 × 105 S/m and σ = 5.7× 105 S/m.
This value might serve as a reasonable estimation for the conductivity range of our hand-
painted surface for the metallic mesh.

Hand painting allows for greater control of strokes and details, resulting in a visible
texture and brush marks on the surface, as can be seen in Figure 14. The paint was carefully
applied, aiming for uniformity and complete coverage of the dielectric material surface.
Figure 14a shows the detail of a semitransparent antenna prototype with a wire width of
d = 1 mm in the center. For comparison, two prototypes are placed beside it; the thicker
one on the left has a width of d = 2 mm, and the thinner one on the right has width of d =
0.5 mm. Transparency above 60% was achieved in all cases, with slightly higher values for
prototypes with thinner wires. The result of the printing and metallization process appears
reasonable at first sight, although slight brush marks and the roughness of the printed
material persist, as shown in the detailed photos in Figure 14b,c. In the following section,
we analyze the surface quality in greater detail using microscopic view analysis.
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Figure 13. Photograph of the manufactured mesh antenna prototype: (a) 3D-printed PLA parts
without metallization and the applied conductive paint (SCP), along with details depicting the non-
uniform separation of the grid wires; (b) antenna metallized using the SCP and incorporating the
SMA connector.

Figure 14. Photographs of manufactured prototypes. (a) With resin and a width of d = 2 mm (left);
PET and a width of d = 1 mm (center); and PET and a width of d = 0.5 mm (right). (b) Perspective
view of the mesh patch (PET and a width of d = 1mm). (c) Surface detail (resin and a width of
d = 2 mm).

3.2. Microscopic Characterization

We now describe the hand-painted surface of the two manufactured prototypes using
a scanning electron microscope (SEM). Although the photographs presented Section 3.1
showed a uniformly painted surface at first glance, at the microscopic level, in Figure 15,
we observe the roughness and small irregularities present on the surface of the 3D-printed
material. Figure 15a,b display the prototype manufactured in PET using FDM with a width
of d = 1 mm. In this case, small longitudinal grooves, paint burrs at the corners, and thin
paint filaments protruding from the grid structure are evident. Another prototype, the
resin antenna manufactured using SLA with a width of d = 2 mm, is shown unpainted
in Figure 12d. Figure 15c displays its surface, showing significant structural roughness
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in the transverse direction of the printed wires. The distance between peaks and valleys
is clearly visible in Figure 15d, and although it was not quantified, it is observed to be
significant compared to the width of the wires in the section. The SCP layer microscopically
exhibits a fairly regular granular appearance of silver particles, although changes in particle
density are evident in Figure 15b,d, with areas changing color due to the absence of silver.
Irregularities in the 3D-printed surface due to the filament—not the paint—are also visible
in Figure 15c.

Figure 15. SEM images of two antenna prototypes. (a) Detail of a wire crossing printed with PET
and a width of d = 1 mm; (b) zoomed-in view of a wire printed with PET and a width of d = 1 mm.
(c) Detail of a wire crossing printed with resin and a width of d = 2 mm; (d) zoomed-in view of a wire
printed with resin and a width of d = 2 mm.

In the literature, numerous studies have been conducted on the surface characteristics
and properties of silver paint or ink. For instance, the authors of [49] delved into the
mechanical and conductive properties of silver paint for applications in textile electronics,
while the electrical and morphological properties of a hand-painted electrode using silver
nanowires are described in [50]. Once applied, silver paint can undergo a thermal curing
process, as exemplified in [47], where a sample was subjected to a 110 ◦C temperature for
15 min. The curing and sintering processes of metal powder or paint substantially enhance
the final conductivity of the metallized surface. However, the process temperature limits the
use of plastic materials—particularly low-cost materials—in 3D printing of the structure to
be metallized [49]. In our case, the paint was air-dried at room temperature, which evidently
limited the final outcome. Silver in the paint is commonly found in the form of small
particles or colloidal suspensions, and temperature influences the formation of silver flakes
due to the chemical reaction between its components. SEM images presented in Figure 16
depict the formation of silver flakes on the surfaces of both prototypes, stratifying to form
the paint layer. The size of these flakes varies; in Figure 16a, the detail shows sizes ranging
from 2–3 µm up to 15–20 µm. This morphological analysis of the surface demonstrates
continuity through the contact of these flakes, which facilitates current transport across the
surface. Nonetheless, manual application of the paint and the absence of curing reduce
the aggregation of silver flakes, leading to a decrease in the effective conductivity of the
surface [49]. In Figure 16c, areas with a lower density of silver particles are uniformly
distributed. Additionally, in Figure 16a, some particle aggregates are surrounded by areas
not covered by paint, forming islands that decrease metal connectivity, thereby negatively
impacting electron transport and effective conductivity [51]. Figure 16b illustrates the basic
chemical composition analysis of the two marked areas comprising the silver island: one
with a high silver content (Ag) and the other with compounds from the material used for
3D printing (for example, O or C). Finally, in Figure 16d, the irregular coating applied
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by by the brush at the interface between two differently elevated zones on the surface is
visible. These irregularities stem from the hand-painting process with a brush, unlike other
techniques like airbrushing that achieve greater uniformity.

Figure 16. SEM images of the prototypes: (a) formation of silver islands with areas lacking a metal
layer; (b) elemental SEM analysis of material composition; (c) silver flakes on the surface; (d) non-
uniformities in the SCP layer.

Considering these factors, it is reasonable to anticipate a lower conductivity level
on the surface compared to the measurement reported in [37]. This is attributed to both
the brush application and the observed lack of connectivity in the SEM images of the
surface. Starting from the approximate values measured in [37] (σ = 2.8 − 5.7 × 105 S/m),
establishing an upper limit, it seems reasonable to incorporate lower conductivity values
into our numerical analysis of the antenna. Therefore, broad range of conductivity values
between σ = 5 × 105 S/m and σ = 1 × 104 S/m is considered. In the subsequent section,
we explore the impact on the antenna parameters by integrating the electrical characteristics
and the degree of surface roughness into the simulation model.

3.3. Antenna Response Analysis: Surface Roughness and Conductivity

Figure 17 illustrates the simulated radiation efficiency for the proposed antenna con-
cerning frequency, considering various conductivities and levels of roughness. The effi-
ciency achieved with ideal smooth metal (upper continuous traces) shows values above
95% in the antenna’s frequency range of interest (2.5–2.7 GHz) for σ = 6.3 × 107 S/m
(in blue), which represents the ideal limit for silver. However, reducing conductivity to
more realistic values within the measured range [37] results in a drop in the antenna’s
efficiency drops to around 85% for σ = 5 × 105 S/m (in red). Introducing different degrees
of roughness alongside decreased conductivity significantly reduces the antenna efficiency.
For a conductivity of σ = 5 × 105 S/m, with roughness values (Rq) of 10 µm, 25 µm,
50 µm, and 100 µm, radiation efficiencies of 78.6%, 64.5%, 49.7%, and 36% are obtained,
respectively. These Rq values correspond to 0.1, 0.25, 0.5, and 1 times the thickness of the
printed layer. This range aligns with observed values in the state of the art for low-cost
3D-printed materials like PLA, ABS, and PET, including the absolute thickness limit of the
printed layer [40]. In our case, we found that in contrast to maximum height, the distance
between valleys and peaks is much less than 0.5 of the printed layer thickness for FDM
with PET and of that order, at most, for the SLA-manufactured resin prototype. Therefore,
considering the surface is smoothed by the SCP layer, the roughness in terms of Ra or Rq
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should be significantly lower—approximately within 0.1 times the layer thickness for the
3D-printed dielectric material. However, in our case, there exists the inherent roughness
of the silver flake layer, which, although not continuous, exhibits irregularities of that
magnitude, as observed in Figure 16.
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Figure 17. Simulated radiation efficiency calculated as a function of the conductivity of the metallic
material of the antenna and the roughness of the surface: (smooth surfaces in continuous trace at
the top of the figure) (L = M = 46.2 mm, gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, n = 16.3 mm,
q = 1.9 mm, and w = 15.6 mm).

To analyze the impact of surface roughness on impedance matching of the antenna,
Figure 18 presents the simulated S11 parameter for the same roughness parameter (Rq)
values. For the simulations, a conductivity of σ = 5 × 105 S/m was selected, which falls
within the likely range of values measured for this type of metallic ink [37]. This level of
conductivity is sufficiently high to disregard dielectric and polarization effects, ensuring
the continued validity of the approximation provided by Equation (2) [52]. According to
this expression, the skin depth in this case is δs = 14 µm, aligning with typical thicknesses
for this type of metallic ink [37,38,47]. The antenna is well matched for smooth cases and
for Rq values below 25 µm. The figure demonstrates the shift towards lower frequencies in
the antenna’s operating band as the degree of roughness (Rq) increases [41].
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Figure 18. Simulated impedance response (S11) of the proposed antenna for different surface rough-
ness values of metallic material with a conductivity of σ = 5 × 105 S/m.
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Finally, Figure 19 includes the proposed antenna’s gain vs. frequency across the entire
range of conductivities and three roughness values, extending to the lowest surface print
quality level at Rq = 50 µm. The combined effect of reduced conductivity and increased
roughness significantly impacts the antenna’s performance, reducing its theoretical gain. On
one hand, the a conductivity decrease by two orders of magnitude results in a reduction
in antenna gain from 7.6 dBi, 6.8 dBi, and 5.9 dBi for Rq = 10 µm, Rq = 25 µm, and
Rq = 50 µm to 6 dBi, 5.5 dBi, and 4.6 dBi, respectively. On the other hand, increased Rq
at all conductivities also leads to reduced antenna gain. For instance, there is a reduction
from 7.1 dBi for σ = 5× 105 S/m and Rq = 10 µm to 5.5 dBi for the same conductivity with
Rq = 50 µm. Moreover, this rise in roughness in simulations causes a shift in the frequency of
the antenna’s maximum gain towards lower frequencies. It is evident that controlling the final
quality of the 3D-printed surface, particularly by limiting Ra and ensuring sufficient effective
conductivity, is critical in achieving a high gain in semitransparent mesh antennas.
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Figure 19. Simulated gain for the semitransparent antenna under different values of conductivity
and roughness of the metal surface.

4. Results and Discussion
4.1. Experimental Results

To verify the performance of the proposed antenna with the parameters listed in Table 1,
its impedance response and gain were measured in an anechoic chamber. Figure 20 presents a
comparison between the experimentally observed realized gain and simulations for different
surface conductivity and roughness values. Meanwhile, both simulation and measurement
results for impedance matching are included in Figure 21. The measured antenna exhibits
an operational frequency centered at fc = 2.64 GHz, with a bandwidth of |S11| < −10 dB of
2.7%. Simulated matching curves show good agreement with the measurement for smooth
cases (with ideal conductivity and with the conductivity measured in [37]), as well as for cases
with low roughness (Rq = 10 µm and Rq = 5 µm) and high conductivity (σ = 5× 105 S/m
and σ = 1 × 105 S/m). For higher roughness values or for low roughness combined with
lower conductivities, the simulated response reduces its matching and shifts towards lower
frequencies. Regarding the gain, the proposed antenna reaches a peak of 5.4 dBi at a frequency
of 2.64 GHz. It can be stated that the comparison of the measurement aligns well with the
levels and responses of simulations for lower material conductivity values (σ = 5× 105 S/m
and σ = 1× 105 S/m) and low roughness levels around Rq = 10 µm.
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Figure 20. Realized gain for the manufactured semitransparent mesh antenna and for simulations
accounts for various conductivity and surface roughness values on the metallic surfaces (L = M =
46.2 mm, gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, n = 16.3 mm, q = 1.9 mm, and w = 15.6 mm).

Table 3 presents a summary comparing the impedance, radiation efficiency, and realized
gain results. Considering the cost-effectiveness of the 3D printing manufacturing process, the
antenna’s mesh components were metallized by hand-painting with a brush, and metallic
adhesive was used for connector attachment, showcasing satisfactory performance in terms
of S11 and realized gain for the proposed semitransparent patch. The calculated optical
transparency derived from Equation (1) for the antenna with d = 2 mm exceeds 60%. This
transparency result is depicted in the accompanying photographs included in Figure 22.
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Figure 21. |S11| for the manufactured semitransparent mesh antenna and for simulations accounts
for various conductivity and surface roughness values on the metallic surfaces (L = M = 46.2 mm,
gpx = gpy = 64.4 mm, h = 3 mm, t = 1 mm, n = 16.3 mm, q = 1.9 mm, and w = 15.6 mm).
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Table 3. Semitransparent antenna performance comparison between simulated and measured results.

Case Material Impedance
BW Radiation

Model σ
(S/m)

Rough.
Rq µm

fc
(GHz)

RL
(10dB)

RL
(6dB)

fr
(GHz)

Peak
R.Gain

(dB)

3 dB
BW%

rad.
eff

sim lossy 6.3e7 smooth 2.6 2.31% 4% 2.605 8 8.8% 98.2%
sim lossy 5e5 smooth 2.6 2.7% 4.8% 2.6 7.4 8.1% 84.5%
sim lossy 5e5 10 2.55 2.74% 4.7% 2.55 7 8.6% 78.6%
sim lossy 5e5 25 2.5 2.52% 4.6% 2.5 6.1 8.7% 64.5%
sim lossy 1e5 5 2.57 2.9% 5% 2.56 6.3 8.6% 70.7%
sim lossy 5e4 10 2.53 2.4% 5.1% 2.58 5.6 6.2% 59.7%

mea PET +
SCP - - 2.64 2.7% 3.9% 2.64 5.4 7.6% -

4.2. Discussion

This study demonstrates the feasibility of designing an antenna with high optical
transparency, as shown in Figure 22, utilizing 3D printing for its structure and applying
low-cost techniques and materials for fabrication and metallization. Measurements of
the proposed mesh patch antenna showcase its favorable performance relative to similar
antennas, as detailed in Table 4. This research highlights the potential for advanced designs
and applications in sub-6GHz bands for 5G/6G, allowing for integration in windows and
glass surfaces without the limitations of surface restrictions or element count, presenting
advantages in various RF systems within urban environments, such as improved gain,
beamforming capabilities, MIMO arrays, etc.

Figure 22. Photographs of prototypes placed on a window to showcase their transparency, manufac-
tured with: (a) PET and widths of d = 0.5 mm (left) and d = 1 mm (center); with resin and a width of
d = 2 mm (right); (b) PLA and a width of d = 2 mm (left); and PET and a width of d = 0.5 mm (right).

Outlined below are some of the advantages offered by these cost-effective antennas:

1. The antenna’s design allows for the passage of most visible light, harnessing natural
light and minimizing visual impact.

2. The absence of a substrate enables manufacturing using various 3D printing materials,
avoiding electrical losses inherent in substrates, reducing economic costs, and elimi-
nating waste and recycling expenses. Furthermore, the lack of a substrate facilitates
airflow, potentially lessening wind load or enhancing cooling.

3. The choice of 3D printing material for the antenna, whether metallic for optimized
radiation efficiency or as a structural component later metallized with a low-cost
dielectric, depends on factors such as material sustainability and recyclability. For
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instance, PLA filament sourced from renewable sources like corn starch or sugarcane is
considered more environmentally friendly than ABS derived from non-biodegradable
fossil fuels [40].

4. The antenna’s construction involves meshing its metallic parts, significantly reducing
material usage and coupled with the absence of a substrate, implementing a mass re-
duction technique that drastically decreases its weight, aligning with current research
trends [53].

5. The 3D printing technique enables consideration of material and electrical properties
as additional parameters in the structure’s design. This facilitates the elimination of
conductive parts from ground planes, reducing mutual coupling, which is a substan-
tial advantage in MIMO implementations [33].

In this research, we systematically evaluated the impact of the design and manufac-
turing process on antenna performance, particularly focusing on the surface quality of
3D-printed parts and low-cost metallic coatings (using paint or ink). The results indicate
that despite cost limitations, the performance of the semitransparent antenna remains
compatible with demanding applications in frequency bands below 6 GHz. However, due
to limitations of metallized wires (width, surface quality, and manufacturing), obtaining
antennas with both good performance and transparency greater than 50% above these fre-
quencies is challenging. With the hand-painting method used in this work, it was observed
that reducing the width of the wires to values below 1.25 mm rapidly affected the matching
and gain of the manufactured prototypes, deteriorating their performance. Enhancing
the smoothness and conductivity of printed surfaces, potentially through electroplating
processes, could yield comparable gains to metallic PCB-based patches, even in designs
at frequencies exceeding 10 GHz. A limited increase in transparency is also feasible by
reducing the width of the metallic wires if effective conductivity is increased and the quality
of 3D-printed surfaces is enhanced. Finally, it is important to note that when conductivity
values are below σ = 1 × 105 S/m, the skin depths obtained from Equation (2) exceed
30 µm, typically surpassing the thickness of the metallic paint layers. As a result, the electric
field would penetrate significantly into the structural material, leading to increased losses,
reduced confinement of electric field distributions, and a degradation in symmetry.

Table 4 compares the performance of the proposed semitransparent antenna with
that of other state-of-the-art transparent antennas. Most showcased works feature patch
designs at frequencies similar to ours, with mesh-based patches discussed in [14,17,54] and
a stacked configuration reported in [9]. In [31], a micromesh-based stacked patch achieved
the highest gain of 6 dBi among all results, boasting a large 19% impedance bandwidth and
70% transparency. However, the micromesh significantly blurs images, obstructing clear
views through it, and it is notably larger than our proposed design. We also compared
our design with that proposed in [55], the only non-transparent patch based on mesh but
using FR4 substrate on PCB at 2.45 GHz, yielding a gain close to 3 dBi, which is notably
lower than our outcome. Some transparent patches incorporate water inside a plastic
container, as evidenced in [12], achieving a 4 dBi gain at 2.4 GHz but with larger antenna
sizes. Additional radiating elements include a slot in SIW technology , achieving 4.8 dBi at
26.3 GHz [27]; a dipole loaded with a split-ring resonator, gaining 5 dBi at 5 GHz [10]; and
a meandering monopole with 75% transparency but only 0.74 dBi gain at 2.44 GHz [15].
Upon reviewing the results, we conclude that the cost-effective semitransparent antenna
performs exceptionally well in terms of high gain. While its impedance bandwidth is
limited compared to other non-patch-type antennas, it aligns well with frequency-sharing
patches. This highlights the feasibility of designing low-cost mesh patch antennas with high
transparency and strong electromagnetic performance. Additionally, our design prioritizes
low complexity, facilitating sustainability in materials and enhancing recyclability.
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Table 4. Performance comparison with other reported transparent antennas.

Refs. Element Structure/
Substrate

Processing
Method

Freq.
(GHz) OT BW (%) Gain (dBi) Size (λ3

0) Complexity/
Cost

[17] Patch Wire mesh/
ceramic

PCB +
cutting 2.73 60-65% 2.2 4.8 0.41 × 0.34 High

[27] Slot + SIW TCM /PC - 26.3 71% 17.3 4.8 1.59 ×
1.39 × 0.04 High

[12] Patch Water/plexiglass
container CNCM 2.4 - 35 4 2.39 ×

2.39× 0.312 Medium

[9] Stacked
patch TCM/ PC - 3.45 70% 39.8 4.1 0.63 ×

0.63 × 0.07 High

[31] Stacked
patch

Conductive
film /PMM

Metal alloy
printing 2.65 70% 19 6 0.88 ×

0.88 × 0.08 High

[15] Meandering
monopole

MMF/
glass SNT 2.44 75% 3.3 0.74 0.34 × 0.34 High

[55] Patch Metal mesh
Cu/ FR4 PCB 2.45 non OT 4 2.95 - Low

[54] Patch MMF/
acrylic

Phys.
deposition 2.45 60% narrow 2.63 0.41 ×

0.41× 0.008 Medium

[14] Patch Micro MM/
acrylic

Phys.
deposition 2.44 68.6% narrow 5.28 - Medium

[10] Dipole +
split ring

Metal
grid/glass PCB 5 69.8% 64.6 5 0.67 ×

0.83× 0.019 Medium

This work Patch Painted
mesh/ air

PLA 3D
printing+

SCP
2.64 60% 2.7 5.4 0.56 ×

0.56× 0.043 Low

An illustrative image of the solution proposed in this work is included in Figure 23. It
exemplifies the potential application of the proposed semitransparent antennas. For this
purpose, ideal array factors combined with the designed antenna were obtained using
CST Microwave Studio. These radiating systems, the patch, and two arrays of 2 × 2 and
4 × 4 patch elements operating at 2.6 GHz, are placed on the windows of a smart building,
as depicted in Figure 23. For each case, the calculated theoretical 3D radiation pattern is
shown, obtaining gain values of 7.6 dBi, 12.5 dBi, and 18 dBi for the three systems. The
graphic representation in Figure 23 also includes a photograph of the proposed antenna
placed on a window, showcasing the achieved transparency.

7.6 dBi 

18 dBi 

12.5 dBi 

4 x 4

1 patch

Array

2 x 2
Array

Figure 23. Graphic representation of the proposed application for semitransparent antenna systems.
It showcases theoretical 3D radiation patterns for a patch, a 2 × 2 array, a 4 × 4 array, and the
manufactured prototype placed on a window.

5. Conclusions

This article introduces a cost-effective method for creating semitransparent antennas
suitable for integration into building or vehicle windows. The study presents a substrate-
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less 3D printed mesh patch antenna, achieving a 2.7% bandwidth and a realized gain
of 5.4 dBi at 2.6 GHz. This antenna design utilizes any dielectric material for the sup-
port structure, eliminating the need for a substrate, and can employ eco-friendly printing
materials to reduce the carbon footprint. The impact of the surface roughness and con-
ductivity of the metallic coating on antenna performance was assessed. The performance
of the proposed semitransparent antenna reaches levels comparable to those of opaque
patches but with 60% transparency in the optical range, allowing for the passage of most
light and minimizing visual impact. Furthermore, by foregoing a substrate, the proposed
radiating device minimizes losses and costs, optimizes recycling, and offers significant
mass reduction. These semitransparent 3D printed meshed antennas are envisioned for
sub-6GHz systems utilizing windows in smart buildings, offering advanced 5G/6G urban
radio communication infrastructure.
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Abbreviations
The following abbreviations are used in this manuscript:

ABS Acrylonitrile butadiene styrene
AgHT Ag coated polyester
AM Additive manufacturing
AZO Aluminum zinc oxide
CNCM Computer numerical control machining
DLP Digital (direct) light processing
FDM Fused deposition modeling
FBW Fractional bandwidth
FFF Fused filament fabrication
FTB Front to back ratio
ITO Indium tin oxide
IZTO Indium zinc thin oxide
MIMO Multiple-input multiple output
MMF Metal mesh film
OT Optical transparency
PCB Printed circuit board
PC Polycarbonates
PET Polyethylene terephthalate
PIFA Planar inverted folded antenna
PLA Polylactic acid
PMM Polymethyl methacrylate
PVD Physical vapor deposition
SCP Silver conductive paint
SIW Substrate integrated waveguide
SLS Selective laser sintering
SLA Stereolithography
SNT Self-assembling nanoparticle technology
TCM Transparent conductive mesh
TCO Transparent conducting oxides
WMM Wired metal mesh
ZnO Doped zinc oxide
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Abstract: In this article, a compact multiband antenna design and analysis is presented with a view
of ensuring efficient uplink/downlink communications at the same time from a single antenna for
CubeSat applications. This design shares the aperture of an S-band slot antenna to accommodate
a square patch antenna operating in the X-band. Shared aperture antennas, along with an air gap
and dielectric loading, provided good gain in both frequency bands. The S-band patch had an
S11 = −10 dB bandwidth of 30 MHz (2013–2043 MHz, 1.5%), and the X-band antenna demonstrated
a bandwidth of 210 MHz (8320–8530 MHz, 2.5%). The Axial Ratio (<3 dB) bandwidth of the slot
antenna in the S-band is 7 MHz (2013–2020 MHz, 0.35%), and it is 67 MHz (8433–8500 MHz, 0.8%) in
the case of patch antenna in the X-band. While the maximum gain in the S-band reached 7.7 dBic, in
the X-band, the peak gain was 12.8 dBic. This performance comparison study shows that the antenna
is advantageous in terms of high gain, maintains circular polarization over a wideband, and can
replace two antennas needed in CubeSats for uplink/downlink, which essentially saves space.

Keywords: CubeSat; shared aperture antenna; multiband; high gain; circular polarization

1. Introduction

At the beginning of space exploration, satellites were large and heavy and delivered a
multi-functional payload. These satellites used high power and needed a long development
time and a huge budget. Satellite development skills were inaccessible to students and
researchers in most cases. Also, there were many scientific questions that required attention
but could not justify the large cost of satellite development to resolve them. The technologi-
cal advances in low-power microelectronics, micro-electromechanical systems, and digital
signal processing paved the way for the development of small satellites with a low cost and
short development time yet with a lot of advanced functionality [1–3]. These small satellites
are lighter and cheaper compared to conventional satellites, which makes them suitable for
applications in academia and amateur projects. CubeSat, a special type of small satellite
made of one or multiple 10 × 10 × 10 cm3 cubic structures, rapidly gained popularity
in different sectors due to its flexible design and capacity for custom development. A
CubeSat with a dimension of 10 cm on each side is called 1 U, which is the standard unit
of the CubeSat size. A CubeSat can be 1 U, 2 U, 3 U and even increases up to 12 U and
16 U if required by the mission. CubeSat was first developed and standardized in 1999
by Jordi Puig-Suari and Bob Twiggs at Stanford University’s Space Systems Development
Laboratory (SSDL) [4]. The goal behind CubeSat’s development was to provide a platform
to help students and researchers develop skills related to the design, manufacture, and
testing of small satellites at a lower earth orbit for various science missions while reducing
the cost and development time. With time, CubeSats gained a lot of attention and found its
way into academia, industry, and government projects.

A CubeSat comprises different subsystems (e.g., electrical power, communication,
attitude determination and control, propulsion, etc.) with numerous components. Antennas
are integral and one of the most important passive components of a CubeSat communication
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subsystem. The antenna design for CubeSats originated from analyzing the link budget of
the communication system and identifying antenna requirements, such as gain, bandwidth,
polarization, etc. The operating frequency of the antenna depends on frequency licensing
and the availability of the ground station. The required bandwidth from the antenna
depends on modulation and the data rate of the communication system. Before designing
an antenna, requirements for gain, bandwidth, polarization, and other antenna performance
metrics must be identified. Designing an antenna for CubeSats is challenging due to space
limitations and mission requirements. Reliability is the most important aspect of a CubeSat
antenna as it cannot be changed once the CubeSat is launched. CubeSat antennas must
also survive mechanical vibration, radiation, out-gassing, atomic oxidation, and wide
temperature variations. Like other satellite communication systems, CubeSats prefer
circularly polarized antennas [5]. Linearly polarized antennas radiate along a single axis
and require the strict orientation matching of the transmitting and receiving antennas. On
the other hand, circularly polarized antennas do not require the orientation matching of
transmitting and receiving antennas. It also reduces the fading effect caused by the Faraday
rotation effect in the ionosphere [6]. Linearly polarized antennas also experience the same
Faraday rotation effect, as the polarization vector is rotated by charged particles in the
ionosphere. Consequently, keeping strict orientation matching between linearly polarized
receiving and transmitting antennas becomes difficult. The CP antennas are not prone to
this Faraday rotation effect, as the strict orientation of transmit and receive antennas is not
required. Antennas of different sizes, shapes, and performance have been used in CubeSats.
Commonly used CubeSat antennas are wire antennas (dipole/monopole/quad-pole) [7,8],
reflector antennas [9], reflect-array antennas [10], membrane antennas [11], microstrip patch
antennas [12], horn and waveguides [13], etc. These antennas have their advantages and
disadvantages based on performance, ease of integration, shape and size, mass, deployable
mechanisms, etc. Developers select antennas from these options and customize the design
to suit the purpose of the mission. Moreover, the widespread practice is to use dedicated
antennas on CubeSats to serve the following purposes:

• Telemetry, tracking and command (TT&C) for uplink and downlink communications
with the ground station;

• High speed downlink communication for large payload data when downloaded;
• GNSS (GPS, Galileo, etc.);
• Inter-satellite communication.

Normally, CubeSats are equipped with 3–4 antennas or even more if required by the
mission. The placement of these antennas is also challenging due to several issues. CubeSats
must fulfill mass and size requirements and pass the vibration test before launching. The
designed antennas must withstand shock and vibration during launch and deployment.
Most of the CubeSat’s antennas are placed on the outside surface of the structure. CubeSats
also have solar cells placed on the outside surface of their structure for power generation
from solar energy. If multiple antennas with a large form factor are placed on these
sides, CubeSats suffer from a lack of space for solar panels. Developers then struggle
to accommodate enough solar cells to maintain power positivity in the total period of
the satellite operation. A reduction in size is one of the major challenges faced by the
antenna designers of CubeSats. An advancement in commercial-off-the-shelf products,
rapid prototyping, and testing have made it possible to develop high-frequency radios with
a high data rate for application in small satellites with low power. As a result, CubeSats
are collecting more scientific payload data than ever before. However, CubeSats have a
very short ground pass duration while orbiting at lower earth orbits. This means that the
time for downlinking payload data using a line-of-sight communication channel to the
ground station is very short. For the fast and efficient downlink of the payload data from a
CubeSat, a transmitter system with large bandwidth and high data rate is required. Hence,
CubeSat’s payload data downlink system requires an antenna with a large bandwidth
and high gain [14,15]. Shared aperture antennas (SAA) have the potential to resolve the
current issues and future challenges of recent CubeSat antennas [16–19]. The concept of
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structure reuse can reduce the size of the antenna and combine multiple antennas in one
single structure. Moreover, multiple antennas can be fabricated into a single structure
and make a multiband antenna system. This could play a vital role for CubeSats as they
struggle to accommodate multiple antennas due to lack of space and volume. In addition
to this, planer antennas do not need any deployment. In 1991, when the STS-37 launch of
the Gamma Ray Observatory was happening, the high gain antenna did not deploy as per
the initial command [20]. The proposed high-gain antenna has an upper hand in reliability
in addition to saving more space.

In this article, a microstrip patch-based and shared aperture antenna is proposed for
multiband operation. A dual-band-shared aperture antenna operating in L1 and X bands
is presented in [21]. The antenna discussed in this paper has two microstrip patches that
operate at S-band and X-band frequencies. It has two printed elements that share the
same ground plane and dielectric aperture. The antenna system uses a single aperture yet
operates in two frequency bands and, thus, saves space on the CubeSat’s sides. The sense
of polarization of the proposed antenna is Right Hand Circularly Polarized (RHCP). The
performance of the patches is further improved by placing an additional dielectric layer
that acts as a partial reflective surface (PRS) [22]. The S-band patch can be used as a TT&C
antenna, while the X-band patch can be used to downlink the payload data collected by
a CubeSat. This paper is organized as follows: Section 2 presents the detailed antenna
geometry along with the design parameters. Simulated and measured results from the
fabricated antenna are presented in Section 3. The performance of the proposed antenna is
compared with other related work in Section 4. Section 5 has some concluding remarks.

2. Proposed Antenna Geometry

The proposed shared aperture antenna comprises three square-shaped dielectric layers
and two square-shaped microstrip printed elements for the S-band and X-band operation.
The S-band antenna is designed for use with the uplink/downlink communication system
for telemetry, tracking, and command (TT&C) data reception and transmission. The sole
objective of the X-band antenna is to downlink large mission data gathered by the CubeSat
to the ground station within a short ground pass. To serve the same purposes, CubeSats
are normally equipped with two separate conventional antennas. This proposed antenna is
compact in size, and due to its planer ground shape, it can be easily integrated with the
CubeSat structure.

Figure 1 shows the structure of the proposed antenna. The dielectric layer-1 of the
antenna is h mm thick Rogers RT/duroid 5880. The square-shaped copper ground plane of
the antenna has a length of g mm and thickness of 35 µm and is placed at the bottom of the
dielectric layer-1. The X-band patch is placed on the upper surface of the dielectric layer-1.
The X-band square patch antenna has a length of L3 mm with a negative perturbation of qc
mm. The dielectric layer-2 is stacked on top of the dielectric layer-1. This layer also has am
h mm-thick Rogers RT/duroid 5880 material. Any copper cladding from the bottom of the
dielectric layer-2 is removed. On top of the dielectric layer-2, a slotted square-ring patch
with a crossed strip at the center is etched, which operates as the S-band antenna [23]. It
has a length of L1 mm and negative corner perturbation of pc mm, as shown in Figure 2.
Four equal-sized square-shaped slots or perforations are present inside the S-band square
ring antenna. An X-band patch antenna can be placed in the middle of any of these four
slots, making sure that the S-band ring patch does not block the radiation of the X-band
patch antenna. A patch antenna operating in the X-band is placed in the bottom-left slot, as
shown in Figure 2. Two separate 50Ω coaxial probes are used to feed the S-band and X-band
patch antennas. The dielectric layer-3 is made of hu mm-thick Rogers RT/duroid 6010. It is
placed on top of the second dielectric layer using nonconductive bolts. An air gap of ha
mm separates the dielectric layers 2 and 3. Dielectric layer-3 works as a partial reflective
surface (PRS) for the X-band patch antenna. Placing the PRS at an approximate 0.5λx (λx is
the wavelength at the resonance frequency of the X-band patch antenna) distance away
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from the X-band antenna means that a Fabry–Perot Resonator Cavity Antenna (FPRA) [24]
is formed. FPRAs can exhibit high gain compared to normal patch antennas.
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Figure 2. Geometry of the proposed S- and X-band patches.

The center of the antenna is placed at the origin of the coordinate system, as shown in
Figure 2. The feed location of the S-band patch and the X-band patch is given with respect
to the origin. The antenna has a total volume of 60 × 60 × 20 mm3. Table 1 describes the
parameters of Figures 1 and 2 and their optimized values for the proposed antenna.

Table 1. The design parameters of the S- and X-band-shared aperture antenna.

Antenna Parts Parameters Symbol Value (mm)

Antenna Main
Structure

Dielectric Layer-1 height h 0.787 mm

Dielectric Layer-2 height h 0.787 mm

Air gap distance ha 16.2 mm

Dielectric Layer-3 height hu 2.5 mm

All dielectric layers and ground
Plane length g 60 mm
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Table 1. Cont.

Antenna Parts Parameters Symbol Value (mm)

S-band Patch

Square Ring antenna length L1 41.7 mm

Square Ring antenna slot length L2 13.8 mm

Square Ring patch corner
perturbation length pc 2.2 mm

Distance between slots d 7.05 mm

Square Ring antenna feed location (Xs, Ys) (5.7, 0) mm

X-band Patch

X-band square patch length L3 10.8 mm

X-band square patch corner
perturbation length qc 1 mm

X-band patch feed location (Xp, Yp) (12.3, −10.4) mm

3. Results

The proposed antenna was modeled and optimized using the finite element method-
based full-wave electromagnetic solver Ansys HFSS 2022. Based on the simulation results
from HFSS, a prototype of the antenna was built. The measured results from the antenna
prototype are compared below with the simulated results.

3.1. Simulated Results

Figure 3 shows the simulated performance of the S-band patch for the proposed
shared aperture antenna. The S11 < −10 dB bandwidth of the S-band patch is 30 MHz (from
2013 MHz to 2043 MHz, 1.5%). The Axial Ratio (AR) of the proposed antenna is measured
in the boresight (+z axis in Figure 1) direction. The simulated AR < 3 dB bandwidth starts
from 2013 MHz to 2020 MHz (7 MHz, 0.35%), as shown in Figure 3b. It has a minimum
AR value of 1.9 dB at 2016 MHz. Figure 3c,d show the polar plots of the RHCP and LHCP
radiation patterns for the patch in the φ = 0◦ and φ = 90◦ planes, respectively. It is clear
in the plot that the RHCP is more dominant, and the maximum RHCP gain is 7.7 dBic at
2016 MHz. From the radiation patterns of the S-band antenna, it is evident that the antenna
has a peak RHCP gain at the boresight. Due to the partial reflective surface, the antenna
has a slightly higher gain compared to conventional S-band patch antennas.

Figure 4 depicts the simulated results of the X-band patch of the proposed antenna.
The S11 < −10 dB bandwidth of the proposed X-band FPRA starts from 8320 MHz and ends
at 8530 MHz (210 MHz, 2.5%). It has an AR < 3 dB bandwidth that ranges from 8433 MHz
to 8500 MHz (67 MHz, 0.8%), as shown in Figure 4b, measured in the boresight (+z axis
in Figure 1) direction. A simulated maximum RHCP gain of 12.8 dBic was achieved from
the single X-band patch antenna. This increased gain from a single radiating patch is close
to the gain achieved for a 4-element antenna array [25]. The minimum AR = 0.9 dB of the
X-band patch occurred at 8460 MHz. Figure 4c,d show the RHCP and LHCP gain patterns
of the proposed antenna in the φ = 0◦ and φ = 90◦ planes, respectively. These patterns
occurred at the frequency 8460 MHz, where the Axial Ratio is the lowest (0.9 dB). The
RHCP beam of the X-band patch antenna was more direct due to the PRS being placed at
an approximate 0.5λx (λx being the free-space wavelength at X-band frequency) distance
away from the X-band patch. From the simulated results, it can be concluded that the
proposed dual-band shared aperture antenna is an excellent option to replace two antenna
systems of a CubeSat and to cover two bands. The S-band patch has a narrow bandwidth,
but it is sufficient to perform as the uplink/downlink antenna for TT&C due to the fact that
the data speed required to send/receive commands to the CubeSat is not that high. The
X-band patch shows a high RHCP gain, which is desirable for establishing a fast downlink
connection. The 67 MHz Axial Ratio bandwidth of the proposed antenna can establish
Megabits per second (Mbps) and a speed communication link with a ground station.
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3.2. Antenna Prototype Fabrication and Measurement

A prototype of the proposed antennas was developed in the Applied Electromagnetics
Research Lab at the University of South Alabama, and reflection coefficients were measured
using an Anritsu 37369A Vector Network Analyzer (VNA). Figure 5 shows the fabricated
prototype of the proposed antenna. Figure 5a,b show the S-band and X-band microstrip
patches etched on two separate dielectric substrates. These two dielectric layers were
placed on top of each other, and four nonconductive screws and bolts were used to ensure
that there were no air gaps between them. Nonconductive spacers ensured that a uniform
distance between the patch and the partially reflective surface was maintained.
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Figure 6 compares the return loss from measurement and simulation results. From the
return loss graphs, it appears that the fabricated antenna prototype produced similar results.
The measured S11 < −10 dB bandwidth in the S-band was 16 MHz, which was 30 MHz in
the simulation. This difference was due to the slightly higher reflection coefficient of the
fabricated antenna compared to the simulated one. In the case of the X-band patch, the
measured return loss bandwidth was 270 MHz, whereas the simulation showed a 210 MHz
bandwidth. The differences in the simulation and measurement results could be attributed
to some fabrication errors, including the misalignment of various layers of this antenna and
maybe the presence of some air gaps between layers. The fabricated prototype exhibited
good isolation between ports of the S-band and X-band patches (below −20 dB in the
S-band and −15 dB in the X-band).
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4. Discussion

The proposed antenna shows a way to design a shared aperture antenna by etching
microstrip patches in different layers of dielectric materials and, thus, reuse the aperture
for the size reduction in the antenna. The lower and higher operating bands of the pro-
posed shared aperture antenna had a frequency ratio of four. Having a high frequency
ratio means that the antenna can be used for two separate communication systems that
require two antennas. As CubeSats have a very small form factor and different design
restrictions, the proposed antenna can be an excellent option for CubeSat missions that
have difficulties accommodating multiple antennas. Table 2 compares the performance
of the proposed antenna with recent published works on shared aperture antennas for
CubeSat application [26–28].

Table 2. Performance comparison of the proposed antenna with other related work.

Ref. Freq. Bands AR BW (%) Gain (dBic) Antenna
Volume (mm3) Polarization

[26] S-/X-band NA 8/11.5 140 × 140 × 9.4 Linear
[27] S-/X-band 1/1.4 6.55/12.5 82 × 82 × 4 RHCP
[28] S-/X-band NA 7.2/12.4 100 × 100 × 1.6 Linear

Proposed
work S-/X-band 0.35/0.8 7.7/12.8 60 × 60 × 20 RHCP

From the Table, it is evident that the proposed antenna achieved similar or better
performances while keeping the antenna size compact. Both S/X-band antennas in [25,26]
had an array of patch antennas for high gain in the X-band, which required a feed network.
The dual-band antenna in [28] consisted of a 1 × 3 linear array antenna for the X-band
operation, which had 6 ports in total for dual-polarization. Our proposed antenna has only
two ports and provides a high gain due to the dielectric loading. Moreover, the proposed
antenna uses coaxial probe feeding, which is desirable for CubeSat developers due to the
low complexity of cable placement from the radio to the antenna in a concise space.

5. Conclusions

This paper showcases a patch antenna operating in the X-band frequency range with
12.8 dbic gain, positioned between two substrates, with another S bands slotted on a
crossed-strip microstrip patch located above, generating a gain of 7.7 dBic. A notable
reduction in the size was observed, replacing two antennas next to one antenna system,
which could be handy in a CubeSat limited in space. This antenna can be used for S-band
uplink/downlink and X-band high-speed data downlink in CubeSats. As more CubeSat
projects are looking at high-frequency operations for deep space communication with
increased data download requirements, this antenna can be used in CubeSats for use with
NASA’s Near-Earth Network (NEN) and Deep Space Network (DSN) for high-speed data
transmission in the X-band, and TT&C operation in the S-band.
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Abstract: In recent years, drones have been used in a wide range of fields, such as agriculture,
transportation of goods, and security. Drones equipped with communication facilities are expected
to play an active role as base stations in areas where ground base stations are unavailable, such
as disaster areas. In addition, asynchronous operation is being considered for local 5G, in order
to support all kinds of use cases. In asynchronous operation, cross-link interference between base
stations is an issue. This paper attempts to reduce the interference caused by the drone network by
introducing circularly polarized antennas against the conventional system using linearly polarized
antennas. Numerical analyses are conducted to validate the effectiveness of the proposed system,
where Signal-to-Interference Ratios (SIRs) are shown to be improved significantly as the numerical
evaluation results. Specifically, for the scenario of only access links, in the region where conventional
antenna architecture can only achieve an SIR of less than 20 dB, our proposed system applying
circularly polarized antennas can almost realize an SIR of more than 40 dB. Significant improvement
can be also observed in the scenario with the existence of backhaul links, where the conventional
system had difficulty achieving our system design goal SIR of 16.8 dB, while the proposed antenna
architecture could easily attain this goal in most regions of our evaluation ranges.

Keywords: aerial base station; multiple drones; circular polarization; two-ray model; antennas

1. Introduction

Drones are a type of unmanned aircraft achieving significant attention in recent years
for both civilian and commercial applications, due to their hovering capability, flight capac-
ity, ease of deployment, and low operation and maintenance costs. Drones or Unmanned
Aerial Vehicles (UAVs) have many use cases, since they have been used in a wide range
of applications, such as disaster rescue operations, smart agriculture, emergency medical
services, and aerial photography [1]. In addition, recent advances in drone technology have
made it possible to widely deploy drones for wireless communication. This allows drones
to be used as aerial base stations to support the connection of existing terrestrial wireless
networks, such as cell phones and broadband networks.

Unlike conventional ground base stations, aerial base stations have the advantage
that they can adjust their flight altitude and avoid obstacles to increase the possibility of
connecting with ground users by establishing Line-of-Sight (LoS) communications. The
LoS connection can improve coverage and data rate performance. In addition, it is possible
to construct the network flexibly because it can be freely deployed in the air. On the other
hand, wireless data communication has exploded in the last few years due to the rapid
spread of the Internet of Things (IoT) and their various new applications. However, con-
ventional wireless drone networks operate in the microwave frequency band below 6 GHz,
where the spectrum resources are already heavily utilized. Despite the rapid increase in
the demand for data capacity, there is a growing concern that the available spectrum is
limited. Several techniques have been proposed to improve the network capacity and to
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achieve high frequency efficiency in future cellular systems. For example, Multiple-Input
and Multiple-Output (MIMO), Non-Orthogonal Multiple Access (NOMA), and cooperative
relaying. However, these technological advances do not provide a solution to solve the
spectrum scarcity problem. Therefore, a solution may be to expand using higher frequen-
cies in the radio spectrum. In this paper, communication links between user and drone, and
between drone and drone are considered using millimeter-wave communication. The ex-
panding use of millimeter-wave frequencies can provide multiple gigabit data transmission
rates by ensuring a wide range of available spectrum resources [2]. Hence, millimeter-wave
communication should be leveraged in 5G wireless communication systems that require
very high data throughput, wide bandwidth, high communication speed, and low latency.
In addition to the sufficient bandwidth, the short wavelength of millimeter-wave commu-
nication makes it possible to design physically small circuits and antennas. Moreover, it
is easy to achieve sharper directivity by miniaturizing the antenna. On the other hand,
millimeter-wave communications suffer from large free space attenuation. In addition
to the expected application of drone to wireless networks, the possibility of transmitting
multiple gigabits of data using 5G millimeter-wave communications has led to the idea of
combining wireless network support by drone with millimeter-wave communications [3].

In this paper, we propose a scenario for a disaster area where ground base stations are
out of service. In fact, during the Great East Japan Earthquake in 2011, about 29,000 cell
phone base stations and PHS (Personal Handy-phone System) base stations of five major
companies, NTT docomo, KDDI, Softbank Mobile, EMOBILE, and WILLCOM were out
of service [4]. The first 72 h after a disaster occurs are considered the most critical, and it
is necessary to deploy wireless networks quickly to restore communication connectivity
in order to aid rescue teams in the disaster area. Establishing a wireless network using
drones in the damaged area where ground base stations are malfunctioned is an effective
and fast method to support different rescue operations at the disaster area. We assume
that the drone networks are deployed into post-disaster areas in mild weather conditions,
especially after thunderstorms had left.

Figure 1 shows the overall architecture [5] of our disaster-resilient millimeter-wave
drone networks. As aforementioned, UAV networks have several advantages because of
their ability to place base stations in the sky. The first is that they can move regardless of
the constraints on the ground. This allows for the rapid deployment of base stations when
needed and allows for the optimal placement of base stations for a particular distribution of
users. The other point is the ability to provide data from the sky. This reduces the probability
of being blocked by buildings, etc., and increases the probability that the propagation path
between the UAV and the user is in line-of-sight condition. These advantages make UAV
networks attractive applications for many use cases, but in this study, we mainly consider
disaster-stricken areas as our target use case. Moreover, for the selection of the types of
UAVs, this study assumes the use of a multirotor UAV rather than a fixed-wing UAV for our
temporary base stations. Unlike fixed-wing UAVs, multirotor UAVs have a higher degree
of freedom of movement, enabling the optimization of not only the placement, but also the
UAV’s trajectories [6]. Our proposed system consists of two types of UAVs: access UAVs
and backhaul UAVs. The backhaul UAV is responsible for relaying the traffic sent from
the base station on the ground and other backhaul UAVs to other UAVs. If the distance
between the access UAV and the neighboring base station is fixed, by using backhaul UAVs
as relays in between base stations and access UAVs, the transmission distances between
these links are effectively shortened. The shorter communication distance between UAVs
alleviates the effects of distance attenuation and rain attenuation, which are problems in the
millimeter-wave band. This allows for a longer communication distance between the access
UAV and the ground base station, which can be used for various use cases. The access UAV
provides the traffic sent from the backhaul UAV to the user on the ground. Since the access
UAV provides data directly to the user, its placement has a significant impact on the data
rate provided.
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Our previous work in [5] had been dealing with the optimization of the access UAVs’
placements and the corresponding coverages against varying user traffic distribution. The
work found that owing to the moving freedom of UAVs, our optimal UAV placement can
offer significant system throughput gain. For the fixed location of access UAVs, our work
in [7] revealed that the backhaul drones can construct optimal routes to offload traffic to
the central macro base station, owing to the effect of multi-hop communications and multi-
route multiplexing over backhaul drone networks. We also constructed a Proof-of-Concept
system and partially demonstrated the effectiveness of our proposed system via outdoor
experiment [8].

For future deployment of our proposed system, we aim to develop our system at
the 28 GHz band assigned for local 5G [9], with a bandwidth of 100 MHz ready for use
in outdoor environments. One of our current problems is that when multiple drones
communicate with the user, the uplink (UL) that sends data from the user to the aerial
base station and the downlink (DL) that sends data from the aerial base station to the user
cause interference. Such scenarios are common in the asynchronous operation of the local
5G system assigned at the 28 GHz band in Japan [10]. In this paper, as opposed to the
conventional system using linearly polarized antennas, we investigate the improvement of
SIR by using the characteristics of circular polarization whose rotation direction changes
before and after the ground reflection. For the propagation model, we apply the two-ray
model to calculate the received power and SIR, and show the effectiveness of the proposed
method. This paper extends from the authors’ previous work in [11], where only a system
of access drones communicating directly to ground users was investigated. In this paper,
we thoroughly investigate the overall system under the existence of backhaul drones that
cause more intra/inter-system interference. By the way, since comparison between the
conventional microwave-band system and the proposed system employing millimeter-
wave band is not the main focus of this paper, readers might refer to [5] for the comparison
of these two systems. Solutions for powering the aerial drones as discussed in [12] are also
out of this paper’s scope.

The rest of this paper is organized as follows. In Section 2, we present the related work
about our research and the overall architecture of our research. In Section 3, we show the
system model and design using different antenna polarization when there are only access
drones and ground users. Section 4 furthermore investigates the SIR performance of the
system when there is the existence of backhaul drones. Finally, we conclude our work and
discuss our future works in Section 5.

2. Related Works

The overall architecture of this research is shown in Figure 1. The roles of drones
are assumed to be divided into the access-drones and the backhaul-drones to provide
data to users. The access-drones communicate directly with the user, while the backhaul-
drones act as a relay between the access-drones and the ground base station. By relaying
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the backhaul-drones, the communication distance between drones becomes shorter. This
reduces the effect of distance attenuation and rainfall attenuation, which are concerns
in millimeter-wave communication. On the other hand, since the access-drones provide
data directly to users, it is important to know how to deploy these drones. If drones are
efficiently deployed, it is expected to provide LoS communication to the ground users,
which is important in millimeter-wave communications, and to expand the coverage with
fewer base stations.

Authors in [13] show the minimum transmit power required to have a certain coverage
radius as a function of the altitude of the drones. At lower altitudes, the shadowing effect
reduces the probability of LoS connection between the transmitter and the receiver, resulting
in a decrease in the coverage radius. On the other hand, at high altitudes, the probability of
LoS connection is high. However, due to the large distance between the transmitter and the
receiver, the path loss increases, and as a result, the coverage performance decreases. In [14],
the optimal deployment of multiple drones equipped with directional antennas as aerial
base stations was investigated. Based on the circle packing theory, an efficient placement
method was proposed in which each drone can obtain the maximum coverage with the
minimum transmission power. As a result, the optimal altitude and position of drones were
determined based on the number of available drones, antenna gain, and beam-width. In [5],
a deployment method that combines the K-means method with the minimum envelope
problem was considered to maximize the data rate that can be provided to users in DL.
There have been many studies of deployment methods that give priority to DL connections,
but few studies have been conducted in environments where DL and UL concurrently
exist. In this paper, we propose a method to reduce the interference to UL caused by
DL in the communication between adjacent concurrent UL/DL drone networks via the
introduction of circularly polarized antennas, against the conventional system applying
linearly polarized antennas.

3. Access Link Analysis

In this section, we describe the system model and the proposed method considered in
this research. For simplicity, we consider an UL-DL pair system as shown in Figure 2. The
structure of this section is as follows. Section 3.1 describes the overall system model with
the considered arrangement of the drone and the user. In Section 3.2, the analysis is applied
for conventional cases when drones employ linearly polarized antennas. In Section 3.3,
the analysis is applied for our proposed system design when drones are proposed to be
equipped with circularly polarized antennas.
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3.1. System Model

Figure 2 shows the system model used in this research. Here, h1 is the height of
Drone 1 from the ground surface, h2 is the height of Drone 2 from the ground surface, and
D is the distance between Drone 1 and Drone 2 (GU1 and GU2). The blue arrow represents
the desired signal; the green one represents the interference signal. We considered an
environment in which the user and the drone are communicating one-to-one. The commu-
nication between Drone 1 and GU1 is assumed to be DL, and that between Drone 2 and
GU2 is assumed to be UL. It is assumed that the communication between Drone 1-GU1
and Drone 2-GU2 is DL, and that the communication between Drone 1-GU1 and Drone
2-GU2 is UL. Considering the receiving power of Drone 2, the signal transmitted from
GU2 can be treated as a desired signal, and the other signals are treated as interference
signals. During the communication between Drone 1 and GU1, a part of the radio wave
transmitted from Drone 1 is reflected from the ground and is received by Drone 2 as an
interference component. It is considered that the shorter D is, the larger the influence of the
ground reflection. The direct wave from Drone 1 without ground reflection is also received
by Drone 2 as an interference component.

3.2. Conventional Linearly Polarized Antenna Case

In this section, we apply the two-ray model to the system model described in Section 3.1,
and calculate the received power and SIR from Friis’s formula. The received signal in Drone
2 consists of two components, i.e., the direct wave transmitted from Drone 1 through free
space and the reflected wave from the ground. The distance of the direct wave and the
reflected wave is shown as follows.

Dd =

√
D2 + |h1 − h2|2, (1)

Dr =
√

D2 + (h 1 + h2)
2. (2)

The phase difference φ between the direct wave and the reflected wave is shown as
follows.

φ = 2π(Dr − Dd)/λ. (3)

The received power, which is the interference signal at Drone 2, is shown as follows
by applying the two-ray model [15] as shown in Figure 3.

PIuav = Ptuav

(
λ

4π

)2
∣∣∣∣∣∣

√
Gdir
Dd

+ R

√
Gre f e−j∆φ

Dr

∣∣∣∣∣∣

2

, (4)

√
Gdir =

√
GbGd, (5)

√
Gre f =

√
GaGc, (6)

where Ptuav denotes the transmit power of Drone 1, R denotes the reflection coefficient,√
Gdir denotes the product of the antenna field patterns along the LoS direction,

√
Gre f

denotes the product of the antenna field patterns along the reflected path. The antenna
model is based on the following Equation (7).

G(θ) = 10G0−3.01 2θ
θB

(
− θml

2
≤ θ ≤ θml

2

)

= 10−0.411ln θB−10.6
(

0 < − θml
2

,
θml
2

< θ

)
, (7)
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G0 = 20log10


 1.62

sin
π

180 θB
2


, (8)

θml = 2.58θB, (9)

where θB denotes the half-width angle, θml denotes the main lobe width, and G0 denotes
the antenna gain.

The power of the desired signal transmitted from GU2 is shown as follows [16].

Pup = Pt

(
λ

4π

)2 GtG0

h2
2

, (10)

where Pt denotes the terminal ground power, and Gt denotes the terminal antenna gain.
From the above, SIR can be shown as follows.

SIR =
Pup

PIuav
, (11)

where Pup denotes the desired power received from GU2 to Drone 2 and PIuav denotes
the interference power received from Drone 1 to Drone 2. Figure 4 shows the SIR when
D is varied from 5 m to 125 m in the system model with h1 = 50 m and h2 = 25 m. The
green curve shows the SIR of the direct wave only, and the red curve shows the SIR of
the two-ray model that combines the direct and reflected waves. From the figure, we can
see that the red curve is less than 30 dB for the range from 5 m to 60 m, which is affected
by the ground reflection. The closer the distance between the drones is, the stronger the
interference becomes, and the more remarkably SIR performance degrades. Therefore, it is
necessary to improve the SIR performance for this target communication range. Under the
same conditions, the proposed method investigates the usage of circular polarization to
resolve the aforementioned issue as shown in the next section.
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3.3. Proposed Circularly Polarized Antenna Case

In the system model shown in Figure 2, we considered the adoption of circular po-
larization. A circular polarization wave is a polarized wave in which the electric field
propagates in a rotation like a circle. There are two advantages of using the circular polar-
ization. The first is that the alignment angle of the transmitting and receiving antennas in
the wave-front can be set freely because the electric field component propagates in a rotating
pattern. The second is that the direction of rotation of the electric field after reflection can be
reversed if the angle of incidence of the electric field is within the Brewster angle, thereby
reducing multipath fading [17]. In our system model shown in Figure 2, Drone 1 and
Drone 2 are equipped with antennas that can transmit and receive right-handed circular
polarization, and GU1 and GU2 are equipped with antennas that can transmit and receive
linearly polarized waves. The right-handed circular polarization transmitted from Drone
1 is converted to left-handed circular polarization after reflection from the ground, and
Drone 2, which is equipped with an antenna capable of receiving right-handed circular
polarization, cannot receive the left-handed circular polarization. With this principle, we
considered how to improve the SIR of Drone 2 by preventing the influence of ground
reflection. On the other hand, it should be noted that the desired signal transmitted from
GU2 is linearly polarized waves, so the power is only half when it is received by Drone
2. As to be shown in our numerical analyses summarized in Appendix A, regardless of
this power loss of 3 dB, the proposed system employing circularly polarized antennas is
still superior compared to conventional linearly polarized antennas in terms of achieved
SIR. Next, we apply the circular polarization to the system model and explain how to
calculate the electric field after reflection. The polarization plane that is vertical to the
ground is called a vertical polarization (TM wave), and that which is horizontal is called
a horizontal polarization (TE wave). The reflection coefficients for incident vertical and
horizontal polarization waves [15] are shown as follows.

ρV =
(εr − jx)sinϕ −

√
(εr − jx)− cos2 ϕ

(εr − jx)sinϕ +
√
(εr − jx)− cos2 ϕ

, (12)

ρH =
sinϕ −

√
(εr − jx)− cos2 ϕ

sinϕ +
√
(εr − jx)− cos2 ϕ

, (13)
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where εr denotes the relative dielectric constant of the earth fields, σ denotes conductivity,
ε0 denotes the dielectric constant of free space, and ϕ denotes grazing angle, where x is
defined as follows.

x =
σ

ωε0
. (14)

The reflection coefficient is determined by the shape and material of the ground and
is expressed as a complex number. In our research, we adopted the value for an average
ground in [18]. Assuming that the wave propagates in the z-axis direction, the right-handed
circular polarization can be expressed as follows.

ER = E0ejwt
{

i + jej(− π
2 )
}

e−jk0z. (15)

When the phase is 90◦ behind, the circular polarization is right-handed, and when the
phase is 90◦ ahead, the circular polarization is left-handed. Since the circular polarization
can be decomposed into TM wave and TE wave, the electric field of TM wave and TE wave
can be shown as follows.

ETM = E0i
(

ejωt
)

e−jk0z, (16)

ETE = E0jej(− π
2 )
(

ejωt
)

e−jk0z, (17)

k0 =
2π f

c
, (18)

where E0 denotes amplitude of electric field, i denotes the unit vector in the x-axis direction,
j denotes the unit vector in the y-axis direction, k0 denotes a wave number, and c denotes
the speed of light.

Based on the reflection coefficient and the incident wave, the TM and TE waves after
ground reflection are expressed as follows.

[
Er

TM
Er

TE

]
=

[
ρV 0
0 ρH

][Ei
TM

Ei
TE

]
, (19)

where Ei
TM denotes TM wave before reflection, Ei

TE denotes TE wave before reflection,
Er

TM denotes TM wave after reflection, and Er
TE denotes TE wave after reflection.

By matrix calculation, the right- and left-handed circular polarization after ground
reflection are shown as follows.

[
Er

L
Er

R

]
=

1√
2

[
1 j
1 −j

][
Er

TM
Er

TE

]
, (20)

where Er
L denotes left-handed circular polarization, and Er

R denotes right-handed circular
polarization.

The desired power to be received from GU2 to Drone 2 is shown as follows.

Pup1 =
1
2

∣∣∣∣∣∣
Eup ×

√
Pt × G0 × 1 ×

(
c

4π f h2

)2
∣∣∣∣∣∣

2

, (21)

where Eup denotes the amplitude of linear polarization, Pt denotes the transmit power of
the terminal, and G0 denotes the gain of receiving antenna (Drone 2). The reason for the
factor of a half in Equation (21) is that a circularly polarized antenna can receive only half
the power of a linearly polarized transmission. The power is calculated as the square of the
absolute value of the electric field.
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3.4. Numerical Analysis

Numerical analyses are conducted to evaluate the SIR of the conventional and pro-
posed UAV’s antennas. The parameters used in our numerical analyses are listed in Table 1.
Figure 5 shows the SIR of the system with h1 = 50 m and h2 = 25 m, while D is varied from
5 m to 125 m.

Table 1. Numerical parameters.

Parameter Value [Unit]

Carrier frequency 28 [GHz]
Bandwidth 100 [MHz]

Transmit power (drone) 13 [dBm]

Transmit power (terminal) 23 [dBm]
Transmit antenna half-width 30 [◦]

Receive antenna gain 0 [dBi]
Conductivity 5 × 10−3 [S]

Relative dielectric constant 15
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Figure 5. SIR performance with circularly polarized antenna.

The blue curve shows the SIR of the right-handed circular polarization transmitted
from Drone 1. The red curve is the same curve as Figure 4 and is shown for the sake of
comparison. The SIR is less than 20 dB when the circularly polarized antenna is not applied
for the range 20 m and 60 m, which is affected by the ground reflection. On the other hand,
the SIR of more than 40 dB can be achieved in the case of circular polarization. However,
when the distance between the users is closer, e.g., from 5 m to 20 m, the SIR is less than
30 dB even in the case of circular polarization. The reason for this phenomenon is that
Drone 2 is placed within the main lobe of Drone 1’s antenna. In order to improve the SIR in
these specific distance ranges, it is preferred to introduce antennas of narrower beam-width.
When the separation of the drones is more than 60 m, we can see a significant increase
in the SIR. This is owing to the fact that the reflected wave is received with side lobes at
the receiver.
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4. Backhaul Link Analysis

In this section, the system model in Section 3 is further extended to the scenarios with
the existence of backhaul drones. Section 4.1 describes the extended system model with the
existence of backhaul drones. In Section 4.2, the SIR performance at the access drones is
evaluated. Furthermore, Section 4.3 evaluates the SIR performance at the backhaul drones.

4.1. System Model

A system model with backhaul drones is shown in Figure 6. In this system, a backhaul
drone Drone3 is placed on top of the access drone Drone1 providing DL services to the user
GU1. Similarly, a backhaul drone Drone4 is placed above the access drone Drone2 providing
UL services to the user GU2. Let h3 be the height of the backhaul drone Drone3, and h4 be
the height of the backhaul drone Drone4, respectively. Focusing on Drone2, the desired
signal is the signal transmitted from GU2, and the signals received from other sources are
interference signals. Similarly, the desired signal for Drone4 is the signal transmitted from
Drone2, and the signals received from other drones are interference signals. The access
drone plays the role of a Decode-and-Forward (DF) relay station transferring DL or UL
data between the ground user and the backhaul drone. For that purpose, each access drone
is assumed to be equipped with two antenna interfaces, each facing its corresponding
user and backhaul drone, respectively. For the user-facing interface, an antenna of wide
beam-width is desired to cover users distrusted on the ground. On the other hand, for the
backhaul drone-facing interface, an antenna of narrow beam-width is preferred [19].
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Figure 6. System model with backhaul drones. Arrows mean communication links established
between these transmitters and receivers.

Similar to Section 3, the SIR performance at different types of drones of the system
is investigated in the next two subsections, assuming that circularly polarized antennas
are employed at these drones. The difference from Section 3 is that the polarization plane
can be selected for the access link and the backhaul link. One such example pattern is to
use right-handed circularly polarized antennas for access links and left-handed circularly
polarized antennas for backhaul links, etc. Such combinations of polarization planes will
be investigated in the following parts of the paper, in terms of achieved SIR.

4.2. SIR Performance at the Access Drones

In this subsection, the SIR at Drone2, which is receiving signals will be analyzed.
Figure 7 shows the signal reception model at Drone2 when linearly polarized antennas are
used in both backhaul and access links as a conventional system. The blue signal represents
the desired signal and the green signal represents the interference signal. In this case of
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linear polarization, the interference signals received by Drone2 are the direct and reflected
waves from Drone1, and the direct and reflected waves from Drone3.
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Figure 7. Signal reception model at Drone2 (linear polarization case). Blue arrows mean communica-
tion links established between these transmitters and receivers. Green arrows mean interference links
between these transmitters and receivers. Similar for the other mentioned figures.

Figure 8 shows the signal reception model at Drone2 when the backhaul link and
access link employ the same polarization plane, e.g., right-handed circularly polarized
antennas, as depicted in the figure. The dashed line represents an inversed polarization
plane with a different rotation direction, i.e., left-handed circular polarization plane in
this figure. As for the interference signal as a whole, the influence of the reflected wave is
reduced, owing to the polarization plane inversion at ground reflection. Thus, the influence
of the direct wave becomes dominant in this proposed model.
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Figure 8. Signal reception model at Drone2 (same polarization antennas are used at both access and
backhaul links, dashed line represents the inversion of polarization plane due to ground reflection).

Figure 9 shows the signal reception model at Drone2 when the backhaul link and
access link employ antennas of different polarization planes. Since the left-handed circularly
polarized wave is transmitted from Drone3, it becomes a right-handed circularly polarized
wave after reflection to be received at Drone2. Therefore, the reflected wave from the
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backhaul drone and the direct wave from the access drone dominate the entire interference
signal in the model of Figure 9.
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Figure 9. Signal reception model at Drone2 (different polarization antennas are used at access and
backhaul links).

Figure 10 shows the signal reception model at Drone2 when the same polarization
plane is employed at each uplink or downlink communication link, but different polariza-
tion planes are used at these two adjacent UL/DL systems. From the figure, the influence
of reflected waves from neighboring backhaul drones and neighboring access drones
dominates the interference signal as a whole.
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Figure 10. Signal reception model at Drone2 (different polarization antennas are used at adjacent
UL/DL communication links).

Figure 11 shows the SIR characteristics of Drone2 when D is varied from 10 m to
100 m, with both h1 and h2 fixed at 25 m, and h3 and h4 both fixed at 75 m for the above
four patterns of polarization combinations, knowing that these drones’ altitudes were
empirically selected based on our own experiences in realistic outdoor environments [8].
The green curve shows the performance of the conventional linear polarization case in
Figure 7, just for the sake of comparison. The red line shows the case of Figure 8 where
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the backhaul link and access link use same plane of polarization. Since the influence
of direct wave is dominant, the SIR performance of this case almost outperforms other
cases even when the distance between adjacent drones is shorten. It can be seen that D
must be separated by approximately 13 m or more to satisfy our system requirement of
16.8 dB [20]. Compared to the case without the existence of backhaul drones in Figure 5,
the new result reveals the necessity of increasing the separation distance between these
adjacent UL/DL communication links to achieve a system’s target SIR under the existence
of backhaul drones.
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Figure 11. SIR performance at Drone 2 under the existence of backhaul drones.

The blue line indicates the case where the backhaul link and access link employ
antennas of different polarization planes as in Figure 9 (denoted as “Different1” in the
legend). It can be seen that D must be separated by about 26 m or more to satisfy the system
requirement for this type of polarization selection. The SIR performance of the blue curve
temporarily takes a high value when D is about 30 m and 68 m. These can be explained by
the nulls of the employed antennas.

The magenta line shows the performance when using different planes of polarization
for uplink/downlink links separately as in Figure 10 (denoted as “Different2” in the
legend). It can be seen that D must be separated by about 55 m or more to satisfy the system
requirement. For this scenario, since the interference is dominated by the ground-reflected
waves from both Drone1 and Drone3, the separation requirement is even stricter compared
to the two aforementioned cases. We can also remark that there is no significant difference
in the SIR characteristics when D is sufficiently large, regardless of different circular
polarization choices. Overall, as red curve shows the best performance, it is recommended
to use antennas of a same type of circular polarization for all access/backhaul and UL/DL
links. Such selection also simplifies the system design.

4.3. SIR Performance at the Backhaul Drones

SIR for Drone4, which is receiving signals, can be calculated in the same way as in
Section 4.1. Figure 12 shows the signal reception model at Drone4 when using linearly
polarized antennas at both the backhaul and access links as a comparison scheme. The
blue signal represents the desired signal and the green signal represents the interference
signal. In the case of linear polarization, the interference signals received by Drone4 are the
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direct and reflected waves from Drone1, the direct and reflected waves from Drone3, and
the signal from GU2.
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Figure 12. Signal reception model at Drone4 (linear polarization case).

Figure 13 shows the signal reception model at Drone4 when the same circular polariza-
tion plane is used at both the access and backhaul links. Among all the interference signals,
only the direct waves are dominant, owing the polarization plane inversion of the ground
reflected paths.
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Figure 13. Signal reception model at Drone4 (same polarization antennas are used at both access and
backhaul links).

Figure 14 shows the signal reception model at Drone4 when different circular polar-
ization planes are assigned to the backhaul and access link, respectively. The interference
signals received by Drone4 are the direct wave from Drone3, the reflected wave from
Drone1, and the signal from GU2.
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polarization planes of the interference paths caused by ground reflection were inversed 
such that the only dominant interference source is from GU2, transmitting at lower trans-
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Figure 14. Signal reception model at Drone4 (different polarization antennas are used at access and
backhaul links).

Figure 15 shows the signal reception model at Drone 4 when adjacent UL/DL drones
communicate using different planes of polarization. In this model, the influence of reflected
waves from adjacent access and backhaul drones is dominant due to the polarization plane
inversion effect.
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Figure 15. Signal reception model at Drone4 (different polarization antennas are used at adjacent
UL/DL communication links).

Figure 16 shows the SIR characteristics of Drone4 when D is moved from 10 m to
100 m, with both h1 and h2 fixed at 25 m, and h3 and h4 both fixed at 75 m, as in Section 4.2
for the aforementioned four patterns. The red line shows the case where the backhaul link
and access link employ antennas of the same plane of polarization, as shown in Figure 13.
Regardless of D, the SIR takes a nearly constant value of 45 dB, much higher than the system
requirement of 16.8 dB. Such superior performance is owing to the fact that the polarization
planes of the interference paths caused by ground reflection were inversed such that the
only dominant interference source is from GU2, transmitting at lower transmit power.
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The blue line shows the performance where different polarization planes are assigned
to the backhaul and access drones, respectively, as shown in Figure 14 (denoted as “Dif-
ferent1” in the legend). As the dominant interference source in this case is due to the
ground reflection path from Drone1, the SIR performance gradually increases against larger
separation D and achieves the peak when D is about 30 m, which corresponds to the null
of the receive antenna pattern at Drone4.

The magenta line shows the performance when different polarization planes are
assigned for adjacent UL/DL drones, as shown in Figure 15 (denoted as “Different2” in the
legend). Similar to the previous scenario, the dominant interference sources are from the
ground reflection paths from both Drone1 and Drone3. It results in almost the same SIR
performance trend as that of “Different1”, but at a lower value of SIR.

In the overall, the performance of applying circular polarization is superior to the
conventional scheme of linear polarization, shown by the green curve of Figure 16. For
the proposed schemes, the SIR performance of all curves converges at the value of 45 dB
when enough D separation (larger than 60 m) is attained. It means that in these regions, the
effect of inter-drone interference is negligible and the only remaining interference source is
from the ground user GU2. Among all of the comparisons schemes, similar to the analysis
in Section 4.2, applying the same circular polarization plane to all the drones’ access and
backhaul interfaces yields the best SIR performance.

5. Conclusions

In this research, as a wireless network system for disaster areas using drones, we
proposed a system that transmits data in the 28 GHz band with a bandwidth of 100 MHz
used in local 5G. Asynchronous operation has been considered in response to the demand
for increasing uplink data capacity, such as sending videos from smartphones. We at-
tempted to reduce the intra/inter-system interference by properly introducing antennas
of circular polarization against a conventional system employing linearly polarized an-
tennas. In Section 3, the two-wave model was applied to analyze the SIR performance
between the access drone and the ground user. A comparison was made using different
combination planes of polarization, and our numerical result revealed that the SIR char-
acteristics were improved when antennas of the same kind of circular polarization were
employed. In Section 4, we furthermore evaluated the SIR of the system in the existence
of backhaul drones. Similarly, it was found that deploying antennas of the same kind of
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circular polarization to all the access and backhaul links of both UL/DL yields the best
performance. Overall, the introduction of circular polarization antennas in our system
helped to reduce interference significantly compared to the conventional approach of using
linearly polarized antennas. Therefore, we plan to use this type of antenna architecture in
our own system in the future. For reference, the findings of our numerical analyses are
summarized in Appendix A. We have constructed a Proof-of-Concept (PoC) system and
partially demonstrated the effectiveness of our proposed system (mainly access links) via
outdoor experiment in [8]. Our future topics include extending this PoC system [8] for the
backhaul links and conducting outdoor experiments to demonstrate the effectiveness of
introducing circularly polarized antennas in our drone communication networks.
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Appendix A. Summary of Our Numerical Investigations

The below table summarizes the numerical findings of different antenna architectures
in this paper, in terms of achieved SIR measured in dB. Type A denotes the scenarios of
only access links as observed from Figure 5. Type B and Type C denote the scenarios with
the existence of backhaul links, where SIRs are investigated at the access layer (Figure 11)
and the backhaul layer (Figure 16), respectively. The “All Linear” column shows the perfor-
mance of the conventional scheme where all antenna interfaces employ linear polarization,
while the other columns show those of our proposed system employing circularly polarized
antennas. “All Circular” means that all the drones employ the same direction of circularly
polarized antennas that is applicable for scenarios. “Counter Circular”, that can be applied
for only Type B and Type C scenarios, means that opposite directions of circularly polarized
antennas are employed for different layers of drones. More specifically, “Counter Circu-
lar 1” means that different polarization antennas are used at access and backhaul links,
while “Counter Circular 1” means that different polarization antennas are used at adjacent
UL/DL communication links.

Type D All Linear
(Figure 7)

All Circular
(Figure 8)

Counter Circular 1
(Figure 9)

Counter Circular 2
(Figure 10)

A
10 m 6 dB 20 dB - -

40 m 15 dB 42 dB - -

100 m 60 dB 80 dB - -

B
10 m −7 dB 7 dB −12 dB −17 dB

40 m 11 dB 30 dB 15 dB 14 dB

100 m 29 dB 39 dB 38 dB 35 dB

C
10 m 8 dB 44 dB 25 dB 20 dB

40 m 19 dB 45 dB 42 dB 42 dB

100 m 20 dB 45 dB 45 dB 45 dB
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Abstract: In this paper, a method of enhancing gain in a microstrip patch array antenna using two
metallic plates for 24 GHz radar applications is presented. A 4 × 1 linear microstrip square patch
array antenna covering the 24.0 to 24.25 GHz frequency range and using a shunt-connected series
feed network with a tapered power distribution was first designed with a measured maximum gain
of 9.8 dBi and dimensions of 30 mm × 12 mm. Two metallic plates were appended along the array
axis of the antenna to double the gain in the 4 × 1 array antenna. Effects on performance from varying
the tilting angle and length of the metallic plates, such as the input reflection coefficient, the radiation
patterns, and gain, were investigated through simulation. Gain enhancement in the 4 × 1 patch
array antenna with metallic plates was highest when the tilting angle was around 70◦, and gain kept
increasing as the length of the metallic plates increased. A prototype of the 4 × 1 patch array antenna
was fabricated with plates at a tilting angle of 70◦, a length of 50 mm, and a measured maximum
gain of 16.8 dBi. Therefore, a gain enhancement of about 7 dB was achieved by adding the metallic
plates along the array axis of the 4 × 1 patch array antenna.

Keywords: microstrip patch array antenna; gain enhancement; metallic plates; tilting angle; radar

1. Introduction

Radar measures the distance, direction, angle, and speed of an object or a target by
using reflected electromagnetic waves that return from the object after transmitting them [1].
Radar was developed during World War II for air defense applications to detect German
aircraft. Its usage has progressively widened to civilian and commercial applications, such
as airports and harbor traffic control, weather forecasting, and Earth remote sensing [2]. Re-
cently, it has been widely used for automotive and industrial applications, such as collision
avoidance and adaptive cruise control in advanced cars, for traffic monitoring, level sens-
ing, and motion detection because of low-cost single-chip solutions from semiconductor
integration [3].

Radar, in general, is divided into continuous-wave (CW) radar and pulse radar based
on the waveform of the transmitted signals [4]. Pulse radar transmits and receives a pulse
signal; the shorter the pulse width, the better the distance resolution. Since pulse radar
uses pulse waveforms, it has high instantaneous power and requires a wide frequency
bandwidth. Therefore, it is challenging to implement in hardware, expensive, and mainly
used for military purposes. CW radar is divided into three types: single-tone CW, frequency
shift keying (FSK), and frequency-modulated CW (FMCW). In single-tone CW, the object’s
speed can be detected by the frequency change due to the Doppler from the object’s
movement, when the object reflects the electromagnetic wave. However, this type of
radar cannot measure the distance to the object or the velocity of a stationary object. FSK
can measure the speed and distance of a moving object by using two or more discrete
transmission frequencies but cannot measure the distance to a stationary object. FMCW
uses a voltage-controlled oscillator (VCO) to calculate the shift between the received
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frequency and the transmitted frequency using the linear frequency modulated transmitted
frequency to measure the speed and distance of a moving object as well as the distance to a
stationary object. Hence, FMCW is the most accurate and widely used method because of
its advantages.

Three main operating frequency bands exist for automotive millimeter-wave radar:
24 GHz, 77 GHz, and 79 GHz [5]. The 24 GHz frequency band (24.0 GHz to 24.25 GHz) is
allocated to short-ranges up to 30 m and is used in blind-spot detection, rear cross-traffic
alerts, and collision avoidance, whereas the 77 GHz frequency band (76 GHz to 77 GHz) is
allocated to long ranges up to 250 m and is used in adaptive cruise control and forward
collision warning systems. The 79 GHz frequency band (77 GHz to 81 GHz) is allocated
to high-resolution short-range applications. The upper millimeter wave band (100 GHz
to 300 GHz) or the sub-terahertz band (100 GHz to 1000 GHz) is expected to be used for
higher-resolution radar applications shortly [6,7].

A radar system usually consists of transmitter circuitry producing high-frequency
signals, a transmitting antenna sending the signals toward the target, a receiving antenna
capturing the signal reflected from the target, and a receiver circuitry extracting the infor-
mation of interest from the received signal [4]. High-gain directional antennas are required
for radar systems. Generally, the antennas used for radar systems can be classified into
reflector antennas, lens antennas, and array antennas [8,9]. Reflector antennas consist of a
feed antenna and a parabolic reflector. The feed antenna, placed at the reflector’s focal point,
is the source of the transmitted waves and is the collection point for the received waves.
The reflector reflects the transmitted waves in the direction of its axis to make plane waves
and reflects the received waves coming from the axis direction to the focal point. Types of
reflector antennas used for radar systems are the parabolic reflector antenna, the Cassegrain
reflector antenna with dual reflectors, and the offset feed reflector antenna. Lens antennas
have been used for radar systems because they can convert a spherical wave into a plane
wave to produce high gain. A convex-plane lens using low-loss dielectric material with a
relative permittivity greater than 1 can be used. A Luneburg lens, a spherical dielectric lens
with a graded index of refraction (increasing toward the center), can create multiple beams
using multiple feed antennas. Lens antennas offer several advantages, such as a wide scan
angle, a very low sidelobe, and low feed blockage, compared to reflector antennas. Still,
they are very thick and heavy at microwave frequencies, and the attenuation caused by the
loss tangent of the dielectric material is significant. Various array antennas using different
array elements, such as dipoles, waveguide slots, horns, and microstrip patches, have also
been widely used to achieve high gain for radar systems. Various planar microstrip patch
array antennas are mainly used for commercial semiconductor-integrated radar sensors.

The microstrip patch array antenna configurations are based on the feed network [10,11].
There are three types of feed networks for the microstrip patch array antennas: series, parallel
(or corporate), and series-parallel combination. In the parallel feed network, input power
is distributed to all radiating elements using power dividers. Larger frequency bandwidths
can be achieved, and the configuration is modular. Since the path length to each array
element is the same, each element has the same power and phase. However, the parallel feed
network requires a very large space; a long length in the feed network causes high feed losses,
and discontinuity between line corners causes large mutual coupling effects that distort the
radiation patterns resulting in a high cross-polarization level. In the series feed network, array
elements are serially fed from a single transmission line, and the total lengths of the feed line
can be minimized with reduced losses and lower sidelobes. The series feed network can be
divided into in-line and shunt-connected. For the in-line series feed network, array elements
are placed in series and are connected by an intervening transmission line. Therefore, it is
most compact in size and efficient in space usage. For the connection between array elements,
direct connection or coupled connection can be employed. Since the electrical length of the
transmission line between the elements changes as the frequency changes, the main beam
direction changes and can be used for frequency beam scanning. In addition, the frequency
bandwidth of the in-line series feed network is narrower, compared to the corporate network.
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The shunt-connected series feed network is the same as the in-line series feed network, but
the array elements branch out from the transmission line, and each element has only one
transmission line. The lengths of the paths between the elements can be adjusted to make the
array insensitive to frequency variation. The series-parallel combination feed network can
compensate for the disadvantages of series and parallel feed networks.

According to the radar equation, maximum detection range varies as a square root of
the antenna gain. Therefore, we can double the maximum detection range by increasing the
antenna gain by four times (6 dB) [8]. Various gain enhancement methods for microstrip
patch antennas have been attempted. Fabry–Perot cavity (FPC) antennas, formed by the
ground plane of the feed patch antenna and a partially reflective surface (PRS) located
above the ground plane with some spacing, have been extensively studied for gain enhance-
ment [12–16]. The PRS is also called the superstrate, and it consists of arrays of periodic
metallo-dielectric or pure dielectric elements. Gain in the FPC antenna is proportional to
the reflection magnitude and the dimensions of the PRS. Hemispherical, extended hemi-
spherical with a cylinder, elliptical, or planar graded index dielectric lenses have been used
for gain enhancement [17–20]. Another method to increase gain is the use of a metallic horn
structure mounted on the surface of the patch radiator [21–25]. Gain from the antennas
integrated with a surface-mounted horn structure depends on the dimensions and slant
angle. For the horn structure, a pyramidal horn, a conical horn, or two side wings can
be used.

In this paper, a gain-enhanced 4 × 1 microstrip patch array antenna with metallic
plates for 24 GHz radar applications is proposed. First, a reference 4 × 1 microstrip square
patch array antenna with a shunt-connected series feed network using a tapered power
distribution was designed to cover the 24.0 to 24.25 GHz frequency range. As the tilting
angle and length of the metallic plates were varied, variations in the input reflection
coefficient (S11), radiation patterns, and gain characteristics of the microstrip patch array
antenna with the metallic plates were investigated in order to find the optimum design
parameters for gain enhancement. Full-wave simulations were performed using CST Studio
Suite (Dassault Systèmes Co., Vélizy-Villacoublay, France) [26].

2. Designing the 4 × 1 Microstrip Square Patch Array Antenna
2.1. The Single Microstrip Square Patch Antenna

First, an inset-fed microstrip square patch antenna to be used as an element of the
4 × 1 microstrip patch array antenna was designed to cover the 24.0 to 24.25 GHz frequency
range on an HF-350F substrate (εr = 3.5, h = 0.254 mm, tan δ = 0.0029), as shown in Figure 1a.
Initially, the length of square patch antenna was calculated as follows [27]:

L1 = 0.48λg (1)

λg =
c

fr
√

εreff
(2)

εreff =
(εr + 1)

2
+

(εr − 1)

2
√

1 + (12h)
W

(3)

W =
c

2 fr

√
εr+1

2

(4)

in which L1 is the side length of the square patch antenna; λg is the guided or effective
wavelength considering the relative permittivity of the substrate; f r is the desired resonant
frequency of the square patch antenna; c is the speed of light; εr is the relative permittivity
of the substrate; εreff is the effective relative permittivity; h is the substrate thickness; and W
is the width of the microstrip line.
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Figure 1. Design and performance of the single microstrip patch antenna: (a) the geometry, (b) the
input reflection coefficient, (c) realized gain in the +z-axis direction, and (d) radiation patterns on the
y–z and z–x planes at 24.125 GHz.

The calculated length of the square patch using Equations (1) to (4) is L1,calculated = 3.34 mm.
By using this information, the length of the inset-fed square patch was then adjusted through
simulation by varying the width and length of the inset in order to make the patch resonate at
24.125 GHz, as shown in Figure 1b. The final length of the square patch was L1 = 3.22 mm. For
the simulation, the length of the square ground plane was set at Lg1 = Wg1 = 7 mm, and a 100 Ω
microstrip feed line with a width of wf1 = 0.125 mm was used. The final width and length of the
inset were wis1 = 0.25 mm and lis1 = 1.0 mm, respectively. The simulated frequency bandwidth
for a voltage standing wave ratio (VSWR) less than 2 in the input reflection coefficient was
23.853 to 24.404 GHz (2.28%), which covers the 24.0 to 24.25 GHz frequency band.

Simulated realized gain in the +z-axis main lobe direction as a function of frequency
and radiation pattern at 24.125 GHz are plotted in Figure 1c,d, respectively. Gain in the
24.0 to 24.25 GHz band ranged from 6.18 dBi to 6.26 dBi with maximum gain at 24.125 GHz.
Half power beam width (HPBW) for the y–z plane was 88.7 degrees, whereas for the z–x
plane, it was 85.3 degrees.

2.2. Designing 4 × 1 Shunt-Connected Series Feed Networks Using Uniform and Tapered
Power Distributions

In this subsection, 4 × 1 shunt-connected series feed networks using uniform and
tapered power distributions are designed, and theoretical and simulated scattering param-
eters of the networks are compared.

2.2.1. Uniform Power Distribution

Figure 2 shows the geometry and scattering parameter characteristics of the 4 × 1
shunt-connected series feed network using a uniform power distribution. Port 1 is con-
nected by a 50 Ω subminiature version A (SMA) connector for measurement, and the
characteristic impedance, length, and width of the microstrip line connected to port 1 are
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Zc1 = 50 Ω, l1 = 1.87 mm, and w1 = 0.54 mm, respectively. Port 1 feeds ports 2 to 5 where
four inset-fed square patches are connected. The input impedance of ports 2 to 5 was set
to 100 Ω, with the characteristic impedance and width of the microstrip line connected to
ports 2 to 5 at Zc2 = 100 Ω and w2 = 0.125 mm, respectively. The spacing among ports 2 to 5
was set to l2 = 7.49 mm, which is about one guided wavelength of the microstrip line at
24.125 GHz. If the power loss in the microstrip line is ignored, the input power to port 1 is
the sum of the power delivered to ports 2 to 5:

P1 = P2 + P3 + P4 + P5 (5)

where P1, P2, P3, P4, and P5 denote the power delivered to ports 1, 2, 3, 4, and 5, respectively.
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Figure 2. Geometry and scattering parameter characteristics of the 4 × 1 shunt-connected series feed
network using a uniform power distribution: (a) the geometry and (b) scattering parameters.

Port 1 is located between ports 3 and 4, and two 100 Ω microstrip lines branch out
to the left and right symmetrically at the end of the 50 Ω microstrip line connected to
port 1. Two T-junction structures connect the two branched microstrip lines to ports
2 to 5. A quarter-wavelength transformer (QWT) is used at the input microstrip line of
the T-junction structure for impedance matching. For instance, since the characteristic
impedance of the microstrip lines to ports 4 and 5 is Zc2 = 100 Ω, the impedance seen at the
junction of the microstrip lines toward ports 4 and 5 is Zi1 = Zc2//Zc2 = 50 Ω, which is the
parallel impedance of the characteristic impedance of the microstrip lines to ports 4 and 5.
Therefore, the impedance of the QWT can be calculated as follows:

Zc3 =
√

Zc2 × Zil =
√

100 × 50 = 70.71 Ω (6)

The corresponding length and width of the QWT are l1 = (1/4 × l2) = 1.87 mm and
w3 = 0.29 mm, respectively.

For uniform power distribution, the input power at port 1 is delivered equally to ports
2 to 5. Therefore, the power distribution among ports 2 to 5 is 1:1:1:1, and the power deliv-
ered to ports 2 to 5 is one quarter of P1 or P2 = P3 = P4 = P5 = (1/4 × P1). Since the power at
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a port is proportional to the square of the voltage, and scattering parameters are defined as
the input–output voltage ratio between ports, the scattering parameters between port 1 (in-
put) and ports 2 to 5 (output) should theoretically be S21 = S31 = S41 = S51 = 1/2 = −6 dB. The
4 × 1 shunt-connected series feed network with uniform power distribution in Figure 2a
was simulated using CST Studio Suite, and the simulated scattering parameters
between port 1 (input) and ports 2 to 5 (output) at 24.125 GHz were S21 = S51 = −6.13 dB,
S31 = S41 = −5.96 dB, respectively. The simulated scattering parameters at 24.125 GHz were
close to −6 dB, and this validates the uniform power delivery from port 1 to ports 2 to 5.

2.2.2. Tapered Power Distribution

To reduce sidelobe levels in the radiation patterns of the 4 × 1 array antenna, a 4 × 1
shunt-connected series feed network using a tapered power distribution ratio of 1:5:5:1
was designed, and the geometry and scattering parameter characteristics are shown in
Figure 3. In this case, the characteristic impedance, length, and width of the microstrip line
connected to port 1 are Zc1 = 50 Ω, l1 = 1.87 mm, and w1 = 0.54 mm, respectively. Similarly,
the input impedance of ports 2 to 5 was set to 100 Ω with the characteristic impedance and
width of the microstrip line connected to ports 2 to 5 at Zc2 = 100 Ω and w2 = 0.125 mm,
respectively. For a tapered power distribution with a power ratio of 1:5:5:1, the power
delivered to the two center ports (3 and 4) is five times that delivered to edge ports (2 and
5). Therefore, the power delivered to center ports 3 and 4 is P3 = P4 = (5/12 × P1), whereas
the power delivered to edge ports 2 and 5 is P2 = P5 = (1/12 × P1).
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Figure 3. Design and scattering parameter characteristics of the 4 × 1 shunt-connected series feed
network using tapered power distribution: (a) the geometry and (b) scattering parameters.

Two QWTs were used for impedance matching: one at the input microstrip line of
the T-junction structure, and the other in the middle of the microstrip line of edge ports
2 and 5. For QWT 1 at the input microstrip line of the T-junction structure, different power
distributions connected to the input microstrip line need to be considered. For instance,
since the power delivered to port 4 (P4) is five times the power delivered to port 5 (P5),
and the power ratio of the microstrip line is inversely proportional to the impedance ratio,
the impedance of port 5 (Zp5) should be five times the impedance of port 4 (Zp4). If we
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assume the impedance of port 4 as Zc2 = 100 Ω, the impedance toward port 5 should
Zp5 = 5 × Z c2 = 500 Ω. The input impedance at the junction of the microstrip lines toward
ports 4 and 5 was Zi1 = Zc2//Zp5 = 83.33 Ω. Therefore, the characteristic impedance of the
QWT 1 can be calculated as follows:

Zc3 =
√

Zc2 × Zil =
√

100 × 83.33 = 91.29 Ω (7)

The length and width of QWT 1 are l1 = 1.87 mm and w3 = 0.16 mm, respectively.
For QWT 2 in the middle of the microstrip line of edge ports 2 and 5, impedance

transformation of Zp5 (=500 Ω) to Zc2 (=100 Ω) needs to be considered. For example, if
a QWT is directly used to transform Zp5 = 500 Ω to Zc2 = 100 Ω, the impedance of the
QWT became 223.61 Ω, where the corresponding microstrip line width is extremely small
and hard to implement. To avoid this problem, a 100 Ω microstrip line with a quarter-
wavelength was located first, followed by the QWT. In this case, the impedance seen at the
input of the QWT 2 becomes:

Zi2 =
Z2

c2
Zp5

=
1002

500
= 20 Ω (8)

Therefore, the impedance of QWT 2 can be calculated as follows:

Zc4 =
√

Zc2 × Zi2 =
√

100 × 20 = 44.72 Ω (9)

The corresponding length and width of QWT 2 are l1 = 1.87 mm and w4 = 0.65 mm,
respectively.

For tapered power distribution with a power ratio of 1:5:5:1, the scattering parameter be-
tween port 1 (input) and ports 2 and 5 (output) is theoretically S21 = S51 =

√
1/12 = −10.79 dB,

whereas the scattering parameter between port 1 (input) and ports 3 and 4 (output) is
S31 = S41 =

√
5/12 = −3.8 dB. The 4 × 1 shunt-connected series feed network with a ta-

pered power distribution of 1:5:5:1 in Figure 3a was simulated using CST Studio Suite.
The simulated scattering parameters between port 1 (input) and ports 2 and 5 (output)
at 24.125 GHz were S21 = S51 = −10.79 dB, whereas the simulated scattering parameters
between port 1 (input) and ports 3 and 4 (output) at 24.125 GHz were S31 = S41 = −3.88 dB.
The simulated scattering parameters at 24.125 GHz are close to the theoretical scattering
parameters, and this validates the tapered power delivery from port 1 to ports 2 to 5.

2.3. Performance of the 4 × 1 Microstrip Square Patch Array Antenna Combined with
Shunt-Connected Series Feed Networks Using Uniform and Tapered Power Distributions

This subsection compares the performance of the 4 × 1 microstrip square patch array
antenna when combined with shunt-connected series feed networks using uniform and
tapered power distributions.

First, the 4 × 1 microstrip square patch array antenna combined with a shunt-
connected series feed network using a uniform power distribution was designed by adding
four square patches at ports 2 to 5 from Figure 2a, as shown in Figure 4a.

Note that the location of port 1 is between ports 3 and 4 to reduce the size of the array
antenna, compared to Figure 2a, and a circular disk was appended to port 1 for impedance
matching with a coaxial feed to the SMA connector. The final radius of the circular disk
was r1 = 0.45 mm. The width and length of the inset in the patch are wis2 = 0.25 mm
and lis1 = 1.1 mm, respectively. The width and length of the ground plane were set at
Wg2 = 30 mm and Lg2 = 12 mm, respectively. The values of other parameters were the same
as those in Figure 2a. Figure 4b shows the electric field distribution of the 4 × 1 microstrip
square patch array antenna combined with the shunt-connected series feed network using
uniform power distribution at 24.125 GHz. We observed that the electric fields were almost
equally distributed on the four patches corresponding to the uniform power distribution.
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Figure 4. Design and electric field distribution of the 4 × 1 microstrip square patch array antenna
combined with a shunt-connected series feed network using a uniform power distribution: (a) the
geometry and (b) the electric field distribution at 24.125 GHz.

Next, the 4 × 1 microstrip square patch array antenna combined with a shunt-
connected series feed network using a tapered power distribution ratio of 1:5:5:1 was
designed by adding four square patches at ports 2 to 5 from Figure 3a, as shown in
Figure 5a. The parameter values are the same as those in Figures 3a and 4a. Figure 5b
shows the electric field distribution of the 4 × 1 microstrip square patch array antenna
combined with the shunt-connected series feed network using tapered power distribution
at 24.125 GHz. The electric fields on the two center patches were much higher than those
on the two edge patches, which confirmed the tapered power distribution.

Figure 6 compares performance characteristics such as input reflection coefficient,
realized gain in the +z-axis main lobe direction, and the radiation patterns of the 4 × 1
microstrip square patch array antennas combined with the shunt-connected series feed
networks using uniform and tapered power distributions. For the 4 × 1 patch array antenna
using uniform power distribution, the simulated frequency bandwidth for a VSWR less
than 2 in the input reflection coefficient was 23.805 to 24.429 GHz (2.59%), which is slightly
larger than that of the single patch antenna. The frequency bandwidth for a VSWR less
than 2 in the 4 × 1 patch array antenna using the tapered power distribution was 23.836 to
24.402 GHz (2.35%), which is slightly less than the uniform power distribution. Realized
gain in the +z-axis direction of the antenna using uniform power distribution ranged from
11.44 dBi to 11.64 dBi in the 24.0 to 24.25 GHz band with maximum gain at 24.125 GHz,
whereas it ranged from 10.94 dBi to 11.11 dBi in the 24.0 to 24.25 GHz band with maximum
gain at 24.125 GHz in the 4 × 1 patch array antenna using the tapered power distribution.
Therefore, maximum gain at 24.125 GHz was decreased by 0.53 dB when the tapered power
distribution was employed instead of the uniform power distribution. For the 4 × 1 patch
array antenna using uniform power distribution, HPBW for the y–z plane was 76.7 degrees
at 24.125 GHz, whereas for the z–x plane, it was 22.0 degrees with a sidelobe level of
−13.4 dB.
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Figure 6. Performance comparison of the 4 × 1 microstrip square patch array antenna combined with
shunt-connected series feed networks using uniform and tapered power distributions: (a) the input
reflection coefficient, (b) the realized gain in the +z-axis direction, (c) the radiation patterns on the
y–z plane at 24.125 GHz, and (d) the radiation patterns on the z–x plane at 24.125 GHz.
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For the 4 × 1 patch array antenna using a tapered power distribution, the HPBW for
the y–z plane was 75.5 degrees at 24.125 GHz, whereas for the z–x plane, it was 26.6 degrees
with a side-lobe level of −21.3 dB. We observed that although the HPBW for the z–x plane
increased by 4.6 degrees with a resulting maximum gain reduction, the sidelobe level for
the z–x plane decreased by 7.9 dB when the tapered power distribution was used instead
of the uniform power distribution.

3. Design of 4 × 1 Microstrip Square Patch Array Antenna Appended with Two Metallic
Plates
3.1. Effects from the Tilting Angle when the Metallic Plate Length Is 10 mm

To increase gain in the 4 × 1 patch array antenna using tapered power distribution,
two metallic plates were appended along the array axis (x-axis), as shown in Figure 7a. The
width of the metallic plates, wm, is the same as the ground plane width of the 4 × 1 patch
array antenna. The effects on performance from varying tilting angle θ of the metallic plates
were investigated. In this case, the tilting angle was varied from 0◦ to 90◦ at increments of
10◦ when the length of the metallic plates was fixed at lm = 10 mm. Figure 7b,c shows the
input reflection coefficients, and the frequencies and magnitudes at the minimum of the
input reflection coefficients. The minimum frequency of the input reflection coefficients
decreased from 24.106 GHz to 24.02 GHz as θ increased from 0◦ to 60◦. When θ increased to
70◦ and 80◦, the minimum frequency increased to 24.072 GHz and 24.164 GHz, respectively.
The minimum frequency decreased to 23.918 GHz when θ increased to 90◦. The magnitude
at the minimum frequency ranged from −24.59 dB to −33.52 dB except for θ = 60◦ and
90◦. For θ = 60◦, the value decreased to −51.08 dB, whereas it increased to −16.66 dB for
θ = 90◦. Figure 7d,e shows the realized gain characteristics in the +z-axis direction, and
the frequencies and values of maximum gain. The maximum gain frequency ranged from
24.1 GHz to 24.2 GHz when θ ranged from 0◦ to 80◦, whereas it decreased to 23.9 GHz at
θ = 90◦.

When θ increased from 0◦ to 30◦, the maximum gain value decreased from 10.12 dBi
to 4.05 dBi owing to the null on the +z-axis direction. As θ increased from 40◦ to 70◦, the
value increased from 8.57 dBi to 13.12 dBi. However, it decreased in the range 11.24 dBi to
11.52 dBi, when θ increased to 80◦ and 90◦. Figure 7f,g compares the radiation patterns on
the y–z and z–x planes in the +z-axis direction, whereas Figure 7h,i compares 3D radiation
patterns when θ = 30◦ and θ = 70◦, respectively. We observed a null on the +z-axis direction
when θ = 30◦, and maximum gain was highest when the tilting angle was θ = 70◦. Therefore,
θ = 70◦ was chosen for maximum gain enhancement. Note that this tilting angle is similar
to that of a standard pyramidal horn antenna.

3.2. Effects from the Length of the Metallic Plates when θ = 70◦

Next, the effects on performance from length lm of the metallic plates were investigated,
as shown in Figure 8. In this case, the length of the metallic plates was varied from 5 mm to
50 mm in increments of 5 mm when the tilting angle was fixed at θ = 70◦ for maximum gain
enhancement. Figure 8b,c shows the input reflection coefficients, and the frequencies and
magnitudes at the minimum of the input reflection coefficients. The minimum frequency
of the input reflection coefficients increased from 23.894 GHz to 24.156 GHz as lm increased
from 5 mm to 15 mm. When lm increased from 20 mm to 50 mm, the minimum frequency
decreased to within the 24.054 GHz to 24.094 GHz range. The magnitude at the minimum
frequency ranged from −21.96 dB to −26.08 dB except for lm = 20 mm. For lm = 20 mm, the
magnitude increased to −19.6 dB.
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Figure 7. Effects from tilting angle θ of the 4 × 1 array antenna appended with two metallic plates
when lm = 10 mm: (a) the geometry, (b) S11, (c) the frequencies and magnitudes at the minimum of
S11, (d) realized gain, (e) the frequencies and values of maximum gain, (f) radiation patterns on the
y–z plane for maximum gain frequency, (g) radiation patterns on the z–x plane for maximum gain
frequency, (h) 3D radiation pattern at θ = 30◦, and (i) 3D radiation pattern at θ = 70◦.

Figure 8d,e shows the realized gain characteristics in the +z-axis direction, and the
frequencies and values of maximum gain. The maximum gain frequency ranged from
23.9 GHz to 24.1 GHz, whereas the maximum gain value increased gradually from 12.33 dBi
to 18.29 dBi. Figure 8h shows the 3D radiation patterns for lm = 50 mm. As mentioned
earlier, the maximum detection range can be doubled by increasing antenna gain by four
times (6 dB) according to the radar equation. In this work, a 7 dBi gain enhancement was
selected to double the maximum detection range in consideration of additional losses and
errors occurring during fabrication. Therefore, a metallic plate length of lm = 50 mm was
chosen for gain enhancement of more than 7 dBi, compared to the 4 × 1 patch array antenna
without the metallic plates where maximum gain was 11.11 dBi.
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Figure 8. Effects from length lm of the two metallic plates on the 4 × 1 microstrip square patch array
antenna when θ = 70◦: (a) the geometry for lm = 50 mm, (b) S11, (c) the frequencies and magnitudes at
the minimum of S11, (d) realized gain, (e) the frequencies and values of maximum gain, (f) radiation
patterns on the y–z plane at maximum gain frequency, (g) radiation pattern at z–x planes at maximum
gain frequency, and (h) the 3D radiation pattern for lm = 50 mm.
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4. Experiment Results and Discussion

To validate the simulated results, the prototypes of the 4 × 1 patch array antennas
using uniform and tapered power distributions and the 4 × 1 patch array antenna using a
tapered power distribution appended with two metallic plates at the tilting angle θ = 70◦

and metallic plate length lm = 50 mm were fabricated, as shown in Figure 9. A high-
performance SMA connector (PSF-S00-000, GigaLane Co., Ltd., Hwaseong, Korea) designed
for applications up to 26.5 GHz, was used. A support structure made of acryl (εr = 2.56)
was designed and fabricated using the VLS 3.50 model laser cutting system (Universal
Laser Systems, Scottsdale, AZ, USA), as shown in Figure 9c. The dimensions of the support
structure are shown in Figure 9d. A 36 µm-thick copper tape (1181, 3M Co., Ltd., Saint Paul,
MN, USA) was used to make the two metallic plates.
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Figure 9. Photographs and dimensions of the fabricated antennas: (a) the 4 × 1 array antenna using
uniform power distribution, (b) the 4 × 1 array antenna using tapered power distribution, (c) the
4 × 1 array antenna using tapered power distribution with metallic plates, and (d) the dimensions of
the acrylic support structure for the metallic plates. (All units are in millimeters).

The simulated and measured results of the fabricated antennas are compared in
Figure 10. An Anritsu 37397C vector network analyzer (Anritsu Co., Ltd., Morgan Hill,
CA, USA) was used to measure input reflection coefficient and realized gain characteristics.
For the 4 × 1 patch array antenna using a uniform power distribution, the simulated and
measured frequency bands for a VSWR less than two were 23.805 to 24.429 GHz (2.59%)
and 23.851 to 24.840 GHz (4.06%), respectively, and were 23.836–24.402 GHz (2.35%) and
23.819–24.381 GHz (2.33%), respectively, for the 4 × 1 patch array antenna using a tapered
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power distribution. Note that the measured frequency band for the 4 × 1 patch array an-
tenna using uniform power distribution moved toward a high frequency with a bandwidth
increase, whereas the measured frequency band shifted toward a low frequency with a
similar bandwidth. For the 4 × 1 patch array antenna using a tapered power distribution
appended with two metallic plates, the simulated and measured frequency bands for a
VSWR less than two were 23.767 to 24.414 GHz (2.69%) and 23.725 to 24.365 GHz (2.66%),
respectively, and, therefore, the measured frequency band shifted toward a low frequency
with a similar bandwidth.

For the 4 × 1 patch array antenna using uniform power distribution, the simulated
and measured realized gain in the 24.0 to 24.25 GHz band were 11.44 to 11.64 dBi and
10.3 to 10.5 dBi, respectively, with maximum gain decreasing by 1.14 dB. The simulated
and measured realized gain in the 24.0 to 24.25 GHz band was 10.94 to 11.11 dBi and 9.7 to
9.8 dBi, respectively, for the 4 × 1 patch array antenna using tapered power distribution,
with maximum gain decreasing by 1.31 dB.

For the 4 × 1 patch array antenna using a tapered power distribution appended with
two metallic plates, the simulated and measured realized gain in the 24.0 to 24.25 GHz band
were 18.19 to 18.29 dBi and 16.7 to 16.8 dBi, respectively, with maximum gain decreasing
by 1.49 dB.

The measured radiation patterns of the fabricated antenna on the y–z and z–x planes
at 24.125 GHz are compared with the simulated results in Figure 10c–h. The measured
radiation patterns agreed quite well with the simulated results. For the 4 × 1 patch array
antenna using uniform power distribution, the simulated and measured sidelobe levels
for the z–x plane were −13.4 dB and −9.5 dB, respectively, and the measured sidelobe
level increased by 3.9 dB. The simulated and measured sidelobe levels for the z–x plane
were −21.3 dB and −17.83 dB, respectively, for the 4 × 1 patch array antenna using a
tapered power distribution, and the measured sidelobe level increased by 3.47 dB. For the
4 × 1 patch array antenna using a tapered power distribution appended with two metallic
plates, the simulated and measured sidelobe levels for the z–x plane were −26.65 dB and
−33.66 dB, respectively, and the sidelobe level decreased by 7.01 dB. For the y–z pane, the
simulated and measured sidelobe levels were −15.04 dB and −16.17 dB, respectively, and
the sidelobe level decreased by 1.13 dB. Note that the sidelobe levels for both the y–z and
z–x planes were decreased by appending the two metallic plates.

Table 1 compares the dimensions and performance of the proposed 4 × 1 patch array
antenna using a tapered power distribution appended with two metallic plates with other
antennas in the literature. Electrical dimensions of the antennas were calculated using the
freespace wavelength of the center frequency for the antennas. We can see that the volume
of the proposed antenna is the smallest among the antennas in Table 1.

Table 1. Comparison of dimensions and performance of the proposed antenna with other antennas
in the literature.

References Antenna Type Physical
Dimensions (mm3)

Electrical
Dimensions (λ0

3)
Bandwidth (GHz)

for VSWR < 2
Maximum
Gain (dBi)

[19] Patch antenna +
Hemispherical lens 65 × 60 × 49 5.18 × 4.78 × 3.90

(96.57 λ0
3)

23.35–24.45
(fc = 23.9) 15.2

[20] Waveguide antenna +
Planar graded index lens 89 × 89 × 32 10.09 × 10.09 × 3.63

(369.56 λ0
3)

28.0–40.0
(fc = 34.0) 25.7

[24] 27 × 1 slot array antenna +
Two wing reflectors 260 × 74 × 54 22.33 × 6.36 × 4.64

(658.97 λ0
3)

24.94–26.60
(fc = 25.77) 30.5

[28] 2 × 1 series-fed patch
array antenna + PRS 50 × 30 × 10 10.79 × 6.48 × 2.16

(151.03 λ0
3)

62.5–67.0
(fc = 64.75) 20.1

This Work 4 × 1 patch array antenna
+ Two metallic plates 30 × 46.2 × 47 2.40 × 3.70 × 3.77

(33.48 λ0
3)

23.35–24.45
(fc = 24.045) 16.8
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Figure 10. Performance comparison of the fabricated antennas: (a) input reflection coefficients,
(b) realized gain, (c) y–z plane radiation patterns at 24.125 GHz for the 4 × 1 array antenna using
uniform power distribution, (d) z–x plane radiation patterns at 24.125 GHz for the 4 × 1 array antenna
using uniform power distribution, (e) y–z plane radiation patterns at 24.125 GHz for the 4 × 1 array
antenna using tapered power distribution, (f) z–x plane radiation patterns at 24.125 GHz for the
4 × 1 array antenna using tapered power distribution, (g) y–z plane radiation patterns at 24.125 GHz
for the 4 × 1 array antenna using tapered power distribution appended with two metallic plates,
and (h) z–x plane radiation patterns at 24.125 GHz for the 4 × 1 array antenna using tapered power
distribution appended with two metallic plates.
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5. Conclusions

We proposed a simple method of enhancing gain in a linear microstrip patch array
antenna by appending two metallic plates on the array axis along with adjustment of the
tilting angle and the length of the metallic plates for 24 GHz radar applications. First,
an inset-fed microstrip square patch antenna with a 100 Ω microstrip feed line, which is
used as an element for a 4 × 1 microstrip patch array antenna, was designed to cover the
24.0–24.25 GHz frequency range on an HF-350F substrate.

Next, 4 × 1 shunt-connected series feed networks using uniform power distribution
with a power ratio of 1:1:1:1 and tapered power distribution with a power ratio of 1:5:5:1
were designed. Their performance as a power divider was validated through a comparison
of the theoretical and simulated results. The input reflection coefficients, realized gain,
and radiation patterns of the 4 × 1 microstrip square patch array antennas combined with
shunt-connected series feed networks using uniform and tapered power distributions were
compared. Maximum gain of the 4 × 1 array antenna with the tapered power distribution
decreased 0.53 dB with an increased HPBW, but the sidelobe level of the z–x plane was
reduced by 7.9 dB.

Two metallic plates were appended along the array axis to increase gain in the 4 × 1
patch array antenna using the tapered power distribution. The effects on the array antenna
performance from the tilting angle and the length of the metallic plates were investigated.
We found that maximum gain was highest when the tilting angle was around 70◦, and it
increased gradually as the length of the two metallic plates increased. To achieve 7 dB gain
enhancement (doubling the maximum detection range), a metallic plate length of 50 mm
was selected.

Measured maximum gain of the 4 × 1 patch array antenna using the tapered power
distribution without metallic plates was 9.8 dBi at 24.125 GHz, whereas the measured
maximum gain of the antenna appended with metallic plates was 16.8 dBi. Therefore, a
7 dB gain enhancement can be achieved by adding two metallic plates along the array axis.

Maximum gain might be slightly enhanced by appending two more metallic plates
along the axis perpendicular to the array to surround the whole four sides of the array
antenna, but the cost and complexity of the fabrication might be considerably increased.

The proposed method can be applied to various radar and millimeter wave applica-
tions. It can also be used for satellite communications and future mobile communication
systems (5G and 6G). In future work, we plan to conduct research on the production of
integrated antennas by using 3D printers.
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Abstract: An eight-element antenna system operating at sub 6 GHz is presented in this work for a
future multiple-input multiple-output (MIMO) system based on a modified E-slot on the ground.
The modified E-slot significantly lowers the coupling among the antenna components by suppressing
the ground current effect. The design concept is validated by accurately measuring and carefully
fabricating an eight-element MIMO antenna. The experimentation yields higher element isolation
greater than −21 dB in the 3.5 GHz band and the desired band is achieved at −6 dB impedance
bandwidth. The E-shape slot occupies an area of 17.8 mm × 5.6 mm designed on an FR-4 substrate
with dimensions of 150 mm × 75 mm × 0.8 mm. We fed the I-antenna element with an L-shape
micro-strip feedline, the size of the I-antenna is 20.4 × 5.2 mm2, which operates in the (3.4–3.65 GHz)
band. Moreover, our method obtained an envelope correlation coefficient (ECC) of <0.01 and an
ergodic channel capacity of 43.50 bps/Hz. The ECC and ergodic channel capacity are important
metrics for evaluating MIMO system performance. Results indicate that the proposed antenna system
is a good option to be used in 5G mobile phone applications.

Keywords: antenna systems; 5G; MIMO; ECC

1. Introduction

In a communication system, the use of the multiple-input multiple-output (MIMO)
antenna technique significantly enhances the channel capacity, spectral efficiency, and
reliability link without the additional requirement of increased bandwidth and power [1–3].
As compared to the existing infrastructure of 4G devices which uses at most four radiating
elements, the 5G system utilizes a minimum of six to eight elements for efficient transmis-
sion [4–7]. The increased demand for faster data rates with exceptionally low latency is
outpacing the present LTE advanced technology [8–12]. This results in the adoption of the
5G communication systems, which can deliver data throughput with a much lower latency
of <1 ms in comparison to 4G-LTE [13] and intra-band contiguous carrier aggregation to
increase the data throughput. Arranging multiple antennas in a size-limited environment
is challenging since the radiation among antenna elements disturbs the radiating environ-
ment of the neighboring antennas, thus reducing the overall performance of the system. To
achieve promising outcomes of such a design, the level of isolation among the elements
needs to be greater than 12 dB [14]. Several techniques do exist in most of the recent
literature to alleviate the effect of coupling among closely packed antenna elements [15,16].
These isolating structures include neutralization lines [17,18], decoupling networks [19,20],
electromagnetic band gap [21], parasitic elements [22], orthogonal modes [23], pattern
diversity arrangement [24], and multi-mode decoupling schemes [25].
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Various MIMO antennas have been proposed in recent years [14–26]. The work in [7]
presented an eight-element antenna covering 3.4–3.6 GHz on a side frame which gained
isolation of more than 17.5 dB, efficiency greater than 62%, and ECC lower than 0.05 using a
slot radiator, but this design required a lot of space for the antenna element. Similarly, in [27]
a tri-polarized 12-element MIMO antenna using an orthogonal polarization technique was
investigated. The author employed two open-ended slot antennae that operated in the
3.5 GHz (3.4–3.6 GHz) bands and attained elements isolation of 12.5 dB, an efficiency of
more than 50%, and an ECC of less than 0.2 are obtained. The work in [18] employed a
hybrid method to mitigate the mutual coupling among the antenna elements by introducing
an I-slot and a neutralization line. They achieved an isolation value of more than 15 dB
in the 3.3–3.6 GHz. An eight-antenna array in [28], was proposed for operation in the
3.5 GHz band with no external decoupling element. Yet, they achieved the isolation of
10 dB and a channel capacity of 36 bps/Hz. However, the methods in [27,28] suffered
from complexity and lower isolation level. An eight-antenna array covering the LTE band
42 with less complexity is presented in this article for 5G smartphone applications. Our
proposed design includes an E-shaped slot element on the ground to effectively provide
isolation between neighboring antenna elements by lowering the grounded current effects.
The designed antenna array achieved higher isolation (>21 dB), better maximum efficiency
(>76%), lower ECC (<0.01), and channel capacity of up to 43.50 bps/Hz over the range of
interest between any two radiating elements.

This work presents an eight-element MIMO antenna system with high isolation using
E shape DGS scheme. The proposed design after the inclusion of the proposed DGS offers
good isolation of >21 dB within the desired band with high-performance characteristics.
This article is organized as follows. Section 2 describes the antenna configuration with
array transformation. Section 3 presents the parametric sweep, experimental results, and
discussion with MIMO performance evaluation matrices. Finally, Section 4 is the conclusion
of this paper.

2. Proposed MIMO Antenna Design
Design Evolution

The proposed MIMO antenna design is shown in Figure 1. Table 1 shows the antenna
dimension values. To better comprehend how our proposed antenna originated, we
considered five cases as depicted in Figure 2. In case I, a simple E-shape slot was etched
on the ground plane, which generated a resonance at 3.54 GHz with an isolation level of
22.2 dB. In case II, the lower side part of the E-shape is cut, it is designated by w as seen in
Figure 1b. For this case (II), the resonance frequency remains unchanged, but the isolation
further improved to 22.6 dB. In case III, the structure of case I is modified by adding another
bent section in the upper part of the structure pointing toward the inner section of the
E-slot. The resonance frequency and isolation values experienced unnoticeable change,
except that the S11 has a lower magnitude value when compared to that of case I. The
frequency resonance moves to 3.51 GHz for case IV while the isolation drops to 22.1 dB.
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Table 1. Proposed antenna dimensions.

Parameter a b d g h I L m p t w

Value (mm) 1.2 3.3 3 5.2 5.6 20.6 17.8 1 2.2 2.8 1.5
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Figure 2. (a) Design evolution (b) S-parameters of design evolution.

The final proposed E-shaped slot was achieved by combining the concepts from case
I–III to come up with the final layout, with the desired center frequency of 3.5 GHz and a
superior isolation level of 21 dB. Figure 2b shows the corresponding S-parameters obtained
from the evolved E-shaped slot etched on the ground plane. Considering the plotted
scattering parameters in Figure 2b, we can conclude that in the case of I to IV, the ground
current effect is considerably less, leading to higher isolation. In the final proposed design,
it is clear that the introduction of the bent sections resulted in shifting the center frequency
to the desired one 3.5 GHz. However, the isolation level is less when compared to the
previous cases I to IV. That is to say, the bent section has a direct effect on the S11 result.
All the isolation levels are found to be below −21 dB. The result demonstrates that the
proposed antenna is a suitable candidate to be employed in smartphone applications in the
LTE frequency band 42.

Figure 3 shows the current distribution on the ground when Ant. 1 is energized while
all others are terminated to 50-ohm impedance. A little current spreads across Ant. 2, which
is non-desirable and leads to lowering the isolation level. For this reason, we employ an
E-shaped resonator to restrict undesirable currents, as illustrated in Figure 3b. With no
decoupling structure, the isolation is −19 dB, while the isolation improves to more than
−21 dB with the decoupling structure. The advantage of the decoupling structure can
further be deduced by looking at Figure 4a,b.
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3. Results and Discussions

The proposed eight-element array antenna simulation results, such as parametric
analysis, envelope correlation coefficient (ECC), S-parameters, overall efficiency, antenna
gain, and radiation pattern, are presented in this section.

3.1. Parametric Analysis, S-Parameters, Gain, and Efficiency

Variations of some design parameters were investigated in this study. Figure 5a–e
shows the plots of the scattering parameters as a dependent variable on L, t, d, g, and I,
respectively. Sweeps were performed to validate the impact of the aforementioned factors
on system performance. From Figure 5a, it is clear that with the initial parameter value of
15 mm, the first resonance is at 3.53 GHz, so also all other values remain at that frequency.
The only effect here is that the magnitude of the resonance increases with an increase in the
L value.

Figure 5b is a plot of t variation, which indicates how the frequency resonance varies
with an increase in the t parameter. The resonance point moved toward the higher frequency
band with an increase in the t value, so also the magnitude increased with the increase in
the parameter. The variation of the d parameter in Figure 5c shows little effect when the
value is varied from 2 to 4 mm; at an interval of 0.5. Similarly, the g parameter was also
varied, and the effect can be seen in Figure 5d. Figure 5e shows the experimental results of
the I-shape variation on the antenna frame. As can be seen from the simulated scattering
parameters in Figure 5e, the S11 shifts to a lower resonance frequency with an increase in
the length of the I parameter.

Figure 6a depicts both the simulated values as well as the measured reflection coeffi-
cient plot for Ant 1 through Ant 4. This work achieved a magnitude better than 18 dB for
the four antennas, covering the (3.4–3.65) GHz. Figure 6b shows the port isolation plots
between the neighboring antennas, for which we obtained isolation better than 21 dB in all
possible combinations. From the depicted measured antenna efficiency in Figure 7a, it is
clear that our system achieved an efficiency value between 34–76% within the frequency of
interest with antenna 8 having the maximum efficiency of 70%. We consider the minimum
and maximum efficiencies of the antennas as quoted in Table 2. Figure 7b indicates the
gain of the antenna. A gain value higher than 3.1 dB is obtained with a maximum value of
around 4.8 dBi. Note that the maximum value of the gain is quoted as provided in Table 2.
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3.2. Radiation Performance

The 3.5 GHz band 2D radiation patterns for Ant. 1–4 are shown in Figure 8. The solid
lines denote the simulated results, while the dotted lines are the measured results. It is quite
evident that antenna 1–4, at both Φ = 90◦ and θ = 0◦, have strong radiation in almost all the
planes. Despite minor differences between the measured and simulated results, there is
a general trend between the two findings, and the tiny discrepancy is related to the test
settings. In conclusion, variation in maximum radiation orientations results in a diverse
pattern, which contributes to the general diversity performance of the MIMO antenna.
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3.3. MIMO Channel Capacity and ECC

The channel capacity and envelope correlation coefficient are the key criteria for
assessing a MIMO antenna diversity and multiplexing capability. Although zero is the
ideal value for ECC, in practice the acceptable limit must be less than 0.5 (ECC < 0.5). The
value of the ECC can be calculated from the S-parameter or from the far-field radiation
pattern [29,30]. This work uses a far-field radiation pattern [31] to calculate the ECC value
as expressed in [32,33] (1). From Figure 6f, this work obtained an ECC value lower than
0.01 across the desired band of interest. Figure 9 is the channel capacity plot of the design.
The fabricated prototype and measurement set up is shown in Figure 10.

ECC =

∣∣∣∣
∫ ∫

4π(
→
Di(θ, φ))× (

→
Dj(θ, φ))dΩ

∣∣∣∣
2

∫ ∫
4π

∣∣∣∣(
→
Di(θ, φ))

∣∣∣∣2dΩ ×
∫ ∫

4π

∣∣∣∣(
→
Dj(θ, φ))dΩ

∣∣∣∣
2 (1)
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where
→
Di(θ, φ) and

→
D(θ, φ) represent the radiation pattern when antenna i and j are ener-

gized, while Ω is the solid angle.

DG = 10(dB)×
√

1−|ECC|2 (2)
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The diversity gain plot of the antenna elements is shown in Figure 11, while Equation (2)
is used to calculate the DG from the ECC value. It could be seen that for all the possible
combinations, a gain of more than 9.99 dB is achieved over the operation band.
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Based on antenna efficiency and ECC, the ergodic channel capacity is obtained by
averaging 100,000. Rayleigh fading channel realizations with the Kronecker channel model
by considering SNR of 20 dB [34,35]. The value varies from 40.95 to 43.50 bps/Hz. The
highest peak channel capacity (PCC) is (43.5 b/s/Hz), which is satisfactory in performance
with SISO (5.57 b/s/Hz) and close in value for 8 × 8 MIMO (46 b/s/Hz). These val-
ues demonstrate unequivocally that the presented antenna system is suitable for use in
5G mobile terminal applications due to its high diversity and multiplexing capabilities.
Figure 10 shows the proposed antenna fabricated prototype, far-field measurement set-up,
S-parameters measurement using Vector Network Analyzer (VNA), and the antenna in the
anechoic chamber room under measurement. From the obtained results, it can be easily
concluded that the proposed design is highly competitive in comparison to the most recent
advancements in this field, as presented in Table 2.

Table 2. Comparison table.

Ref. BW (GHz) Sij (dB) ECC Eff. (%) PCC (bps/Hz) Elements Gain (dB)

[1] 3.4–3.7 (−6 dB) >15 <0.1 50–75 38.1 8 × 8 4
[5] 3.4–3.6 (−6 dB) >12 <0.1 47–65 37.5 8 × 8 3.2
[14] 3.4–3.6 (−6 dB) >17.5 <0.05 62–76 40.8 8 × 8 Not Given
[18] 3.4–3.6 (−6 dB) >15 <0.15 45–60 35 8 × 8 4.8
[36] 3.4–3.6 (−10 dB) >19.1 <0.012 59–98 Not Given 8 × 8 Not Given
[37] 3.4–3.6 (−10 dB) >12.7 <0.13 39–50 Not Given 4× 4 Not Given

Proposed 3.4–3.65 (−6 dB) >21 <0.01 34–76 43.5 8 × 8 4.8

4. Conclusions

In this paper, an eight-element antenna array incorporating an I-shaped frame and
a modified E-slot etched on the ground is presented. The proposed antenna is simple to
design and easy to fabricate. An impedance bandwidth of more than 250 MHz under
−6 dB conditions is achieved in this work. The ECC for the entire frequency range is less
than 0.01, and the level of element isolation is well below −21 dB. This work achieves
these better performances since we etched the modified E-slot on the ground. The antenna
system channel capacity obtained is 43.5 b/s/Hz, while the efficiency is more than 76%.

Author Contributions: Conceptualization, H.S.A. and Z.Z.; methodology, H.S.A., B.W. and S.H.K.;
software, N.O.P. and Z.Z.; validation, B.H. and S.H.K.; formal analysis, N.O.P.; investigation, H.S.A.;
resources, B.W. and B.H.; data curation, S.H.K. and N.O.P.; writing—original draft preparation, B.H.
and Z.Z.; writing—review and editing, B.H. and B.W.; visualization, S.H.K. and B.W.; supervision,
Z.Z.; project administration, Z.Z.; funding acquisition, Z.Z. All authors have read and agreed to the
published version of the manuscript.

178



Electronics 2023, 12, 316

Funding: The Deanship of Scientific Research (DSR) at King Abdulaziz University, Jeddah, funded
this project under grant no. RG-14-135-43.

Data Availability Statement: All data have been included in the study.

Acknowledgments: The authors are thankful to the Deanship of Scientific Research, King Abdulaziz
University for providing financial support vide grant number (RG-14-135-43).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abdullah, M.; Altaf, A.; Anjum, M.; Arain, Z.; Jamali, A.; Alibakhshikenari, M.; Falcone, F.; Limiti, E. Future smartphone: MIMO

antenna system for 5G mobile terminals. IEEE Access 2021, 9, 91593–91603. [CrossRef]
2. Abdullah, M.; Kiani, S.H.; Abdulrazak, L.F.; Iqbal, A.; Bashir, M.A.; Khan, S.; Kim, S. High-performance multiple-input

multiple-output antenna system for 5G mobile terminals. Electronics 2019, 8, 1090. [CrossRef]
3. Abdullah, M.; Kiani, S.H.; Iqbal, A. Eight-element multiple-input multiple-output (MIMO) antenna for 5G mobile applications.

IEEE Access 2019, 7, 134488–134495. [CrossRef]
4. Kiani, S.H.; Altaf, A.; Abdullah, M.; Muhammad, F.; Shoaib, N.; Anjum, M.R.; Damaševičius, R.; Blažauskas, T. Eight element side
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Abstract: The approaching sixth-generation (6G) communication network will modernize applica-
tions and satisfy user demands through implementing a smart and reconfigurable system with a
higher data rate and wider bandwidth. The controllable THz waves are highly recommended for the
instantaneous development the new technology in wireless communication systems. Recently, recon-
figurable intelligent surfaces (RIS), also called codded/tunable programmable metasurfaces, have
enabled a conspicuous functionality for THz devices and components for influencing electromagnetic
waves (EM) such as beam steering, multi-beam-scanning applications, polarization variation, and
beam focusing applications. In this article, we proposed a graphene plasmonic two-port MIMO
microstrip patch antenna structure that operates at a 1.9 THz resonance frequency. An E-shape MTM
unit cell is introduced to enhance the isolation of the antenna from −35 dB to −54 dB. An imple-
mentation of controllable and reconfigurable surfaces based on graphene meta-atoms (G-RIS) placed
above the radiating patches with a suitable separated distance to control the radiated beam to steer
in different directions (±60◦). The reconfigurable process is carried out via changing the (ON/OFF)
meta-atoms states to get a specific code with a certain beam direction. The gain enhancement of the
antenna can be implemented through an artificial magnetic conductor (AMC) based on graphene
material. The G-AMC layer is located underneath the (MIMO antenna, G-RIS layer) to improve the
gain from 4.5 dBi to 10 dBi. The suggested antenna structure results are validated with different
techniques CST microwave studio and ADS equivalent circuit model. The results have asymptotic
values. So, the proposed design of the MIMO antenna that is sandwiched between G-RIS and G-AMC
is suitable for IoT applications.

Keywords: 6G communication; reconfigurable intelligent surfaces (RIS); graphene meta-atoms
(G-RIS); artificial magnetic conductor (AMC)

1. Introduction

The presently used frequency spectrum (e.g., microwave, millimeter wave) is insuffi-
cient to meet the demands of wireless communication due to the exponential development
of data traffic in sixth-generation (6G) applications. The terahertz frequency spectrum
is ranging from 0.1 THz to 10 THz, which provides large bandwidth and achieves an
extremely high-speed data rate of up to several terabit per second (Tbps). So, it has at-
tracted great attention all over the world. Recently, the THz spectrum opened the door for
researchers from both industry and academicians to use it in numerous applications such as
wireless communications, biomedical applications, imaging, spectroscopy, and aerospace
applications [1–3]. The THz wireless communications are preferable for short-distance
indoor applications due to the free space path loss, which is relevant at THz frequencies
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compared to mm-Wave. The THz band offers a lot of potential for future 6th-generation
wireless communication technologies. In a wireless medium, EM waves are attenuated by
material absorption loss and wave dispersion owing to reflection, refraction, and diffraction,
leading to many propagation pathways between devices. So, the system gets uncontrollable
due to the multipath fading problem. By the way, introducing metasurfaces (Artificial
magnetic conductor structures) layer is a good candidate to overcome these limitations.
The metasurface is a type of MTM with an artificial unit cell structure that repeated in a
periodic manner. Due to their versatile qualities and properties, metasurfaces have found
widespread use in recent years. It also has a wide range of applications such as perfect
absorption applications [3], wireless power transfer [4], wave fronts with reflectionless
sheets [5], polarization controllability [6], beam splitting and forming [7,8], total reflec-
tion or transmission layers [9,10], and its gained the researcher attentions in the wireless
communications because of the total controllability and tunability of the wave propaga-
tions and its directions [11]. This tunability means that all the meta-atoms (unit cells) are
controlled by switching it from ON to OFF state (modulated) by changing the external
biasing gate voltage. This tunability or in another word reconfigurability can be realized
electrically, optically, thermally, mechanically, or chemically. This property can change the
response of the meta-atoms from the absorption mode to the reflection or transmission
mode of operations by controlling the biasing voltage [12]. The tunable Metasurfaces or
the reconfigurable capability of the meta-atoms is named in many research papers as a
reconfigurable intelligent surface (RIS) or intelligent reflecting surfaces (IRS). Additionally,
it could be considered as a special kind of the artificial magnetic conductors (AMC). The
RIS is a good candidate in the new revolution of the 6G wireless communications systems
and the Terahertz (THz) frequency band applications.

The conventional metasurfaces in the microwave band are implemented using copper
material as a conducting element to make the tunability and reconfigurability process. In
the THz band, the copper material is lake the reconfigurability and the adaptability property.
Additionally, copper material is not stable in the THz band and its behavior may be changed
in this band. The electrical conductivity of copper is excellent in the radio frequency (RF)
and microwave (MW) ranges, but it degrades in the terahertz (THz) region. Lower THz
frequency ranges cause a reduction in copper’s skin depth and conductivity. As a result,
the ohmic resistance contributes more to the copper’s surface impedance than anything
else. This presents a considerable difficulty for antenna design in the THz frequency range.
Copper’s low conductivity and shallow skin cause significant propagation losses in the
terahertz frequency range, reducing the material’s overall radiation efficiency [13]. So, the
graphene material has great potential for the design of meta-atoms because of its tunable
and reconfigurable properties. Graphene is a prominent material that gives the opportunity
in making reconfigurable devices, especially in the THz band [14,15]. Graphene is a single-
layer material with remarkable capabilities in a wide range of areas, including electricity,
mechanics, heat, and light. Supporting the propagation of surface plasmon polariton (SPP)
waves in the THz frequency band is the most significant property of graphene. Graphene’s
conductivity and chemical potential are both dynamically influenced by an external electric
field applied through a gate voltage [16]. The reconfigurability or tunability of the graphene
material pushes the researchers to go forward in the usage of the graphene material as
a RIS in THz communications [17]. Recently, reconfigurable antennas have attracted the
researchers’ attention in 6G wireless communications. The beam scanning or beam forming
types are widely studied in the last few years, due to their critical role in phased array
systems. The reconfigurable property of the antenna can be implemented by different
techniques of electrical or mechanical switches such as p-i-n diodes, varactor diodes, and
micro-electromechanical system switches (MEMS) [14,18]. Unfortunately, these types of
switches cannot be used in the microscale of the THz spectrum. So, the graphene-based
antenna structures reveal many advantages for tunable THz devices due to the tunable
graphene conductivity.
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The MIMO antenna structure is a good candidate for the usage of the graphene based
RIS for THz applications. The isolation between the MIMO antenna patches is considered
the harmful parameter that reduces the antenna’s efficiency. So, introducing the graphene
material as a conducting element in the MIMO structure has a good impact on reducing the
mutual coupling problem. This impact is due to the short SPP wavelength of the graphene
due to the SPP wave’s sluggish transmission. As a result, the graphene- MIMO antenna
structure gives a fewer mutual coupling effect than the metallic one at the same preparation
conditions. The MTM structure is a good way used to reduce the mutual coupling. It’s
considered a band-stop filter between the radiating elements. The existence of the MTM
reduces mutual coupling, which in turn increases diversity gain (DG), decreases channel
capacity loss (CCL), and improves antenna efficiency.

Herein the article is organized as follows and depicted in the flowchart in Figure 1.
The following Section 2 depicts the material properties of graphene that are important from
the MIMO antenna and RIS point of view. Section 3 is summarized as follows; it is start by
designing single and two-port MIMO graphene-based antennas and reducing their mutual
coupling via E-shape MTM. It also discusses placing a G-RIS superstrate layer above the
MIMO antenna to reconfigure the gain and produce beam steering in different directions.
There also a G-AMC layer is introduced to increase the gain of the antenna. Finally, the last
Section 4 introduced the paper’s conclusion. The novelty in this paper can be summarized
as follows:

• Design a graphene plasmonic MIMO antenna to be operated at 1.9 THz.
• Introduced the E-shaped MTM structure between the MIMO element to increase the

isolation between the elements and enhance the MIMO antenna performance.
• The graphene reconfigurable intelligent surfaces (G-RIS) used as a superstrate layer to

control the beam direction from +60◦ to −60◦. The beam-steering capability is used in
indoor THz applications, so this antenna is a good candidate for these applications.

• As the gain of the proposed design of the MIMO antenna + GRIS layer is small, so an
artificial magnetic conductor layer from the graphene material (G-AMC) is introduced.
This layer is used beneath the antenna structure at a certain height.
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2. Graphene Material Properties

The graphene nanomaterial is a two- dimensional infinitesimal thin monolayer of
carbon atoms arranged in a highly ordered manner in a hexagonal lattice unit cell. The
extraordinary properties of the graphene material especially in the THz frequency band
open plenty of applications in several fields [19]. The plasmonic wave propagation in the
THz band depends on the graphene material with low losses and good tunability. The
conductivity of graphene is characterized using the Drude model [20]. It is consisting of
two main terms due to the interband and intraband contributions and it is given by:

σs(ω, µc, τ, T) = σinter + jσintra (1)

σs ,inter(ω, µc, τ, T) = − je2

4πℏ ln

[
2|µc| − ℏ

(
ω − jτ−1)

2|µc|+ ℏ(ω − jτ−1)

]
(2)

σs,intra(ω, µc, τ, T) = −j
e2KBT

πℏ2(ω − jτ−1)

[
µc

KBT
+ 2 ln

(
e−µc/KBT + 1

)]
(3)

where ω is the angular frequency, µc is the chemical potential, τ is the relaxation time, T is
the temperature, KB is Boltzmann’s constant, and ℏ is the reduced Planck’s constant. The
graphene conductivity is controlled by adjusting the chemical potential which depends
on the free carrier density. It can be changed by varying the gate voltage, electric field,
magnetic field, and/or chemical doping. The chemical potential, given in terms of the
biasing voltage Vg looks similar to that in [21,22]:

µc = ℏυ f

√
πCoxVg

e
, and Cox =

εoεr

t
(4)

where Cox is the gate capacitance, εr is the relative permittivity, εo free space permittivity,
υ f is the Fermi velocity of Dirac fermions in graphene υ f = 106 m/s, and t is the height of
the substrate. The graphene permittivity can be obtained by its conductivity [23].

εg = 1 + j
σs

tgεoω
(5)

where tg is the thickness of graphene layer. From the presented equations we can conclude
that Graphene’s characteristics, including its conductivity and permittivity, are dynamically
influenced by an applied gate voltage. This property enables the reconfigurability process of
graphene-based devices. Figure 2 shows the variations of the graphene surface conductivity
with frequency for different chemical potential values and τ = 1 ps at T = 300 K.
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3. Antenna Design
3.1. Graphene MIMO Antenna Configurations

In recent years, MIMO configuration systems have received a lot of attention due to
their usefulness in boosting data rates despite the existence of signal fading, multipath
fading, and interference. To transmit more data over a farther distance while maintaining
acceptable MIMO characteristics, a MIMO system is developed. In MIMO antennas, mutual
coupling is the key issue that needs to be considered. Therefore, it is desirable to minimize
it as much as possible to improve system performance. Figure 2 demonstrated the proposed
two configurations of the MIMO elements. The first one is side-by-side, while the other
configuration is the orthogonal one as shown in Figure 3a,b. The antenna is designed using
a polyamide substrate with a thickness and dielectric constant of 10 µm and 3.5, respectively.
Also, the proposed antenna parameters are listed in Table 1. The graphene material is used
as the conducting layer. Surface plasmon polariton (SPP) waves propagate more easily
via graphene material compared to other plasmonic materials such as gold or silver. The
CST microwave studio suite (2021) is used to analyze the performance of the proposed
graphene MIMO antenna. It is considered the most powerful multilayer 3D full-wave
electromagnetic solver, which accurately solves the Maxwell equations using the Finite
Element Method (FEM) technique. For modelling graphene, the CST software includes both
a graphene and a graphene-Eps model. The graphene model expressed in the CST with a
thickness of 0.345 nm is considered a single layer of graphene, while the graphene-EPS is
expressed as a multilayer of graphene sheets with a suitable thickness. In our proposed
antenna design, we introduced the graphene model with a different chemical potential
value from 0.1 eV to 0.5 eV and relaxation time of 0.1 psec, and a room temperature of 300 K.
Figure 4a shows how changing the chemical potentials affects the frequency response of
the graphene plasmonic antenna. This figure reveals that the antenna resonance frequency
increases by increasing the chemical potential value. So, the design of the proposed is
dynamically controlled and reconfigurable, which is a plethora of THz antenna technology.
Figure 4b illustrates the S11 and S21 of the graphene MIMO antenna configurations, which
resonate at 1.9 THz. The reflection coefficient S11 of the two configurations is almost the
same, while the isolation coefficient S21 between antenna elements is better in the case
of the side-by-side orientation than the orthogonal one. The S21 of the orthogonal one
is reached −25 dB in the desired bandwidth, while this value is reached −35dB in the
side-by-side configuration. So, side-by-side orientation is suggested in the MIMO antenna
design.
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3.2. E-Shaped Metamaterial Unit Cell for Mutual Coupling Reduction

Mutual coupling is the main problem facing MIMO configuration structures. The degree
of coupling is determined by the distance between the components. So, the metamaterial
structure is a good candidate that is to be used to increase the isolation between the graphene
MIMO patches [24]. The new E-shaped metamaterial unit cell introduced between the patches
has a band rejection feature (Band-Stop Filter) as presented in Figure 5a. The S-parameters
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of the metamaterial structure as illustrated in Figure 5b, reveals that the proposed E-shaped
metamaterial has a high band-stop characteristic in the desired bandwidth. The metamaterial
unit cell has been printed above the substrate between the two patches with a negative value
of the relative permittivity and permeability (εr and µr) in the desired bandwidth, which
is considered the main condition for the metamaterial design procedure as illustrated in
Figure 5c,d.

Table 1. The proposed antenna parameters.

Par. Value (µm) Par. Value (µm)

Ws 120 Ls 90
Wp 65 Lp 40
Wf 10 Lf 35
Wa 8 La 8
Wb 49 WG 180
d 25

Two Element Parameters of ADS Circuit
R1 = R3 = R6 = R7 25.8 Ω L1 = L3 7.15 pH

C1 = C3 0.7 fF L2 = L4 10 pH
C2 = C4 1.48 fF R2 = R4 = R5 60.3 Ω

L5 0.8 pH C5 0.5 fF
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The proposed E-shaped metamaterial unit cell incorporated between the radiating
patches consists of a series four elements connected in opposite manner as indicated in
Figure 6a. The E-shaped series has a good impact on the isolation between the elements
and, reduces the mutual coupling as shown in Figure 6b. This figure presents a comparison
with and without the usage of the E-shaped metamaterial unit cell. It is revealed that the
S21 of the antenna (isolation coefficient) decreased from −35 dB to −54 dB. The equivalent
circuit model (ECM) of the proposed graphene plasmonic MIMO antenna design with the
E-shaped metamaterial unit cell is designed using the ADS software. The ECM is used
to validate the results of the CST and compare them. The proposed circuit design of the
antenna and S-parameters are listed in Figure 7a,b. The ECM of the antenna consists of a
two-input port with 50 Ω input impedance and is separated by the RLC that represents
the E-shaped metamaterial resonator. The S-parameters of the antenna reveals that ADS
circuit model results are in good agreement and coincide with the CST results with a small
deviation due to the values of the RLC components.
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3.3. MIMO Antenna Performance Analysis

Herein in this part, we introduced a discussion and analysis of the most important
parameters of the graphene plasmonic MIMO antenna. The envelope correlation coefficient
(ECC), diversity gain (DG), and channel capacity loss (CCL) are very crucial parameters
in the MIMO systems which reported and discussed in different research papers [16,25].
The ECC is indicates the correlation between the parts of the MIMO antenna configuration.
A greater MIMO performance is associated with a smaller amount of ECC between the
MIMO components; this value may be determined by the extraction of the S-parameters, as
described in [26].

ECC = ρij =

∣∣S∗
11S12 + S∗

21S22
∣∣2

(
1 −

(
|S11|2 + |S21|2

))(
1 −

(
|S22|2 + |S12|2

)) (6)

where S∗
11 and S∗

21 represent the conjugate of S11 and S21, respectively. The ECC threshold
should be below 0.5 to be considered acceptable. The ECC is computed and shown in
Figure 8a for the proposed graphene plasmonic MIMO antenna. In this figure, the value of
ECC presented in the absence of the E-shaped metamaterial unit cell has a value of 0.00059,
while it has a value of 0.000023 in the presence of the metamaterial through the desired
bandwidth. Good MIMO performance of the proposed antenna is ensured by its low ECC
value. Diversity gain (DG) reflects power losses in transmission and is another metric that
may be used to analyze and assess MIMO antenna performance. The DG can be calculated
by using the ECC of the MIMO antenna by following relation [27].

DG = 10
√

1 − (ECC)2 (7)

In the ideal case, in which the value of the ECC = 0, introducing a DG = 10 dB
Consequently, for the real case, the ECC value should be extremely small so that the DG
must be approximately reached to 10 dB for our proposed MIMO design that is presented
in Figure 8b, the diversity gain value is 9.93 dB and 9.999 dB in the presence and absence
the MTM unit cell., respectively.
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The channel capacity loss (CCL) an essential characteristic for MIMO antenna setups
is the channel capacity loss (CCL). The channel impairments caused by inter-MIMO cor-
relation are being revealed. Within the working frequency range, a well-designed MIMO
arrangement will have a value of less than 0.5 (bits/s/Hz). As mentioned in, the CCL may
be found in Equation (8) [28]:

CCl = − log2

(
φR
)

(8)

φR =

[
ρ11 ρ12
ρ21 ρ22

]
(9)
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ρii =
(

1 −
(
|Sii|2 +

∣∣Sij
∣∣2
))

and ρij = −
(

S∗
iiSij + S∗

ijSjj

)
(10)

where φR indicates the correlation matrix at the receiving antenna. A comparison between
the CCL curves in the presence and absence the E-shaped metamaterial unit cell is illus-
trated in Figure 8c. Its value varying from of 0.0014 and 0.028, respectively. It can be
confirmed that the suggested design of graphene plasmonic MIMO configuration increases
transmission data rates in any scattering environment. The mean effective gain (MEG) is
one of the MIMO antenna parameters that is used to measure the average power that is
received by the antenna in the fading environment relative to the sum of the average power
that can be gained from two isotropic antennas, MEG is calculated from the following
relation [29].

MEG = 0.5

(
1 −

M

∑
j=1

∣∣Sij
∣∣2
)

(11)

where M is the number of MIMO elements. The value of MEG should be less than −3 dB
and should be greater than −12 dB. Figure 9a illustrates that the value of MEG is in
an acceptable range in the presence and absence of the MTM unit cell. The radiation
performance of the MIMO antenna is represented by the total active reflection coefficient
(TARC) [30]. It can be calculated using the following relation and introduced in Figure 9b:

TARC =

√∣∣S11 + S12ejθ
∣∣2 +

∣∣S21 + S22ejθ
∣∣2

2
(12)

Electronics 2023, 12, 164 10 of 22 
 

 

  
(a) (b) 

Figure 9. (a) Mean effective gain (MEG) and (b) total active reflection coefficient (TARC) parameters. 

Table 1. The proposed antenna parameters. 

Par. Value (µm) Par. Value (µm) 
Ws 120 Ls 90 
Wp 65 Lp 40 
Wf 10 Lf 35 
Wa 8 La 8 
Wb 49 WG 180 
d 25   

Two Element Parameters of ADS Circuit 
R1 = R3 = R6 = R7 25.8 Ω L1 = L3 7.15 pH 

C1 = C3 0.7 fF L2 = L4 10 pH 
C2 = C4 1.48 fF R2 = R4 = R5 60.3 Ω 

L5 0.8 pH C5 0.5 fF 

3.4. THz Graphene Reconfigurable Intelligent Surfaces (G-RIS) Design and Analysis 
The importance of the RIS appeared in a plethora of applications, especially in the 

6G (THz) wireless communication systems. The RIS consists of a periodic structure of 
meta-atoms (unit cells) that can impose an independent phase shift/amplitude on the im-
pinging THz electromagnetic signal in a fully customized. The phase shift imposed on the 
THz signal can be adjusted by variations in the wireless propagation environment. By 
judiciously tuning the phase shifts of the RIS, the signals which reradiated from the RIS 
layer can be added to other signal paths in a constructive way to enhance the received 
signal power at the desired users or can be combined in a destructive way to mitigate the 
unwanted signals at the eavesdroppers. These functionalities push the researcher in the 
last few years to use the RIS in the 6G wireless communication in the THz frequency band 
to improve the channel rank, mitigate the channel interference, enhance the system relia-
bility, and position accuracy improvement [31]. 

A graphene plasmonic meta-atoms as a smart conducting RIS layer is investigated to 
operate in the THz frequency band. The usage of the graphene material with the reconfig-
urable intelligent surfaces (G-RIS) added a new degree of freedom in the reconfigurability 
process. The reconfigurability of the proposed structure of G-RIS in this work is easily 
achievable by modifying artificially the meta-atoms geometry. An ON/OFF switching be-
havior of the graphene material is induced by the external gate voltage 𝑉. High conduc-
tivity in the graphene layer follows the higher biasing voltage. In contrast, the lower bias-
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3.4. THz Graphene Reconfigurable Intelligent Surfaces (G-RIS) Design and Analysis

The importance of the RIS appeared in a plethora of applications, especially in the
6G (THz) wireless communication systems. The RIS consists of a periodic structure of
meta-atoms (unit cells) that can impose an independent phase shift/amplitude on the
impinging THz electromagnetic signal in a fully customized. The phase shift imposed on
the THz signal can be adjusted by variations in the wireless propagation environment. By
judiciously tuning the phase shifts of the RIS, the signals which reradiated from the RIS
layer can be added to other signal paths in a constructive way to enhance the received
signal power at the desired users or can be combined in a destructive way to mitigate the
unwanted signals at the eavesdroppers. These functionalities push the researcher in the last
few years to use the RIS in the 6G wireless communication in the THz frequency band to
improve the channel rank, mitigate the channel interference, enhance the system reliability,
and position accuracy improvement [31].
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A graphene plasmonic meta-atoms as a smart conducting RIS layer is investigated to
operate in the THz frequency band. The usage of the graphene material with the reconfig-
urable intelligent surfaces (G-RIS) added a new degree of freedom in the reconfigurability
process. The reconfigurability of the proposed structure of G-RIS in this work is easily
achievable by modifying artificially the meta-atoms geometry. An ON/OFF switching
behavior of the graphene material is induced by the external gate voltage Vg. High con-
ductivity in the graphene layer follows the higher biasing voltage. In contrast, the lower
biasing voltage reducing interns the graphene conductivity. The dichotomy between the
higher and lower conductivity of the graphene is conceived as an ON/OFF switching state,
respectively. The proposed implemented design of the G-RIS is called a reprogrammable
meta-tom or a coding meta surface due to its reconfigurability. The G-RIS design consists
of a 2D graphene meta-atoms periodic array structure placed upon a polyamide mate-
rial with a substrate height (h) of 5 µm. The proposed graphene material is modeled in
CST microwave studio with a specific parameter. It’s modeled as a thin conductive sheet
with a thickness of tg = 0.345 nm, at room temperature of 300 K, fermi energy velocity
v f = 106 m/s, and free carrier mobility of µg = 10000 cm2/ Vs [32]. The G-RIS is easily
reconfigured by applying the biasing gate voltage Vg throughout the graphene chemical
potential that ranges from µc = [0.1 − 0.5] eV.

The geometry of the proposed G-RIS is schematically shown in Figure 10a,b in
which the top layer of the graphene meta-atoms is periodically arranged with a period of
D = 12 µm and a gap of g = 4 µm separated the meta-atoms conductive patches. The G-RIS
unit cell shown in Figure 8, illustrates that the bottom layer is a perfect electric conductor
(PEC) that is used as a ground plate with a thickness of tp = 0.345 nm. The whole structure
of the G-RIS can be modeled as an electrical circuit element based on the transmission line
theory. In pursuit of presenting the circuit model description, the graphene meta-atoms are
modeled as a thin sheet with a surface impedance of Zs =

1
σs

. The surface conductivity of
the graphene layer listed in Equation (1) can be expressed in the Drude model form:

σs =
σo

1 + jωτ
(13)

where:

σo =
e2KBT

πℏ2

[
µc

KBT
+ 2 ln

(
e−µc/KBT + 1

)]
(14)
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Figure 10. (a) RIS boundary condition, and (b) RIS with geometrical parameters.

In Figure 11, the equivalent circuit diagram is consisting of (R-L-C) that represents
the Zs of the array of graphene meta-atoms, Zd is the impedance of the dielectric layer,
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Zo = 120 π Ω which indicates the impedance of the free space, Zc is the impedance of the
ground layer of (PEC) that has a conductivity high enough to be considered a short circuit
in the THz frequency band so Zc = 0 [33] Based on the electromagnetic wave theory, the
reflection coefficient S11 of the proposed G-RIS can be numerically calculated using the
following relation:

Γin = S11 =
Zin − Zo

Zin − Zo
(15)
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The total impedance Zin can be identified by calculating at first the value of the Z1
with the normal incident THz wave which can be derived in:

Z1 = Zd
Zc + jZd tan(βdh)
Zd + jZc tan(βdh)

(16)

where Zd is the dielectric impedance, βd is the propagation constant of the propagating
THz wave through the dielectric substrate, and h, is the height of the substrate layer. In the
absence of the PEC impedance Zc = 0, so this relationship can be modified to be:

Z1 = jZd tan(βdh) (17)

The total input impedance of the proposed G-RIS can be calculated as Zin = (Zs ∥ Z1).
So, the surface impedance of the array graphene patch can be calculated as in:

Zs =
D

(D − g)σs
− j

π

ωε0(εr + 1)Dln
[
csc
(

πh
2D

)] (18)

where D is the G-RIS periodicity, g is the distance between the meta-atoms, εr is the relative
permittivity of a substrate. The above equation can be rewritten as [34]:

Zs =
D

(D − g)σs
− j

1
ωCe f f

(19)

where Ce f f is the effective capacitance established from the gaps between the meta-atoms
of graphene [35]

Ce f f =
1
π

ε0(εr + 1)Dln
[

csc
(

πh
2D

)]
(20)

By insertion of the Drude model of graphene conductivity and substitution in
Equation (19), so the graphene surface impedance will be in the following form [34]:

Zs =
D

(D − g)
1 + jωτ

σo
− j

1
ωCe f f

(21)

Zs =
D

(D − g)σo
+ j

[
ωτD

(D − g)σo
− 1

ωCe f f

]
(22)
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The G-RIS structure can be modeled as (R-L-C) circuit. The resistive and conductive
part in Equation (22) is due to the graphene meta-atoms while, the capacitive part is due to
the gap between the patches, so this part can be concluded as [35]:

R =
D

(D − g)σo
, L =

ωτD
(D − g)σo

, C = Ce f f (23)

So, the total impedance can be calculated from the following relation:

1
Zin

=
1
Zs

+
1

Z1
(24)

According to the (R-L-C) value and the setup parameters of the G-RIS structure, the
reflection coefficient S11 can be calculated analytically using the MATLAB program and
compared with the results with the electromagnetic solver CST microwave studio. The
S-parameter curves are depicted in Figure 12. It reveals that the analytical method has very
close results with the CST. So, according to the high impact of the G-RIS structure, it will be
a good candidate to be immersed in the whole structure of the superstrate MIMO antenna
as illustrated in the next section.
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3.5. MIMO Antenna with G-RIS Superstrate Structure

Recent years have witnessed immense research efforts dedicated to improving the
overall performance of the RIS to be used in the new technology of the 6G. For the high-
demand IoT which hoped to be the internet of intelligence. So, RIS is a good candidate that
obeys its requirements. The artificial intelligence RIS is used in a plethora of applications
such as healthcare, robotics, unmanned aerial vehicles (UAVs), smart sensors, smart agri-
culture, self-driving cars, and IoT smart home systems [36]. In this section, we introduced
the conventional plasmonic graphene MIMO antenna structure with the addition of a smart
and reconfigurable (Coded) superstrate layer of G-RIS meta-atoms. The reconfigurability of
the graphene-based intelligent structure layers provokes the G-RIS is suitable for a wide va-
riety of communication scenarios. This layer is placed upon the MIMO antenna as depicted
in Figure 13. Herein, we studied the behavior of the G-RIS on the performance of the MIMO
antenna structure. The reconfigurability process of the G-RIS is studied and presented from
the point of view of frequency and radiation pattern. Firstly, reconfiguring the operating
frequency of the main structure (MIMO antenna metasurface G-RIS). The presence of the
graphene material gives us the chance to reconfigure the operating frequency of the antenna
by varying the graphene chemical potential µc = [0.1 − 0.5] eV throughout changing the
electrical gate voltage. As mentioned before, increasing the value of the chemical potential
leads to shifting the operating frequency to higher values. Secondly, the reconfigurable
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process for the radiation pattern of the antenna. The main functionalities of the G-RIS
consist of the beam-steering reconfiguration to provide the line of sight (LOS) user to
be used in indoor IoT applications. This property is achieved by modifying the state of
the graphene meta-atoms from ON/OFF states (“0” and “1”) that constitute the G-RIS
reconfigurable metasurfaces as illustrated in Figure 13. The ON/OFF states of the graphene
meta-atoms can be handled by external control of field programmable gate array (FPGA) by
dynamically controlling the applying graphene biasing voltage. The programmable G-RIS
for a beam steering in a certain direction. So, the order of the meta-atoms must be changed
in a specific sequence to achieve the desired direction, so the optimal coding arrangement
gives a maximum gain in the optimal direction.
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According to our proposed G-RIS programable meta surface, there are a lot of struc-
tures that can be achieved by changing the meta surface code to get the desired radiation
pattern to the suitable direction. For this property, the G-RIS is a good candidate for point
-to multipoint applications which need high directive and narrow beam width patterns.
The directive beams will reduce power consumption, especially in the THz IoT applications.
The main functionality of the G-RIS beam steering is employed to extend the coverage
area of the antenna to increase the number of communication devices. Additionally, it is
requisite for alleviating the path interference, in contrast, increasing the gain and directivity
of the antenna. The reconfigurability process of the beam steering has a vital role in averting
obstacles in the communication system by mitigating noise and interference, improving
the security system, increasing the gain, and reducing the power consumption (power
saving problems) by directing the transmitted signals to only the desired direction. In our
proposed design, the beam-steering mechanism depends on the meta surface operating
code. There are many coded G-RISs which produce a variety of paths according to the
angle orientation. These different paths are used in smart IoT applications as illustrated
in Figure 14 [37]. Figure 15 illustrates the suitable configuration of the G-RIS after a para-
metric analysis to get the three configurations namely zero-degree orientation, right, and
left orientation. All these configurations depend on the (ON/OFF) states of the graphene
meta-atoms which interns, which position the radiation pattern in a certain direction. In our
proposed structure, the beam steering is approximately from (±60◦). This can be noticed
well in Figure 16 which illustrates the dependency of the beam steering on the different
angle orientation.
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Although the idea of coding metamaterials was first proposed for use with microwaves,
it has now been effectively applied to other frequencies, including THz and acoustic waves.
The beam-steering capability throughout the G-RIS meta-atoms is introduced by the far-
field radiation pattern F(θ, Φ) which can be expressed as [38].

F(θ, Φ) = fE(θ, Φ)× AF(θ, Φ) (25)

where θ and Φ are the elevation and azimuth angle of a certain direction, respectively.
fE(θ, Φ) is the pattern function of a lattice and AF(θ, Φ) is the array factor for a 2D
configuration [38].

AF(θ, Φ) =
N

∑
n=1

M

∑
m=1

Anme−jβnm .e−jKo(xnm sin θcosΦ+ynmsinθsinΦ) (26)

where the double summation indicates the positions of row and column meta-atom of
2D array configuration, n = [1, 2, . . . , N] and m = [1, 2 . . . , M] represent the number of
elements in row and column, respectively, Anm is the amplitude of each cell, Ko = 2π/λo is
the free space wave number, βnm represents phase excitation between the elements, xnm
and ynm denote the position of the unit cell along the x-axis and y-axis, respectively. Herein
we consider the graphene coded RIS possibility to characterize the states ON and OFF the
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graphene meta-atoms that match the bits 0 and 1 digitally. The beam-steering scenario
according to the variation of the angle from (±60◦) can be adjusted by varying the code
of the meta-atom unit cells. According to MATLAB code (1001100 . . . .) and the far-field
radiation pattern, we can demonstrate the efficiently coded metasurfaces in the proposed
direction which can be verified by the CST microwave studio and indicates the optimum
order of the G-RIS unit cell for the beam-steering mechanism.

3.6. Suggested MIMO/G-RIS Antenna with AMC Layer

Our proposed design of the graphene plasmonic MIMO antenna configuration with
the RIS meta surface has a low operating gain of around 4.5 dB. To enhance the gain of
the structure with a directional pattern without increasing the antenna size (conventional
methods), an artificial magnetic conductor (AMC) is introduced. The proposed AMC unit
cell is illustrated in Figure 17a,b. It is composed of a square patch with an internal square
slotted on its center to make a resonance frequency at 1.9 THz on the top layer while a
full ground plane is incorporated in the bottom. The resonance frequency of the AMC
changes by varying the size of the unit cell. The substrate material is the same used in the
MIMO antenna with a thickness of 5 µm. The conducting material of the AMC is carried
out by graphene (G-AMC). Figure 17c indicates that the S11 reflection phase of the G-AMC
is around 00 throughout the operating frequency of the antenna. For the MIMO antenna
structure, the G-AMC layer is at the bottom with a 15 µm separated distance between them.
The array size is chosen based on a high-parametric study.
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Figure 17. AMC unit cell (a) The applied boundary condition (b) 2D layout with optimized dimen-
sions, and (c) the Simulated S11 reflection phase of the AMC unit cell. 

The graphene MIMO antenna structure with the G-RIS superstrate layer is placed 
above the G-AMC layer. There are three suggested arrays 12 × 12, 10 × 10, and 8 × 8 of unit 
cells. These three designs are selected and studied to cover the suggested antenna. The 
main target from the usage of the G-AMC layer is to increase the gain of the MIMO 

Figure 17. AMC unit cell (a) The applied boundary condition (b) 2D layout with optimized dimen-
sions, and (c) the Simulated S11 reflection phase of the AMC unit cell.

The graphene MIMO antenna structure with the G-RIS superstrate layer is placed
above the G-AMC layer. There are three suggested arrays 12 × 12, 10 × 10, and 8 × 8 of
unit cells. These three designs are selected and studied to cover the suggested antenna. The
main target from the usage of the G-AMC layer is to increase the gain of the MIMO antenna
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by increasing the array size while the reflection coefficient S11 is not affected due to the
array size. The 3D radiation pattern of the proposed design is illustrated in Figure 18. The
12 × 12 G-AMC layer recorded a high gain of 10 dBi, while the 10 × 10, and 8 × 8 structures
give a gain of 8.6 and 7.3 dBi, respectively. The 2D curves of the gain assure the same results
as depicted in Figure 19 The back surface field direction of the MIMO antenna structure is
reflected due to the presence of the G-AMC unit cells through the operating frequency. The
reflected waves are collected and added in phase with the main radiated antenna waves
which intern enhances the overall gain of the antenna.
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The proposed graphene plasmonic MIMO antenna is sandwiched between the G-RIS
superstrate layer (at the top) and the G-AMC layer (at the bottom). This mechanism is
considered the best choice to enhance the overall gain of the MIMO antenna, furthermore,
make the reconfigurability process at the same time. The results of the final proposed

197



Electronics 2023, 12, 164

design of the three parts (Antenna, G-RIS, and G-AMC) are compared with the states of the
arts of the latest published papers on this point. This reveals that the proposed design of
the MIMO antenna has a good impact with a suitable result that can be used in different
applications such as IoT. The comparison of the proposed antenna with the states of the is
of different resent papers are tabulated in Table 2 which reveals that the proposed antenna
structure is interested and can be used in different applications of the THz frequency band.
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Table 2. Comparison with the state-of-the-art works.

Ref. Freq.
(THz) Size (µm2) Decoupling

Method

Max.
Isolation Im-
provement

(dB)

Gain (dBi) ECC/DG (dB) CCL Reconfigurability Antenna
Configuration

[39] 0.4935 600 × 300 Separated
Distance −40 4.74 0.001/9.95 0.00018 - MIMO

[16] 3.5 130 × 85
MTM +

Elements Ar-
rangement

−55 7.23 0.000168/9.999 0.006 - MIMO

[40] 1.2 192 × 192 - - 4.26 - -
Gain reconfigurable +
Metasurfaces
(±35◦)

Single element

[41] 2.02 256 × 216 - - 8.91 - -

Gain reconfigurable +
Graphene
Metasurfaces
(±50◦)

Single element

[38] 1.47 422 × 359 - - 4.88–7.68 - -
Gain reconfigurable +
Graphene ribbons
(30◦ :150◦)

Single element

[42] 0.51 600 × 300 Separated
Distance −54 5.49 0.015/9.99 -

Frequency
reconfigurable +
Graphene chemical
potential

MIMO

Proposed
Work 1.9 120 × 90 MTM+

AMC −54 4.5–10 0.000023/9.99 0.0014

-Frequency
reconfigurable
Graphene chemical
potential. —Gain
reconfigurable +
Graphene RIS (±60◦)

MIMO

4. Conclusions

Herein In this paper, a graphene MIMO microstrip patch antenna has been introduced
for THz wireless communication applications. E-shaped metamaterial unit cells have been
placed between the radiating patches to enhance the isolation from −35 dB to −54 dB. The
proposed RIS layer based on graphene meta-atoms is placed above the radiating patches
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to configure the gain to steer at a specific angle (±60◦). Another layer based on graphene
material is employed to increase the gain of the antenna from 4.5 dBi to 10 dBi, namely
G-AMC layers. This layer is placed underneath the antenna at a suitable separated distance.
The proposed MIMO antenna is considered a good candidate to be used in a plethora
of applications. Due to the high performance of the proposed antenna design it can be
used in the high-speed short-distance indoor communication applications (IoTs) which
can be used in smart home which need a high gain, high data rate, and beam-steering
property to reconfigure the different devices in the smart IoT application Additionally, this
proposed antenna can be used in the radar applications which need a wide scanning angle
(beam-steering property) to detect the objects in addition to the higher data rate. So, the
proposed structure is very interesting design for the THz applications.
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Abstract: This study aims to introduce a new phased array design with improved radiation properties
for future cellular networks. The procedure of the array design is simple and has been accomplished
on a low-cost substrate material while offering several interesting features with high performance. Its
schematic involves eight air-filled slot-loop metal-ring elements with a 1 × 8 linear arrangement at the
top edge of the 5G smartphone mainboard. Considering the entire board area, the proposed antenna
elements occupy an extremely small area. The antenna elements cover the range of 21–23.5 GHz sub-
mm-wave 5G bands. Due to the air-filled function in the configurations of the elements, low-loss and
high-performance radiation properties are observed. In addition, the fundamental characteristics of
the introduced array are insensitive to various types of substrates. Moreover, its radiation properties
have been compared with conventional arrays and better results have been observed. The proposed
array appears with a simple design, a low complexity profile, and its attractive broad impedance
bandwidth, end-fire radiation mode, wide beam steering, high radiation coverage, and stable char-
acteristics meet the needs of 5G applications in future cellular communications. Additionally, the
smartphone array design offers sufficient efficiency when it comes to the appearance and integration
of the user’s components. Thus, it could be used in 5G hand-portable devices.

Keywords: 5G; beam steering; cellular networks; linear phased array; smartphone applications;
substrate insensitive

1. Introduction

The current generation (4G) wireless cellular systems are not able to meet the demand
for a high data-rate transfer for future communications [1]. Therefore, the 5th generation
(5G) of mobile networks or wireless communications has been established to meet these
challenges and provide several enhanced services on the internet of things (IoT), mobile
broadband, massive multiple-input multiple-output (MIMO), machine-to-machine (M2M),
and ultra-reliable communications [2–4]. The 5G spectrum is categorized in two broad
regions as the Sub-6 GHz, ranging under 6 GHz frequency, and the millimeter-wave (mm-
wave) region in which frequencies 24 GHz and above are adopted. In 5G networks, the
mm-wave and sub-mm-wave spectrums play an important role in providing broadband
communications that can support multiple sensing devices to demonstrate the performance
of 5G service requirements [5–7]. Small antennas can be formed in linear or planar array
schematics to overcome high attenuation and propagation losses and provide point-to-
point communications. As represented in Figure 1, in the frequency range of 20–50 GHz,
several candidate bands, such as 22.25, 26, 28, and 42 GHz, were determined by academia
and industrial researchers to be considered efficient in 5G networks [8–12]. Apart from the
cited frequencies, several bands (beyond 10 GHz), such as 15 and 21 GHz, were studied
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for 5G applications [13–15]. It is also evident that compared with 4G, significant frequency
shifting to the higher bands is expended for 5G communications.
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Linear phased arrays with compact resonators and broad frequency operation are
desired for smartphone applications. Recently, several designs have been proposed to be
integrated into handheld platforms [16–18]. One of the challenges in antenna design is to
accomplish high-efficient antenna arrays which require careful consideration because it
could increase the complexity of the design and material and implementation cost [19,20].
Therefore, in order to address these limitations and challenges, we introduce here a simple
and straightforward design idea that can create high-efficiency and wide scanning radia-
tions on a single substrate material and can be easily applied for smartphone applications.
An additional selling point of the introduced design is its insensitivity to a wide range of
substrate materials. In particular, this is due to the air-filled loop-ring resonators used as
the radiation elements, which have a similar thickness to the FR4 substrate. Therefore, for
different substrate types, the air acts as the main substrate and provides constant radiation
properties with very low losses in terms of antenna gain and efficiency [21,22]. Unlike
the reported design which needs a multi-layer configuration or complex feeding or high-
cost materials, the proposed antenna array can be arranged on a single-layer cheap FR4
substrate and still provide sufficient radiations. The antenna elements can be easily fed
using discrete or microstrip-line techniques. The presented antenna array is designed using
the commercially available CST software package [23]. The array was manufactured on a
standard smartphone board with FR4 material, and the properties of the single element
have been experimentally measured. The design and fundamental characteristics of the
single radiator and its phased array are elaborated below.

2. Antenna Design

The presented phased array is designed on a low-cost FR-4 dielectric with properties of
hsub = 0.8 mm, permittivity (εr) = 4.3, and loss tangent (δ) = 0.025. The schematic diagram of
the design is represented in Figure 2. As depicted, eight elements of the air-filled/substrate-
insensitive elements are adopted to form a 1 × 8 linear array at the edge of the smartphone
board with an overall size of Wsub × Lsub = 55 × 110 mm2. The employed linear array has
a compact size of 8.5 × 43 mm2. In order to obtain full radiation coverage in 5G mobile
communication, another set of the presented phased array can be deployed at the bottom
edge of the mainboard. The parameter values of the array design are specified in Table 1.
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Table 1. Final dimensions of the 5G antenna parameters.

Parameter Wsub Lsub hsub W W1

Value (mm) 55 110 0.787 5.25 1.5
Parameter W2 W3 W4 L L1

Value (mm) 0.5 3.125 3.125 8.3 7.8

Figure 3a depicts an ideal system architecture that can be used for a linear phased
array antenna system. The feeding network of the phased array design is one of the critical
issues to obtain a functional antenna array set. A 1 × 8 uniform linear array could be
employed, on another thin substrate above the elements, for the presented array design.
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It should be noted that each antenna radiator must be excited with equal magnitude and
different phases [24,25]. The shape of the radiation beams can be defined by applying the
relative phase amplitudes to each antenna radiator as below:

φ = 2π (d/λ) sin θ (1)
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Figure 3. (a) Phased array architecture and (b) typical 1:8 feed network for the array design.

There are various techniques of feed network design for this purpose: parallel (Figure 3b),
series, etc. The power dividers (such as Wilkinson) divide the power equally 1: N and also
unequally by changing the input and output [26]. In general, in the microstrip-line power
dividers, the number of junctions from the input to each output is controlled for tapering
amplitude. Moreover, the overall performance of the power divider mainly depends on
the power-split level for each output; therefore, the design process can be simple, and the
fabrication sensitivity can be insignificant [27].

3. Single-Element Antenna

In general, the microstrip printed slot antenna is a resonator that can be easily
formed by cutting a thin slot in a metal-sheet plane. Its size is a half-wavelength (λ/2)
of the antenna operation frequency [28–30]. It can exhibit different polarizations (verti-
cal/circular/horizontal polarizations) depending on its placement, feeding, and antenna
configuration. This work has been started by designing a typical slot antenna operation
at 21–23.5 GHz. In this study, a rectangular slot radiator is converted into a rectangular
metal-ring radiator of the same thickness as the substrate in order to improve the radia-
tion performance and eliminate the impact of high-loss FR-4 dielectric (hsub). The design
evaluation and structures of the conventional slot and rectangular metal-ring antennas
are depicted in Figure 4a,b. It can be also observed that the discrete feeding technique is
employed to feed the radiator in the simulations.
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can be observed that the currents are significantly distributed around the slot resonator. 
Moreover, the embedded metal-ring loop appeared highly active with the surface currents 
flowing around it. The 3D radiation of the introduced design has been plotted in Figure 
6b. Observations have shown that the metal-ring/air-filled resonator provided good 
radiation, supporting substrate sides at the top and bottom. Moreover, the element pro-
vides a high gain level of 5 dB at 22.25 GHz. Furthermore, it is worth mentioning that the 
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Figure 4. (a) Conventional λ/2 slot resonator and (b) the configuration of the proposed metal-ring/air-
filled slot.

As shown in Figure 5, the proposed design is flexible and by changing the size of the
main radiator (L1), the antenna operating frequency can be easily tuned to the desired band.
Figure 6a plots the distributions and densities of the surface currents at the resonating fre-
quency in the top and back layers of the suggested antenna, respectively. It can be observed
that the currents are significantly distributed around the slot resonator. Moreover, the em-
bedded metal-ring loop appeared highly active with the surface currents flowing around
it. The 3D radiation of the introduced design has been plotted in Figure 6b. Observations
have shown that the metal-ring/air-filled resonator provided good radiation, supporting
substrate sides at the top and bottom. Moreover, the element provides a high gain level of
5 dB at 22.25 GHz. Furthermore, it is worth mentioning that the −0.35 and −0.38 (radiation
and total) efficiencies are discovered for the element at the resonating frequency.
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−17 dB couplings of the slot radiators. The current distribution at 22.25 GHz is plotted in 
Figure 8. As can be observed, the currents have mainly concentrated on the top portion of 
the mainboard. It can be seen that the employed metal-ring radiator is very active and the 
current flows are mainly distributed around them [31,32]. 

 
Figure 7. S parameters for the proposed phased array. 

Figure 6. (a) The current densities and (b) radiation at 22.25 GHz.

4. Characteristics of the 5G Smartphone Antenna Array

This section describes and examines the main properties and radiation parameters of
the represented array and its beam-tuning capabilities. The S parameters (S11~S81) of the
introduced linear array design are represented in Figure 7. As shown, the design offers
2.5 GHz operational bandwidth with a single resonance at 22.5 GHz, and with lower than
−17 dB couplings of the slot radiators. The current distribution at 22.25 GHz is plotted in
Figure 8. As can be observed, the currents have mainly concentrated on the top portion of
the mainboard. It can be seen that the employed metal-ring radiator is very active and the
current flows are mainly distributed around them [31,32].
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Figure 8. Current distribution at 22.25 GHz for 0◦ beam of the phased array.

Figure 9 shows the 3D beams of the introduced array radiations for various tuning
angles at 22.25 GHz. As can be noticed, the array beams exhibit a wide scanning property
over 0◦–70◦. On the other hand, we observe well-defined end-fire radiations and quite
sufficient gains and directivity over the scanning angles. As represented, the array offers an
end-fire radiation mode at the selected scanning angle (0◦, 15◦, 30◦,45◦, 60◦, and 70◦) which
could provide half-space radiation coverage with point-to-point scanning possibility at a
different desired angle. As mentioned earlier, to acquire full radiation coverage, another
set of the introduced antenna can be located at the bottom side of the mainboard PCB.

Figure 10 shows the simulated 2D-cartesian gain levels of the suggested array beam
steering at minus/plus scanning angles. It is shown that the antenna provides wide scan
and high-gain beam steering. At 0◦ to ±50◦ scannings, the array gains are almost constant
and offer greater than 11 dB gains. The critical characteristics of the design radiations,
such as the directivities and efficiencies for the various radiation beams of the suggested
smartphone array at 22.25 GHz, have been represented in Figure 11. Across the range of
0◦–60◦, the array efficiencies are greater than 90%. In addition, for the angles below ±50,
the directivity value varies from 10 to 12 dBi. The efficiency characteristics of the introduced
array in the operating frequency range at the 00 scanning angle are plotted in Figure 12. It
is discovered that the designed 5G smartphone antenna provides good efficiencies over the
frequency band. As represented, a more than −0.15 (97%) radiation efficiency and −1 (80%)
total efficiencies have been achieved for the array at the operation band of 21–23.5 GHz.
Moreover, the design exhibits sufficient gain values over the targeted frequency band. It
was realized that the maximum gain improves while moving to the higher frequencies.
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5. Comparison of the Proposed Design with the Conventional Arrays

In order to clarify the improved and higher performance of the introduced phased
array compared with the conventional arrays (such as patch and slot antenna arrays), the
main properties have been compared and discussed in this section. All designed arrays with
eight resonators and a distance of 6.75 mm (λ/2) are placed in identical smartphone main-
boards with FR4 substrate materials to operate at the target frequency of 22.25 GHz. The
radiations, beam steering, S parameters, and efficiencies are studied. Figure 13 illustrates
the schematics of the cited 5G array antennas.
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antenna, (b) the detailed (c) patch, and (d) slot array arrangements.

Both conventional arrays have been designed to resonate at 22 GHz. Figure 14 depicts
their S parameters. As shown, the antennas exhibit good behavior with sufficient couplings.
Compared with the S parameters of the proposed design (in Figure 7), the conventional
arrays provide sufficient and almost similar S-parameter results. Therefore, they can be
good candidates for radiation comparison. Figure 15 compares the radiation efficiency of
the designed arrays for various angles of 0◦ to 60◦. It can be seen that compared with the
conventional slot and patch array, the introduced array offers very high efficiency. It should
be noted that using x = 10log10k, the percentage (linear) value of the antenna efficiency
can be converted to dB (logarithmic) [33]. Therefore, as clearly observed, even though the
proposed antenna is designed on a lossy substrate (FR4), it offers a much higher efficiency
(almost 100%) compared to the conventional designs (80–85%). This is mainly due to the
employed design technique which eliminates the loss of the substrate material.
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Figure 15. Comparison between the radiation efficiencies of the arrays illustrated in Figure 12 and
the proposed design.

Figure 16 plots and compares the 3D beam-steering radiations of the selected antenna
arrays with gain levels in the range of 0–60 degrees. As represented, compared with the
conventional antenna arrays [Figure 16a,b], the suggested array design offers improved and
almost constant radiation gains at various degrees. The simulations and efficiency/gain
calculations for each radiation beam were carried out using computer simulation technology
(CST) software. As shown, the efficiency values of the proposed design are better than
−0.5 dB (90%), while for the conventional design, the parameter is less than −1 dB (80%).
In addition, higher efficiency results are discovered for the proposed design. Despite the
fact that the conventional patch antenna is higher at 0 degrees, when moving the scanning
to higher levels, both conventional arrays (patch and slot) have significantly lower gain
levels. Moreover, for the patch array placed at the top side of the mainboard, the radiation
coverage will be limited, and achieving full coverage would be challenging. Meanwhile, as
shown in Figure 16c, the introduced array design generates end-fire beams with increased
radiation coverage. Therefore, using the proposed design technique and applying the
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air-filled metal resonators, the antenna’s critical properties can be improved for better
communications [34,35].
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Figure 16. Three-dimensional radiation beams of the antennas are shown in Figure 8 and the
proposed design.

6. Insensitivity Function of the Proposed Array Design

As mentioned above, the fundamental properties of the introduced array design are
insensitive to different substrate characteristics. The properties of the dielectric substrate,
including the permittivity and loss tangent, are critical parameters to control the radiation
and performance of the small antennas. In order to clarify this property, the array coefficient
reflection (Snn) for various dielectric constant (εr) values are studied in Figure 17. For the
conventional slot antenna array plotted in Figure 13b, when the value of the antenna
permittivity (εr) increases from 2 to 6, the resonating frequency of the conventional slot
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antenna (S11) decreases from 28 to 18 GHz. However, as can be observed from Figure 17,
unlike the conventional array design, the introduced air-filled array offers similar S11 results
for various values of the substrate permittivity. From this result, it can be concluded that
the array design is insensitive, and its reflection coefficient remains constant for various
types of substrates.
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Figure 17. S11 results of the array for various values of Epsilon (εr).

The loss tangent (δ) is another substrate characteristic that should be considered for
the insensitivity function of the proposed array design [36]. It plays a vital role and can
affect both the cost and radiation characteristics of an antenna design. The fundamental
radiation properties of the introduced array design, including the realized gain, radiation,
and efficiencies at different scanning degrees at 22.25 GHz of the presented array design
for various loss tangent values, are illustrated in Figure 18. The studied loss tangent varies
from 0.005 to 0.5. As shown, changing the value of δ does not affect the radiation properties
of the phased array. The design exhibits similar behavior with high efficiencies. It can
be found that the designed phased array offers almost the same values of efficiencies
(radiation and total) and very insignificant variation. In addition, at different degrees, the
gain characteristic of the introduced array does not change. The radiation characteristics
of the introduced design with various lengths of the ground plane have been studied
in Figure 19. As illustrated, as the array elements are the insensitive slot-loop radiators
with the air substrates, the ground-plane impact on the array performance is insignificant.
However, as can be seen, using different lengths for the ground plane, different values of
the fundamental radiation properties can be obtained.

Table 2 exhibits a comparative summary of the antenna characteristics for the pro-
posed design with the recently reported smartphone 5G phased arrays available in the
literature [37–45]. As depicted in the table, the suggested design can support wide scanning
angles with better gain and efficiency characteristics. In addition, different from the re-
ported designs, the gain and efficiency characteristics of the design are almost constant over
the main scanning angles (0–60 degrees). In addition, the antenna elements have more than
17 dB isolation. Furthermore, unlike the reported design, the proposed antenna is insensi-
tive to different substrate materials which is a unique function and can be demonstrated
in low-cost substrates. Its performance is also almost constant for different ground-plane
lengths as discussed in Figure 19.
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Table 2. Comparison between the proposed and the reported mobile handset antennas.

Reference Bandwidth
(GHz) Efficiency (%) Gain (dB) Isolation (dB) Scanning

Range
Insensitivity

Function

[37] 21–22 - 8–12 14 0◦~75◦ No
[38] 27.5–28.5 70 7–11 11 0◦~60◦ No
[39] 21–23 85 9–11.5 12 0◦~60◦ No
[40] 27.4–28.8 - 7–11 16 0◦~60◦ No
[41] 27–29 80 5–9.5 13 0◦~75◦ No
[42] 27.5–28.5 - 8–11.5 15 0◦~60◦ No
[43] 27.75–28.25 - 10–13 20 0◦~50◦ No
[44] 25–29 75–90 8–11 15 0◦~75◦ No
[45] 27.5–29.5 - 6–8 20 0◦~30◦ No

Proposed 21–23.5 80–95 10–12.5 17 0◦~75◦ YES
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7. Fabricated Prototype and Experimental Results

The proposed substrate-insensitive phased array was fabricated in a standard FR-4
dielectric. Figure 20a shows the front/back views of the prototype sample. During the
fabrication process, eight-slot holes with a distance of λ/2 have been made to hold the
metal-ring resonators. In the next step, the metal-ring resonators were made separately
and then inserted into the slot holes on the PCB. Due to some restrictions in terms of
equipment and also due to the fact that the antenna elements exhibit almost identical
frequency/radiation behavior, the S11 and radiation pattern of one antenna element placed
at the corner is measured for the introduced phased array.
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However, it should be noted that the mutual coupling effects are not considered in
this experimental approach. As can be observed from Figure 20a, in order to measure
the S11 characteristic of the single-element resonator, the inner conductor of a coaxial
cable was extended across the ring resonator and soldered on the PCB ground plane. The
simulated/measured S11 results of the single-element radiator placed on the mainboard are
also plotted and compared in Figure 20b. As evident from the figure, the antenna element
exhibits a sufficient measured/simulated S11. In addition, a good agreement is observed
between the experimental and simulation results. It is worth mentioning that due to the
flexibility of the employed feeding method and also in order to acquire the best possible
measured result and also eliminate the SMA connector/cable losses, the feeding point of
the antenna element can be slightly adjusted to obtain a better result.

The radiation patterns (including the E and H planes) of the single-element antenna
are also measured. Figure 21a plots the measured 2D polar patterns for the element under
experiment. As shown, the single-resonator exhibits a quasi omnidirectional radiation
shape in the E-plane, while in the H-plane, the radiation’s main direction ended in the
end-fire mode. Furthermore, in order to study the beam-steering potential of the proposed
design with a general perspective, using the measured radiation data of the single antenna,
the beam patterns of the introduced array have been synthesized and simulated [46]. The
calculated results in the scanning range of 0◦~70◦ were illustrated in Figure 21b. As can
be observed, a well-defined beam-steering function is obtained for the synthesized beams
in the range from 0◦ to 70◦. It is worth mentioning that in the realist approach (where all
the elements are measured and mutual couplings and phase shifting are included), the
obtained results might be slightly different.
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8. Effect of User Hand in Data-Mode

The user-hand effect is a critical part of smartphone applications on handheld plat-
forms and usually creates negative impacts on the radiation and properties of the smart-
phone antennas [47–50]. This section studied and compared the radiation beams, antenna
gain, and efficiencies of the introduced array in the appurtenance of the user hand for the
Data-Mode scenario. Figure 22 represents the array beams at different scanning degrees

216



Electronics 2022, 11, 2962

(0◦~75◦). It is clearly shown that the introduced array design offers well-defined radiations
with sufficient gains and radiation coverage in quasi-end-fire radiation mode. However, as
mentioned before, due to the negative impact of the user-hand phantom, a slight reduction
in the array performance was observed. Figure 23 illustrates and compares the losses of the
performances of the phased array design in terms of the realized gain and efficiencies in the
Data-Mode (DM) compared with Free-Space (FS). As seen, the total losses of the designed
array parameters for the antenna gain are around 0.5 to 1.5 dB. In addition, in the scanning
range of 0◦ to 50◦, the efficiency reduction is less than 0.25 dB (5%). However, as expected,
by moving to the higher scanning angles (60◦~70◦), an about 15–20% reduction is observed
in the antenna efficiency. Therefore, it can be concluded that the effect of the user’s hand is
not significant.
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9. Conclusions 
This manuscript proposes a new beam-steerable array antenna design with improved 
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through simulations and measurements. The proposed design provides a wide imped-
ance bandwidth of 21–23.5 GHz. It also exhibits constant radiation properties with very 
low losses in terms of the antenna gain, S parameters, and efficiency for different substrate 
materials. It also offers high gains and efficiencies at frequencies different from its operat-
ing band. In addition, sufficient radiation is observed in the presence of the user’s hand in 
Data-Mode. Considering these advantages, the array is highly suitable for modern 5G 
smartphones. 
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9. Conclusions

This manuscript proposes a new beam-steerable array antenna design with improved
performance and substrate insensitivity for modern 5G smartphones. The antenna array
is designed on the FR-4 dielectric and its configuration contains eight slot-loop/metal-
ring resonators with the air-filled substrate in a 1 × 8 array form located at the edge
of the smartphone board. The usefulness of the introduced array for 5G applications is
validated through simulations and measurements. The proposed design provides a wide
impedance bandwidth of 21–23.5 GHz. It also exhibits constant radiation properties with
very low losses in terms of the antenna gain, S parameters, and efficiency for different
substrate materials. It also offers high gains and efficiencies at frequencies different from
its operating band. In addition, sufficient radiation is observed in the presence of the user’s
hand in Data-Mode. Considering these advantages, the array is highly suitable for modern
5G smartphones.
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Abstract: This paper presents the design of a flat-panel metasurface reflectarray antenna fed by a
circular horn antenna for satellite applications. A metasurface-based reflectarray antenna is similar to
a flat-panel reflector and is characterized by a reflection angle adjustment that is free from the well-
known Snell’s law. This was done by compensating the angle of the incident wave using the structure
of each unit cell. A unit cell of the designed metasurface is composed of a dual-ring resonator. Many
satellites use a reflectarray antenna due to its flat-panel structure and the capability of steering the
reflection angle of the incident wave. This paper presents the detailed design procedure using a
commercial 3D EM simulator and the operation principle of the flat-panel metasurface reflectarray
antenna, including the simulation setup, design environment and automation. The proposed design
method is scalable to any EM solvers for numerical analysis. A reflectarray composed of a 16 ×
16-unit cell array at 5.8 GHz (C-band) was designed and validated by measurement as a proof of
concept. It is excited by a low-cost linearly polarized circular horn cantenna. The measured antenna
gain and radiation patterns show good agreement with the simulation. The measured antenna gain
of the reflectarray was 22.4 dBi (cross-pol suppression level: 36 dB), and the reflection angle was 15◦

at normal incidence.

Keywords: metasurface; reflectarray; high gain antenna; array antenna; C-band

1. Introduction

The concept of a reflectarray was proposed in the 1960s using a short-circuited waveg-
uide array composed of different lengths [1]. Early reflectarray designs have not received
much attention due to their impractical structures, but the development of a printed flat-
panel microstrip reflectarray paved a new way in the late 1980s [2]. The breakthrough
of printed microstrip circuit technology has contributed significantly to the innovation
of reflectarray antennas, which have emerged as high-gain antennas for long-distance
communications, such as nano-/cube-satellite communications.

Dish-type parabolic reflector antennas are widely used in satellite communications
for the space-Earth link because of their high-gain property. Small satellite platforms such
as CubeSat have extremely limited payload, so it is challenging to mount bulky high-gain
reflector antennas on them for the space-Earth link [3]. The advance of resonator-based
metamaterial technology has expedited the progress of the metamaterial-based antennas.
The metasurface consisting of resonator arrays is widely adopted for antenna, absorber,
power-splitter and reflector designs [4–8]. It is because the negative constitutive parameters
at desired frequency can be easily obtained by utilizing the planar resonator array structures.
For the high gain antenna applications, a flat-panel metasurface reflectarray antenna is
a good candidate for the high-gain foldable antenna of CubeSats because of their flat
reflectors fabricated from a multi-layer PCB [9–11].

The operation principle and structure of a reflectarray are similar to those of a parabolic
reflector antenna [12–14]. Both antennas reflect an incident wave from a source feeding
antenna to focus or steer the wave’s direction. The direction of the reflected wave is
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determined by the shape or phase response of the reflector. A conventional parabolic
reflector antenna has a bulky curved metallic surface as a reflector, whereas a reflectarray
has a flat planar antenna or resonator array, which results in a low profile, low mass, ease
of fabrication and low cost.

Reflectarrays are also different from conventional phased antenna arrays because they
do not have a beamforming/steering network, such as a power dividing circuit and phase
shifters. The phase response of each unit cell of a reflectarray works as a phase shifter,
which results in high reliability due to the relatively simple feeding and passive phase
shifting property. Unlike traditional active phased antenna arrays, designing large arrays
of thousands of elements is much easier.

This paper discusses a generalized design procedure for a planar reflectarray antenna
design and presents a high-gain reflectarray in the C-band as a design example. It shows
detailed simulation setup, design environment and automation of a reflectarray antenna. The
detailed design procedure of a unit-cell and array analysis using a commercially available
full-wave EM solver are discussed. The presented design procedure is demonstrated by a
flat-panel reflectarray antenna consisting of a dual-ring resonator fed by a circular horn antenna.
Measured experimental data agree well with the proposed design and analysis. It should be
noted that the proposed design method is scalable to any EM solvers for numerical analysis.

The measured antenna has a high co-pol gain value of 20.0–22.2 dBi with a cross-pol
suppression level of 26–39 dB at the operation frequency. There was an error of 1–2◦ for the
beam steering direction between the simulated data and the measured data. The size of the
designed 16 × 16 reflectarray is 400 × 400 mm2, whereas the distance between the source
horn antenna and the reflectarray is 200 mm. The proposed design procedure is scalable to
any frequency band.

This article is organized as follows. Section 2 presents the detailed operation principle of
the reflectarray antenna, its geometry, antenna design parameters and dimensions. Pictures of
planar, folded and inactive modes of the antenna are also included in this section.

The measured antenna performance parameters in the C-band, such as the antenna
gain, |S11|, polarization, source horn antenna are presented in Section 3. The conclusion is
given in Section 4.

2. Operation Principle of the Reflectarray Antenna

The operation principle of a flat-panel metasurface reflectarray is shown in Figure 1.

Figure 1. Operation principle of a flat-panel metasurface reflectarray antenna.
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The incident electromagnetic waves radiated from a source antenna are reflected by
the flat-panel metasurface. The metasurface consists of an array of unit cells, each of which
shifts the phase of the incident waves in order to propagate them in the desired direction.
The array factor AF(θ, ϕ) of a flat-panel metasurface reflector array with M × N unit-cells
can be written as (1) and (2) when the metasurface reflector is located on the xy-plane [15]:

AF(θ, ϕ) = ∑ M−1
m=0 ∑ N−1

n=0 Amnejk0(mdxu+mdyv) (1)

{
u = sin θ cos ϕ + βx
v = sin θ sin ϕ + βy

(2)

where Amn is the complex excitation of the (m, n)-th unit cell, C(m, n) and k0 is the free space
wavenumber. βx and βy are the progressive phase shift between the adjacent unit-cells in
the x and y directions, respectively. The progressive phase shifts can be expressed as (3) in
order to create reflected waves focused in the (θr, ϕr) direction. dx and dy are the period of
the unit cell in the x and y directions, respectively.

{
βx = − sin θ0 cos ϕ0
βy = − sin θ0 sin ϕ0

(3)

The phase shift (∆ϕmn) on the mn-th unit cell, C(m, n), can be calculated by using
the period of unit cell, βx, and βy. It is critical to compensate the phase of the incident
waves using the unit-cell structure to control the reflection angle. The phase of the reflected
wave at C(m, n) can be calculated by adding the phase of the incident wave to the relative
phase shift due to the unit cell. The required phase shift distribution ∆ϕ to obtain a desired
reflection angle can be analytically calculated by (4):

∆ϕmn = 2Nπ + k0

(∣∣∣∣
⇀
Rmn

∣∣∣∣−
⇀
d mn·r̂0

)
(N = 0, 1, 2, · · ·) (4)

where
⇀
Rmn is the position vector from the source antenna to C(m, n),

⇀
d mn is the position

vector from the center of the metasurface reflector to C(m, n), k0 is the wavenumber and
⇀
r 0

is the unit vector in the direction of the reflected waves.
The unit cell of the flat-panel reflectarray, which operates at 5.8 GHz (C-band), is

composed of dual square rings, as shown in Figure 2. The dual square rings are printed
on a widely used commercially available 0.8-mm-thick (Ts) FR4 substrate (εr = 4.4 and tan
δ = 0.04). The unit cell is placed above a solid metal GND plane, as shown in Figure 2. The
width and length (Wring) of the outer ring vary from 6 to 16 mm, whereas the unit cell size
(Dcell) is fixed at 25 mm. The widths of the inner and outer rings (Tr1, Tr2) and the gap
between the rings (G1) are also fixed to 1 mm for design simplicity. The metal thickness and
the air gap (G2) between the GND plane and the dual square ring are 18 µm and 2.76 mm,
respectively. All the detailed unit cell dimensions are summarized in Table 1.

The phase of the reflected wave changes as the size of the double square ring changes
because the impedance of the unit cell is a function of the length and width of the square
ring [16,17]. To analyze the phase response of the unit cell according to the size of the
dual square rings, an infinite array condition was assumed, and calculation was done by a
commercial 3D full-wave simulator, Ansys HFSS. The master-slave boundary condition and
Floquet port setup were applied to build an infinite unit cell array simulation environment.
The phase response depending on the size of the double ring and incident angle at 5.8 GHz
is shown in Figure 3 It is clear that the relative phase shift strongly depends on the size of
the ring resonator. The relative phase shift according to the incident angle is very small
when the angle of incidence is less than +/−15◦. The incidence/reflection angle of +/−15◦

is wide enough for the LEO satellite applications because of the mission altitude of the LEO
satellites. The mission altitude of the LEO satellite is typically 2000 km or less. It can cover
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a circular area with a diameter of 709 km. It is wide enough to cover a small country of
a city.

Figure 2. Unit-cell geometry: (a) top and (b) side views.

Table 1. Unit-cell Design Parameters in mm.

Dcell 25 Wring 10–20

Wring2 6–16 Tr1 1
Tr2 1 G1 1
G2 2.76 Ts 0.8

Figure 3. The relative phase shift of the reflected wave depending on (a) the size of the dual-square
ring and (b) incident angle.

In this parametric analysis, the size of the unit cell (Dcell) was fixed at 25 mm, the
length of the outer ring (Wring) was varied from 10 to 20 mm and the width (Tr1, Tr2, G1)
and gap between the square rings were fixed. The observed relative phase shifts in the
unit cell ranged from −50◦ to −670◦ at 5.8 GHz. The obtained phase shifting range of 620◦

is wide enough to compensate the incident waves because only a phase shifting range of
360◦ is required to set any reflection angle. The proper dimension of the dual square ring
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resonator (Wring) is 10–16 mm because it covers phase shifts of 0–360◦ at the operation
frequency of 5.8 GHz. A 16 × 16-unit cell array was designed based on the phase response
of the unit cell shown in Figure 2 and Equation (4).

The source horn antenna is aligned to the center of the flat panel metasurface, and
the distance between the source antenna and the metasurface is 200 mm. The size of the
dual square ring can be determined by calculating the required phase to compensate the
incident wave on the metasurface according to (4). The size of the dual square rings and
their associated phase shifting value were tabulated, and the 16 × 16-unit cell array was
placed automatically by utilizing custom-built Python code for Ansys HFSS. The design
procedure is shown in Figure 4a.

Figure 4. (a) Overall design procedure of the proposed reflectarray, (b) FE-BI domain decomposition
simulation setup and (c) simulated radiation pattern of the designed reflectarray antenna.
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A simulation was run in Ansys HFSS electromagnetic simulator to verify the perfor-
mance of the designed metasurface reflectarray antenna. To save computation resources
and simulation time, the finite-element and the boundary integral (FE-BI) domain decom-
position method was applied in this work, as shown in Figure 4b [18–21]. The integration
boundaries were set up around the source horn and the designed flat-panel reflectarray.
The field information near the source horn antenna was integrated and applied to the
reflectarray to calculate the reflected waves. The simulation result of the reflected wave is
shown in Figure 4c. The designed reflection angle (θr) of 15◦ is clearly observed.

3. Reflectarray Antenna Measurement
3.1. Source Antenna: Circular Waveguide Antenna

A cylindrical horn antenna was designed for the feeding antenna based on dominant
mode analysis [22]. The size of the cylindrical can is 35 × 88 mm2 (diameter × height), and
it has a single dominant TM11 mode in the band of 5.0~6.6 GHz, which is broad enough to
cover the whole operation frequency of the proposed metasurface reflector. The length of a
feeding probe is 12 mm, and the distance between the probe and the metal wall is 20 mm.
The fabricated source horn antenna and its measurement data are shown in Figure 5.

Figure 5. Fabricated 16 × 16 reflectarray in the anechoic chamber: (a) front and (b) side views.

All antenna parameters were measured in an anechoic chamber. The designed antenna
has a broad impedance bandwidth of 5.8–6.0 GHz (Figure 6a) and high antenna gain value
of 6.8~7.8 dBi (Figure 6b). The measured cross-pol suppression level was higher than 20 dB
at the operation frequency band. All the simulation results show good agreement with the
measurement data.
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Figure 6. Designed circular horn antenna: (a) S-parameter and (b) antenna gain.

3.2. Flat-Panel Metasurface Reflectarray Antenna

The designed flat panel reflectarray antenna was printed on an FR4 PCB board. The
air gap between the dual square ring metasurface and the GND plane was maintained by
cylindrical PCB spacers made of polyester. The source horn antenna was tied to a wooden
pole to keep a distance of 200 mm from the metasurface reflector, as shown in Figure 5
(F/D = 0.35). The far-field response of the fabricated flat panel metasurface reflectarray
antenna was measured in an anechoic chamber. The measured far-field co-pol and cross-
pole gain patterns are shown in Figure 7. The results show good agreement between the
measurement and simulation. The measured peak co-pol gain value was 20~22.2 dBi,
the cross-pol gain value was −3.6~−0.6 dBi, and the side-lobe level was 16~18 dB. There
was less than 1 dB of difference between the simulated and measured co-pol peak gain
values. The measured radiation directions of the reflected waves were 12~14◦, which were
very close to the designed radiation direction of 14~16◦. The small discrepancy of 1–3◦

in the reflection angle can be considered as fabrication error such as misalignment of the
mounted source horn antenna. The measured 1-dB and 3-dB beamwidth values are 5◦ and
10◦, respectively. Figure 7 shows 1-dB and 3-dB bandwidth of the proposed reflectarray
antenna. The 1-dB and 3-dB bandwidth are 500 MHz (5.6~6.1 GHz, 8.5 %) and 860 MHz
(5.4~6.26 GHz, 14.8%), respectively. The aperture efficiency (εA) can be calculated from
the measurement data because εA = Ae/Ap = λ0

2G/
(
4πAp

)
where Ae is effective area

of antenna, Ap is physical area of antenna, λ0 is a wavelength and G is antenna gain [14].
The measured aperture efficiency of the proposed antenna is 21.1%. The performance
comparison table is shown in Tables 2 and 3. Those reported reflectarray antennas at the
C-band have multi band or tunable capability, but they also have relatively high loss due to
active components, such as varactors or PIN diodes. The proposed reflectantenna features
high gain and a low-profile.
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Figure 7. Measured gain patterns of the designed reflectarray antenna: (a) 5.6 GHz, (b) 5.7 GHz,
(c) 5.8 GHz, (d) 5.9 GHz and (e) 6.0 GHz.

Table 2. Simulation and Measurement Data.

Co-pol Gain (dBi) Cross-pol Gain (dBi) Radiation Angle (θ, ◦)

Sim. Mea. Sim. Mea. Sim. Mea.

5.6 GHz 21.3 20.0 −6.0 −2.7 16 14

5.7 GHz 21.9 21.3 −7.0 −3.5 16 13

5.8 GHz 22.2 22.0 −14.0 −1.9 14 13

5.9 GHz 22.0 22.4 −14.0 −0.6 14 13

6.0 GHz 21.8 22.2 −17.0 −3.6 14 12
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Table 3. Performance Comparison.

Ref Peak Gain (dBi) Reflector Size (mm3) Frequency Band

[23] 18.1 300 × 400 × 5.0 C-band

[24] 19.0 350 × 350 × 5.6 C-band

[25] 12.9 300 × 210 × 1.5 C-band

This work 22.4 400 × 400 × 3.6 C-band

4. Conclusions

This paper presented a detailed design process for a flat-panel metasurface reflectar-
ray and a design example operating in the C-band for satellite applications. A detailed
automated design procedure based on the phase compensation and the proposed design
method was demonstrated. The designed metasurface reflectarray was composed of a 16
× 16 dual-ring unit-cell array. The designed reflectarray structure was simulated using
the FE-BI domain decomposition method to save computation resources such as time and
memory. The measured antenna gain and radiation patterns were in good agreement with
the proposed design method.

The proposed automated design method is scalable to any other frequency band.
This work could pave a new way for fast design and prototyping of a metasurface reflec-
tarray that has a broad application spectrum. For instance, artificial satellites or mobile
communication areas could be good applications for the proposed reflectarray antenna.
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