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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
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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 [oT 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 (BClIs) that enable direct communication between the brain and an external
device [20,21];

e 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.

Outer Body
Implantabl Communication

On Body
Communication

w\/

Wearable

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 mm? 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 mm?) 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 uW and 3.24 uW, respec-
tively, much smaller than the expected power around 1 mW. The SAR limit is the same as
defined earlier.

Antenna

/

- Circuit
Board
Battery

N
Capsule Shell

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 x 5 x 0.635 mm?, 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 (e, = 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
(H ac) 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 10° 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 mm?, 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 (AIN) 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
Helmbholtz 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.



Electronics 2024, 13, 3200

10 of 33

Table 1. Comparison table of different antenna designs for implantable and digestible devices.

Antenna Gain (dBi) Size (mm?3) Q Frequency Reference
Meandered Patch —32.1/-31.5 5 x5 x 0.635 4.05/6.45 1.4/2.45 GHz [37]
Dif. Meandered Patch —-27.9 25 x 11 x 11 10 2.45 GHz [18]
Impl. Vivaldi —-15.7 44 2 4 GHz [42]
Rectangular Loop -32 5x7x03 5.9 5.9 GHz [34]
Meandered Patch —28.65 6 x 9.55 x 0.2 5.21 2.4 GHz [21]
Dif. Meandered Loop —28.6 25 x 11 x 11 19.6 2.45 GHz [36]
Diel. Resonator —25.7 3x47x1 - 2.45 GHz [19]
Metamaterial —15.2 8 x 8 x0.15 - 2.45 GHz [41]
Conformal Loop —289/—18.6 28x9x%x9 - 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/—-254 11 x 20.5 x 1.8 - 0.403/0.902/2.45 GHz [38]
ME —18.1 0.2 x 0.05 x 0.001 632 2.53 GHz [50]
ME Disc —15.59 0.2 x 0.2 x 0.001 16 2.49 GHz [51]
Self-biased ME —61 3.5 x 5 x 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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(a) (b)

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].

Vertit;al ) Horizontal
Polarization Polarization

OFF

OFF OFF
— ({7 — — A=
OFF
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X

Circular
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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.
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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 x 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.
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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].

Bottom View
with Microstrip Feeding

<« L1 >

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 EGaln (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, TMjo and T My, 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 x 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 x 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.

4x4
BUTLER
MATRIX

4x4
BUTLER

MATRIX
Polarization Selector Dual Butler Matrix Inverted o
1 vpP Switched Beam Selector V-array -

2 RHCP
3 LHCP
4 HP

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].
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Figure 14. Multi-polarized high-order-mode cavity-fed antenna 2 x 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.
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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 (cm?) Rad. Pattern Polar. (States) Frequency FBW (%)  Ref.
Ring Patch 47 20.45 x 20.45 Omnidirec. LP(1) 1.6 * GHz 05/1 [7]
Slotted Patch 9.8 35 x 10.5 Directive LP(1), CP(2) 24 GHz 12.5 [6]
Metasurface 5.8 3.75 x 3.75 Front Lobe LP(1), CP(2) 5.2 GHz 124 [66]
Windmill Metantenna 525 4.8 x 4.8 Front Lobe LP(1), CP(2) 3.65 GHz 24.1 [63]
Microfluid 7.3 4x4 Front Lobe CP(2) 4.6 * GHz 52 [67]
Crossed Inverted F 12.8 185 x 15 BF (—30°:30°) LP(2), CP(2) 5.8 GHz 15.7 [69]
Crossed Inverted F 7.6 53 x 5.3 Front Lobe LP(4) 3.4 GHz 5 [72]
High-Order Cavity 25 104 x 104 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 x 9.5 Front Lobe LP(3), CP(2) 2.7 GHz 37.1 [75]
Circular Sectored 47 92.25 Front Lobe LP(16) 2.2*GHz 35 [76]
Truncated Patch 6.8 10 x 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.



Electronics 2024, 13, 3200

21 0of 33

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 (Al), 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 (2628 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 (6), while a planar array enables
three-dimensional space steering (8, ¢) 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.

*  Inuniform arrays, the distance of the elements (d) limits the operation bandwidth due
to beam squint (d = Ayiy /2, Ayin = o/ finax)-

e 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.

e Toadaptively 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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e Off-the-shelf electronically tunable elements (e.g., phase shifter) are limited in the
market and when they are found their tunability is small.

e 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 AG = —3 dB need to be at A§ = 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 x 2 x 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 x 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 x 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.

|
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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 x 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 1l4-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].

Parasitic

Radiator
Elements —p /

Variable Load

Biasing Voltage
.

from Controlle

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 x 2 array configuration
was realized with an element spacing of 0.5A¢. 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 x 2 array featuring I'-dipoles (Figure 19) is introduced in [56], offering an
innovative solution as well as advanced beamforming capabilities. This design uniquely
incorporates I'-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 I'-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.

L
L, Dipole 1 Dipole 2
fo W
Dipole 4 Dipole 3
I, <g> I
T
(a) (b)

Figure 19. (a) Schematic and (b) fabricated all-polarization I'-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 0.0181 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.
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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]
I'-Dipole 6.87 Cont. 60° ALL 2.5GHz 9.6 No [56]
Annular 4.62 Cont. 60°/90° LP (3), CP(2) 416 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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