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Summary

In recent years, the field of biomedical engineering has witnessed significant
advancements in implantable devices designed for healthcare monitoring, diagnostic
imaging, and therapeutic interventions. Wireless power transfer to these implantable
devices is crucial for their efficient operation. However, optimizing the coupling
between external electromagnetic (EM) sources and implanted dipole antennas within
the human body presents several challenges, primarily due to the complex dielectric
properties of biological tissues. This thesis addresses these challenges by proposing
innovative methods to enhance signal transmission and improve the efficiency of
wireless power transfer to implanted biosensors, thereby advancing the capabilities of
medical telemetry systems.

The methods section focuses on the excitation and operation frequency for optimal
coupling between external sources and implanted antennas. Two primary approaches
are explored: dielectric layers forming Fabry-Perot resonant cavities and active EM
metasurfaces incorporating gain media.

The first method utilizes dielectric layers to enhance the coupling efficiency by
optimizing resonance conditions. The dielectric materials are chosen based on their
properties to form resonant cavities, which maximize EM wave transmission between
the implanted antenna and the external source, improving signal strength and clarity.
The setup aims to minimize reflections and enhance the coupling between the antennas
by creating an optimal resonant environment.

The second approach involves the use of active metasurfaces incorporating gain media.
These metasurfaces provide a high degree of control over EM wave propagation,
allowing for precise engineering to manipulate EM waves and achieve optimal
matching conditions. The active nature of the metasurfaces boosts transmissivity,
significantly enhancing the coupling efficiency. This approach offers robust
performance even in the presence of misalignment between the implanted and external
antennas.

Mathematical models are developed to predict the optimal configurations for both
methods, taking into account the complex dielectric properties of biological tissues.
These models provide a theoretical framework for understanding the interaction
between EM waves and biological tissues, facilitating the design of optimized coupling
mechanisms.

Extensive computational simulations are conducted to validate the theoretical
predictions. These simulations consider various scenarios, including different distances
and misalignment between the implanted and external antennas. The simulations focus
on the robustness of the matching components, demonstrating their practical
applicability in real-world biomedical settings.

The results of the study highlight the effectiveness of both proposed methods in
enhancing coupling efficiency between implanted dipole antennas and external sources.
Key findings from the simulations and mathematical modeling include:



Optimal Matching Layer: The dielectric layers forming Fabry-Perot resonant cavities
significantly improve coupling efficiency. The simulations show that this setup can
achieve high coupling efficiency by optimizing resonance conditions, resulting in
improved signal transmission and clarity. The optimal configurations for the dielectric
layers are identified, demonstrating their effectiveness in various scenarios, including
different distances and misalignments.

Optimal Matching Metasurface: The active EM metasurfaces with gain media provide
a higher degree of control over EM wave propagation, resulting in superior coupling
efficiency. The simulations reveal that these metasurfaces can achieve optimal
matching conditions, significantly boosting coupling efficiency even in the presence of
misalignment. The robustness of the active metasurfaces is highlighted, showing that
they can maintain high performance under experimental imperfections.

In conclusion, an extensive analysis of the secondary antenna’'s mismatch across both
angles (6, @) for a separation distance on transition zone is presented. The results
indicate that employing a metasurface as a matching technique results in the highest
performance at & = ¢ = 0, aligning with initial conditions depicted in other figures.
Despite achieving higher transmission, there is a more pronounced decrease in
performance with increasing misalignment angles compared to the matching layer
technique. However, the desired transmission factor values are attained within specific
regions, demonstrating that optimal alignment yields the highest transmission
efficiency but the system maintains satisfactory performance over a broader range of
angles.

The findings of this thesis have significant implications for the design and optimization
of medical instruments used in healthcare monitoring, bioelectromagnetic imaging, and
diagnostics. By improving the coupling efficiency between implanted and external
antennas, these technologies can enhance the reliability and accuracy of medical
telemetry systems. This improvement can lead to better patient outcomes through more
accurate monitoring of physiological signals. The research also provides insights into
the potential applications of advanced EM metasurfaces in biomedical engineering. The
ability to precisely control EM wave propagation using metasurfaces opens up new
possibilities for designing miniaturized and efficient implantable devices for
continuous health monitoring, targeted drug delivery, and other medical applications.

This thesis presents a comprehensive study on optimizing coupling between implanted
dipole antennas and external sources. By employing dielectric layers and active EM
metasurfaces, the research proposes two effective methods to enhance coupling
efficiency. The mathematical models and numerical simulations provide a robust
framework for designing optimized biomedical systems. The findings have significant
implications for the future development of implantable medical devices, promising
improvements in healthcare monitoring, diagnostics, and patient care. This research
contributes to the advancement of biomedical engineering by addressing the critical
challenge of efficient signal transmission in implantable systems and paving the way
for more reliable and effective medical technologies.



Abstract

This thesis investigates the optimization of wireless power transfer between external
electromagnetic (EM) sources and implanted dipole antennas within the human body,
a critical factor for the effective operation of biosensors in various biomedical
applications. The research addresses the complex interaction between implanted
antennas and surrounding biological tissues, focusing on enhancing signal
transmission. Two innovative approaches are explored to improve the matching
between free-space radiators and embedded receivers: the use of dielectric layers
forming Fabry-Perot resonant cavities and the deployment of active EM metasurfaces
incorporating gain media.

The first approach employs dielectric layers to form Fabry-Perot resonant cavities,
which optimize resonance conditions to enhance coupling efficiency. This method is
designed to maximize EM wave transmission between the implanted antenna and the
external source, thereby improving signal strength and clarity. The second approach
involves the use of active metasurfaces with gain media, offering a high degree of
control over EM wave propagation. These metasurfaces can be precisely engineered to
manipulate EM waves, achieving optimal matching conditions and significantly
boosting coupling efficiency.

Mathematical models are developed to predict the optimal configurations for both
methods, taking into account the complex dielectric properties of biological tissues.
Extensive numerical simulations validate these theoretical predictions, considering
various scenarios, including different distances and misalignment between the
implanted and external antennas. The robustness of the matching components in these
scenarios is emphasized, highlighting their practical applicability in real-world
biomedical settings.

The results of this study have significant implications for the design and optimization
of medical instruments used in healthcare monitoring, bioelectromagnetic imaging, and
diagnostics. By improving the coupling efficiency between implanted and external
antennas, these technologies can enhance the reliability and accuracy of medical
telemetry systems. This, in turn, can lead to better patient care and outcomes by
ensuring more accurate monitoring of physiological signals. Furthermore, the research
provides insights into the potential applications of advanced EM metasurfaces in
biomedical engineering. The ability to precisely control EM wave propagation using
metasurfaces opens up new possibilities for designing miniaturized and efficient
implantable devices, which can be used in a wide range of medical applications, from
continuous health monitoring to targeted drug delivery systems.

In conclusion, this thesis presents a comprehensive study on optimizing coupling
between implanted dipole antennas and external sources. By employing dielectric
layers and active EM metasurfaces, the research proposes two effective methods to
enhance coupling efficiency. The mathematical models and numerical simulations
provide a robust framework for designing optimized biomedical systems. The findings
have significant implications for the future development of implantable medical



devices, promising improvements in healthcare monitoring, diagnostics, and patient
care. This research contributes to the advancement of biomedical engineering by
addressing the critical challenge of efficient signal transmission in implantable systems
and paving the way for more reliable and effective medical technologies.

Key terms : Biomedical communication, Electromagnetic coupling, Implants,
Metasurfaces, Wireless power transmission, Implantable antennas, Matching
Technique
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[.) Introduction
a) Background

Implantable antennas have recently become increasingly popular as they form an
indispensable part of modern biometric telemetry systems, enabling the transmission of
physiological signals both within and outside the human body [1]. These technologies
are crucial for the early detection of diseases, particularly chronic conditions [2] , and
offer long-term monitoring of patient activities under normal physiological conditions
[3], significantly enhancing the quality of life for patients [4]. Consequently, extensive
research efforts have been directed at addressing the challenging aspects of implantable
devices, such as biocompatibility, miniaturization, patient safety, connectivity with
external monitoring or control equipment, and insensitivity to detuning [5].

Several innovative solutions regarding numerical simulations, designs, and employed
media have been proposed to overcome the inherent weaknesses of implantable
systems, including low data rate, restricted communication range, performance
sensitivity to the positioning of various structural parts, and the limitations of invasive
endoscopy [6]. For instance, dual-band implantable antennas are utilized for continuous
glucose monitoring [7], while folded slot dipoles function safely across the medical
band [8]. Additionally, radiators implanted in the skin provide wireless measurements
for pressure and temperature [9]. Miniature antennas for integration into head-
implanted medical devices have been successfully introduced [10], and parasitic
patches placed over the human body have been proposed to enhance the wireless power
link between embedded rectennas and external devices [11]. On-body repeaters support
wideband transmission [12], and capacitively loaded circularly polarized implanted
patches contribute positively to the link budget [13], thereby providing reliable
subcutaneous real-time blood measurements [14].

Moreover, recent advancements in implantable devices for biomedical applications
show promise in areas such as cancer treatment via hyperthermia, drug delivery, and
overall healthcare monitoring. These devices can sense bio-signals like temperature and
blood pressure from within the body and transmit this data to external devices,
facilitating early diagnosis and prevention of critical medical conditions like heart
attacks and strokes [34]. The integration of implantable wireless sensors and microwave
imaging systems represents a significant leap forward in medical technology, promising
to improve diagnostic accuracy, enhance patient care, and reduce healthcare costs
through innovative and efficient solutions [35], [36], [37], [38], [39]. Microwave
imaging systems, leveraging the dielectric properties of tissues, are particularly
effective for detecting early-stage cancer, hemorrhages, and internal injuries [40], [41],
[42], [43]. Their non-ionizing, low-cost, and time-efficient nature makes them a
favorable alternative to traditional diagnostic tools like MRI and CT scans, particularly
enhancing accessibility and affordability in rural areas [44], [45], [46], [47]. These



technological advances are paving the way for more accessible and efficient diagnostic
tools in various medical fields.

In conjunction with these advancements, matching between an electromagnetic (EM)
radiator acting as a transmitter and another as a receiver is one of the oldest topics in
the scientific domain of wireless links. Effective matching increases the signal-to-noise
ratio at the receiver without the need for higher transmission power, regardless of the
operating frequency [15]. Examples of this include the deposition of graphene
nanoribbons to enhance coupling between optical antennas for improved photocarrier
collection [16], the use of matching circuits in multiple-input, multiple-output radio
frequency arrays [17], and the installation of passive superstrates to increase the
microwave detectability of buried objects [18]. In biomedical applications, wireless
power transfer achieved via resonating coils [19] or rectifier circuits [20] is another
form of maximal coupling, extensively used in magnetic resonance imaging [21] and
implantable sensing [22]. These foundational principles and technologies provide a
robust basis for the development of advanced implantable systems.

The advent of electromagnetic metasurfaces has revolutionized the control of EM
waves, transforming the traditional laws of reflection and refraction and allowing for
the creation of arbitrarily exotic boundary conditions [15]. Impedance matching has
now become a special case of the broader concept of controlling waveguide mode
propagation and coupling [16]. Metamaterial covers can flexibly tailor the receiving
patterns of antennas, greatly benefiting the design and optimization of near-field
sensors [17]. Bilayer plasmonic metasurfaces efficiently manipulate visible light [18],
block interferences [19], and may employ phase-change active materials to provide
tunable optical transmission [20]. Nonlinear elements within these metasurfaces enable
efficient frequency mixing with relaxed phase-matching conditions, ideal for
broadband frequency conversions and phase conjugation [21]. Strong interference in
ultra-thin films has been proposed as an effective mechanism for optical absorption
[22], while closed metasurfaces can leverage electromagnetic radiation from multiple
sources to achieve green and secure communications [23]. These metasurfaces can also
be engineered to control EM fields around and within the human body [24], creating
novel optical biosensors that overcome current limitations of bioelectronic interfaces
[25].

Building on the principles of effective matching and the advancements in implantable
devices, this work combines the two aforementioned topics (implantable antennas,
dipole coupling) to treat a simple and frequently met problem comprising one active
radiator into free space and another passive receiver embedded into human tissue. Since
specific levels of penetrating power are a prerequisite for any biosensor to operate
efficiently, re-transmit securely the signals, and record reliably the responses, maximal
coupling between the two antennas is vital. Two ways of matching free space with the
fat background are proposed: one by depositing dielectric layers and another by
utilizing EM metasurfaces. Approximate mathematical models are employed, and the
optimal setups are determined with the use of Fabry-Perot resonant cavities in the
former scenario and by assuming active structures with gain media in the latter one.
Extensive numerical simulations on every radiative region, with commercial software
packages, are executed where theoretical predictions are validated while particular



emphasis is given to the case of misaligned dipoles where the robustness of the
matching components is demonstrated. The reported results may assist substantially the
modeling and design of medical instruments with a wide range of applications from
healthcare monitoring and screening to bioelectromagnetic imaging and diagnostics.
This research ultimately aims to bridge the gap between theoretical advancements and
practical applications in biomedical engineering.

b) Types of Implantable Antennas

In the rapidly advancing field of biomedical engineering, implantable antennas play a
crucial role in enhancing the capabilities of various medical devices used for
monitoring, diagnostics, and therapeutic interventions. These antennas are designed to
operate within the human body, facilitating wireless communication between internal
biosensors and external devices. The integration of implantable antennas with medical
devices enables continuous health monitoring, real-time data transmission, and
effective management of medical conditions. Given the complex environment within
the human body, the design and optimization of these antennas require careful
consideration of various factors such as biocompatibility, miniaturization, and efficient
signal transmission. This section explores the different types of implantable antennas,
examining their unique characteristics, frequency operation and design challenges.

Planar Antennas

A probe-fed wideband implantable antenna utilizing a high-permittivity substrate is
proposed in [26]. This antenna operates across five frequency bands: 403-405 MHz,
433.1-434.8 MHz, 868-868.6 MHz, 902.8-928.0 MHz, and 2.4-2.48 GHz, exhibiting a
notable radiation efficiency of 80% and a wide bandwidth of 168.85%. The gain and
specific absorption rate (SAR) are not reported. Another design involves a flexible
antenna using Poly-dimethyl Siloxane (PMDS) with lower permittivity as the base
material, as proposed by Fu et al. [27]. This antenna operates at 2.42 GHz, with a
realized gain of -20.8 dBi and a bandwidth of 10.4%. The SAR is reported to be 156
W/Kg for a 1g average, although the efficiency is not documented. This design is more
complex due to the use of shunt capacitances to minimize impedance mismatch.

Wire Antennas

A circularly polarized (CP) helical antenna designed for ingestible capsule applications
is proposed in [28], operating at 2.4 GHz with a gain of -19.83 dBi and a bandwidth of
290 MHz The radiation efficiency is low at -24.8 dB, and SAR is not reported,
indicating a lack of patient safety considerations. Another helical antenna design by
Xin et al. [29] achieves dual resonance using two non-equally spaced helical copper
foil layers. This antenna, tested in a phantom model, operates at 30 MHz with a gain of
-67 dBi and an impedance bandwidth of 15.66 MHz (48.21%). The gain is notably low,
and neither efficiency nor SAR is reported. A conical spiral antenna operating at 450
MHz with a bandwidth of 101 MHz is presented in [30]. Its performance metrics,
including gain, efficiency, and SAR, are not provided, making its overall effectiveness
difficult to evaluate.

Conformal Antennas



A conformal CP implantable antenna operating at 2.45 GHz, using Rogers RO6010 as
the substrate, is discussed in [31]. It offers a gain of -29.1 dBi and a bandwidth of 31%,
but the efficiency is not reported. The SAR is significantly high at 368.7 W/Kg for a 1g
average. Despite its large size, the gain could be improved. Another wideband flexible
antenna is presented by Das et al. [32], designed on a Kapton polyimide substrate with
a Rogers 6010 superstrate. This antenna operates at 2.45 GHz, achieving a bandwidth
of 57%, a gain of -9 dBi, and an efficiency of 2.3%, with a SAR of 131 W/Kg.
Additionally, a CP implantable slot antenna operating at 915 MHz is discussed in [33],
offering a gain of -27 dBi and a bandwidth of 5.7%, with a high SAR value of 517
W/Kg.

Planar Inverted F Antennas (PIFA)

A compact broadband implantable PIFA, operating at 402 MHz, is proposed in [34].
This antenna achieves a gain of -34.9 dBi and a bandwidth of 13%, with a SAR of 284.5
W/Kg at the resonant frequency. Luo et al. [35] have designed a PIFA with a slotted
ground plane, operating at 402 MHz and 2.45 GHz. This antenna shows gains of -41
dBi and -21.3 dBi at the respective frequencies, with corresponding bandwidths of 41%
and 27.8%. The SAR values are high, at 666 W/Kg and 676 W/Kg, respectively.

Spiral Antennas

Xu et al. propose a CP ring antenna operating at 2.45 GHz, which shows a gain of -22.7
dBi and a bandwidth of 12.4%. The antenna was tested using muscle tissues and has a
1g avg. SAR value of 508 W/Kg at 2.45 GHz. However, the efficiency of the antenna
is not reported. The gain should ideally be higher for an antenna of this size [36].

Shah et al. discuss a triband spiral-shaped implantable antenna operating at 402 MHz,
1.6 GHz, and 2.45 GHz, with gains of -30.5 dBi, -22.6 dBi, and -18.2 dBi, respectively.
The antenna's bandwidths at these frequencies are 36.8%, 10.8%, and 3.4%. The SAR
values at resonant frequencies are relatively high, and the efficiency is not reported
[37].

A dual-band CP antenna operating at 902 MHz and 2.45 GHz is proposed by Smanta
et al. This antenna exhibits gains of -29.33 dBi and -21.0 dBi, with bandwidths of 12.2%
and 123%, respectively. The efficiency is reported to be 2.6% at 920 MHz and 3.8% at
2.45 GHz, but the antenna is noted for its large size [38].

Das et al. present a wideband flexible antenna operating at 2.45 GHz with a gain of -9
dBi and a bandwidth of 57%. The antenna's efficiency is 2.3%, and it has a 1g avg. SAR
value of 131 W/Kg at 2.45 GHz. Although it offers a wider bandwidth, it operates at a
higher frequency and is relatively large [32].

Slot Antennas

A CP implantable slot antenna operating at 915 MHz is discussed in [33]. This antenna
shows a gain of -27 dBi and a bandwidth of 5.7%. The 1g avg. SAR value is 517 W/Kg.
This antenna is also noted for its large size.

A coplanar waveguide-fed triangular slot antenna operating at 2.45 GHz is proposed in
[39]. This antenna demonstrates a peak gain of -7.9 dBi and a bandwidth of 8.2%, with



a radiation efficiency of 0.5% and a 1g avg. SAR value of 136 W/Kg. Despite its very
good gain, the antenna’s size is relatively large.

Dipole Antenna

A folded dipole antenna designed for UHF (0.951-0.956 GHz) is proposed in [40]. This
antenna achieves a maximum gain of -23.5 dBi when used on a human arm. The
antenna’s electrical size at this frequency contributes to the larger gain despite higher
attenuation. Better matching was observed without a glass coating, suggesting the need
for robust evaluations in different tissue models to assess matching with glass coating.

Type of Antenna Reference/Title

[27]: ‘Flexible antenna

Planar design on PDMS

substrate for implantable
bioelectronics
applications’

[28]: ‘Octafilar Helical
Antenna for Circular
Wire Polarization Wireless
Capsule Endoscopy
Applications’

[31]: ‘A Conformal
Circularly Polarized
Conformal Antenna for Wireless
Capsule Endoscope
Systems’

[35]: ‘Compact dual-
band antenna with slotted
PIFA ground for implantable
applications’




Spiral

[37]: ‘Design and
Analysis of a Compact-
Sized Multiband Spiral-

Shaped Implantable

Antenna for Scalp

Implantable and Leadless
Pacemaker Systems’

26 mm

Slot

[39]: ‘Coplanar
waveguide-fed ISM band
implantable crossed-type

triangular slot antenna
for biomedical
applications’

A comparison of various implantable antennas reveals diverse performance
characteristics, employing different miniaturization techniques. Techniques such as
using high-permittivity substrates [41], capacitive loading [27], and radiator current
path lengthening [37] are employed for miniaturization. Generally, larger antennas tend
to have higher gains, but miniaturization techniques and antenna design specifics, such
as slotted versus solid ground planes, significantly impact performance. The
implantation depth and the tissue type also contribute to variations in antenna gain due

to differing permittivity and conductivity at various frequencies.

¢) Near Field and Far Field

An antenna’s radiated electromagnetic field can be divided into two broad regions: the
near-field and far-field. The near-field can be further divided into two regions, the

non-radiative (reactive) region and the radiative (Fresnel) region.
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Figure 1.) Field regions for antennas equal to, or shorter than, one-half wavelength
of the radiation they emit [42]

Antennas designed to operate in free space or air exhibit different characteristics when
placed in the near field of or on the human body. This change in characteristics arises
because the operational environment shifts to a material with different dielectric
properties. Therefore, it is crucial to analyze both the far-field and near-field radiation
characteristics of an antenna for certain applications. In [43], the near-field radiation
pattern and the near-field and far-field fidelity factors are explored to determine the
performance of the antenna. For biomedical applications, the antennas in [43], [44],
[45], [46], [47], [48], [49], [50] are characterized for both near-field and far-field to
understand the operational principles of the antenna radiation.

Another significant aspect influenced by the selected operating frequency is the spatial
distribution of the field regions, as they substantially modify the behavior of the
radiated power. As it is shown in Fig.1, the boundary between the near-field and the
far-field regions in electrically small antennas ranges from 1 to 2 times the wavelength,
and the reactive near-field zone extends up to a distance of 1/2m. The reactive region
greatly impacts the behavior of the radiated power of the antenna, as reported in [4],
[51]. When implanted in biological tissue, the surrounding lossy medium dramatically
decreases the radiation efficiency of the antenna due to its interaction with the reactive
near-field.



II.)  Methods
a) Excitation and Operation Frequency

In designing antennas for biomedical applications, selecting an appropriate frequency
within the microwave regime is crucial. Various frequency ranges have been identified
in the literature as optimal for biomedical diagnostics. Higher frequencies, while
providing better resolution, face challenges in penetrating through the human head due
to shorter wavelengths and increased interaction with inhomogeneities. Conversely, at
lower frequencies, biological tissues exhibit high loss, making these frequencies less
practical for such applications [52], [53]. The overall structure of the antenna for low
frequencies also becomes large, which can render it impractical for operation near the
human body. The frequency band from 1 GHz to 2 GHz has been stated as suitable for
medical diagnosis, achieving increased penetration with low power radiation to reduce
SAR [43].

Historically, inductive couplings at frequencies below 15 MHz were the first methods
of wireless communication integrated into Implantable Medical Devices (IMDs), such
as the cardiac pacemaker. This method employed two inductors, one within the IMD
and the other external to the body, to transmit data over short distances when aligned
closely. However, this technology faced limitations due to potential misalignment, slow
data transfer rates, and restricted communication distances. To address these issues,
Radio Frequency (RF) antennas were introduced. Commonly used frequency bands for
these antennas include the Medical Device Radio Communication Service (MedRadio)
band (401-406 MHz) [54] and the Industrial, Scientific, and Medical (ISM) band (2.4-
2.5 GHz) [54]. The choice of frequency band depends significantly on the application,
balancing factors like tissue conductivity and communication speed [54].

Medical electronic devices are categorized based on the protocols and standards they
use. The Wireless Medical Telemetry Services (WMTS) cater to wearable devices,
while the Medical Implant Communications Service (MICS) is designated for
implantable devices. The MICS band, ranging from 402 MHz to 405 MHz, is allocated
by the European Telecommunications Standards Institute (ETSI) for implantable
devices due to its lower power loss inside the human body [55]. In contrast, the ISM
bands (433.1-434.8 MHz, 868-868.6 MHz, 902.8-928 MHz, and 2400-2500 MHz) are
suggested for biotelemetry of implantable medical devices in various countries,
particularly for subcutaneous applications [56]. Studies have shown that the MICS band
achieves the minimum total loss between transmitter and receiver antennas, making it
suitable for deep implanted antennas such as those used in capsule endoscopy [57],
[58], [59], [60], [61].

The communication channels for implantable devices are diverse. One scenario
involves communication between an implantable antenna and an external device,
known as in/off-body communication. The external device, typically a control unit,
sends and receives data observed by a physician or another person. For instance, a 3-D
compact broadband implantable antenna was proposed for use in the MedRadio band



(401-406 MHz) for communication, with the ISM band (2.4-2.48 GHz) employed for
wakeup signals. This design demonstrated gains of -28.95 dBi and 25.5 dBi,
respectively [62].

In this work, we will operate at the 2.45 GHz frequency, which aligns with the
Bluetooth frequency. This choice facilitates a wide range of applications since most
wireless connections today utilize Bluetooth, enhancing the potential for integration
with various devices such as smartwatches. Additionally, a half-wavelength dipole
antenna will be employed due to its simplicity and ease of simulation. This approach
ensures efficient and practical antenna design for biomedical applications.

b) Medium Selection

The main challenges of implantable antenna design arise from the complex
environment of the human body, which significantly differs from free space. Human
bodies consist of various tissues with high relative permittivity and conductivity,
distributed asymmetrically, causing significant attenuation and reflection at tissue
boundaries. These properties lead to additional losses when the electromagnetic wave
travels from the human body to an external receiver, distinguishing near-field from far-
field implantable communications. Near-field communication, where the receiver is
directly attached to or placed close to the human body, experiences much smaller losses
due to shorter distances [1].

Microwave penetration into human tissue is crucial for medical diagnosis, highly
dependent on the dielectric and dispersive properties of the tissue, and the efficiency of
the microwave radiator near human tissue [52], [53], [63]. The human body is a
complex structure comprising various materials, with tissue characteristics expressed
through dielectric permittivity (&) and conductivity (y) at microwave frequencies [64],
[65], [66]. The dielectric properties of human tissues, including permittivity and
conductivity, are essential in understanding the interactions between tissues and
electromagnetic fields, influencing the design and performance of implantable
antennas.

Dielectric permittivity and electrical conductivity, fundamental to understanding EM
interactions with biological tissues, can be defined as complex quantities. Permittivity
(¢) describes induced polarization and dipole alignment in the presence of an electric
field, with the real part (Re[e]) representing the lossless component and the imaginary
part (Im[£]) indicating energy losses [67]. Electrical conductivity measures the capacity
of a material to allow free electric charges to circulate. This property is frequency ().
For homogeneous, isotropic, and linear media, absolute permittivity is given by:

e(w)ey = g9(Re[e] —iIm[e]) = ¢ (Re[e] — %) = gRe[e](1 —itand), (1)

where ¢, is the vacuum permittivity and (tan &) the loss tangent that indicates the
degree to which a medium is lossy. These properties significantly affect the
propagation of EM waves, with higher attenuation rates in biological tissues due to
losses and reflections at tissue interfaces and the air-body interface [68].



Designing antennas for operation near the human body requires accurate simulation of
human tissues' complex structure and characteristics. Often, a homogeneous phantom
is used to simplify simulations and reduce time, although this does not fully capture the
inhomogeneous and frequency-dependent nature of human tissues. Despite these
challenges, implantable antennas and on-body matched antennas have been
successfully designed for various medical applications, enhancing impedance matching
and signal penetration in human tissues [37], [69], [70], [71], [72], [73], [74], [75].

In this work that the medium which was selected due to the easier way for simulation
environment was a fat of 30 [mm] thickness which the receiver dipole was placed. The
permittivity for desired frequency that was selected according to literature searching
was &; = 5.28(1 — 0.14i) [41], [76], [77].

[11.) Results

a) Computational Modeling

We consider a system of two antennas: the first one radiates into free space and provides
the primary excitation while the second one is embedded into human tissue. The first
dipole is placed at distance b from the air-fat interface and the second dipole at distance
h from it, as shown in Fig. 2. The transmitter radiates at Bluetooth frequency f
2.45 GHz, where the complex dielectric constant of human fat equals to: &
5.28(1 — 0.14i).
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Figure 2.) The physical configuration of the examined setups. A transmitting dipole
antenna operated at Bluetooth frequency f = 2.45 GHz illuminates human tissue
located at distance b, into which another dipole tilted by angles (68, ¢) has been
placed. To enhance the penetration of the electromagnetic signal into the fat host, we
utilize: (a) a matching layer of thickness a < b and relative permittivity &, and (b)
a matching metasurface of complex surface conductivity . The complex relative
permittivity of the fat is denoted by &;

In order to maximize the coupling between the two antennas so that all the related
diagnostic, monitoring and sensing bioelectromagnetic applications are better
facilitated, we propose the deposition either of a dielectric layer of thicknessa < b
and relative complex permittivity &, (depicted in Fig. 2(a)) or a metasurface of complex
surface conductivity o (depicted in Fig. 2(b)). Since the orientation of the receiving



passive dipole may change into the tissue of the patient, we permit it to be misaligned
with respect to the axis of the external source by angle 6 and rotated by angle ¢ while
being parallel to the boundary between the two media.

Transmitting
Antenna
b
Fat Receiving
: Antenna
hy

Figure 3.) Realistic set up of the two antennas system (transmitting, receiving)
without any matching technique which was used for every simulation applied on
COMSOL Multiphysics environment.

In this study, we utilized two simulation programs. Initially, the two-antenna system
was modeled using the COMSOL Multiphysics computational program to evaluate the
efficiency of each antenna as it is shown in Fig.3(a). The characteristics of the two half-
wavelength dipole antennas were determined according to the following equations,

First task was to determine the wavelength A of the system on the desired frequency

¢ bluetooth .
from, A = i A = 122.5 [mm]. Then based on A the length of each dipole

was computed with the length of transmitter from L = % and the same equation was
used for the length of receiver but with the difference that the medium which will be

placed was fat so the modification of the previous formula lead to L, = 2\;18_. Then
1

an important calculation was to find the limits of each radiation region as it is
demonstrated in Fig. 1,s0 Near_field < A = 122.5[mm] while the transition region
exists in the spectrum of 2 following wavelengths , 122.5[mm] < Transition <
245[mm] and finally the far field take place where the transition region ends and has
no limit Far_field > 24 = 245[mm)].

An optimization occurred for the radius of poles and the gap between them in order to
tune each dipole on f; by computing the |S;;| parameter which resembles the reflection
coefficient of an antenna. The final values of characteristics are shown at Table 1 :

Table 1.) Final geometry characteristics of transmitting and receiving antenna after
optimization, both tuned on f = 2.45 GHz

Dipole Transmitter Receiver
Length L = 56[mm] Li = 26.63[mm]
Radius R = 0.37[mm] R, = 0.25[mm]




| Gap | G = 0.17[mm] | G, = 0.1[mm] |
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Figure 4.) The scattering parameters magnitudes of the system of the two dipole
antennas in the absence of any matching equipment for: (a) » = 100,200,300 mm
withh = 15 mmand (b) A = 10,15,20 mm with b = 200 mm. The lighter the
color tone of the curve is, the larger the implicit parameter is selected.

In Fig. 4, we regard the initial system without any additional matching equipment and
test the behavior of the two antennas in the spectral vicinity of Bluetooth frequency. In
particular, we treat them as a two-port network and compute the scattering parameters
as functions of the operational frequency f. In Fig. 4(a), we represent the magnitudes
of S parameters in dB with respect to 2 GHz < f < 3 GHz for various distances b of
the first antenna from the interface which covers all radiation fields as they computed
from aforementioned equations (b = 100,200,300 mm); the lighter the used color is,
the more distant the dipole is placed. One directly observes that, due to the different
size of the two antennas, the reflections are stronger in the first one compared to those
at the second one; indeed, the transmitting cylindrical dipole is lengthier and thicker
compared to the receiving one [78]. What is noteworthy is that both |S;,| and |S,,]| are
minimized very close to Bluetooth frequency f = 2.45 GHz and in a manner not
significantly dependent on the location b. Such a result is not coincidental since the
characteristics of the antennas determining their resonances, have been previously
optimized. As far as the transmission |S,,| from one port to the other is concerned, it is
obviously inversely proportional to the distance b since the directivities of the antennas
are finite. Indeed, for increasing b, the radiated power is distributed across a larger
surface and thus a smaller portion from it reaches the receiving antenna.

In Fig. 4(b), we show again the frequency dispersion of same quantities as in Fig. 4(a)
but for several distances h of the second antenna into human tissue from the boundary
(h = 10,15,20 mm). Similarly to Fig. 4(a), the reflections to the first antenna are not
affected substantially by the placement of the port but still are minimized at the
Bluetooth frequency f = 2.45 GHz, regardless of the selection of h. Moreover, |S,;4|
is also practically independent from the distance h contrary to what is happening in Fig.
4(a); this is due to the small values of h since the receiver should stay into fat, below



the human skin. Interestingly, the reflection at the second antenna changes for different
values of h since the formed Fabry-Perot cavities are resonating at different
frequencies; however, all the three minima of the curves are close to our working
frequency f = 2.45 GHz.

b) Mathematical Modeling

In order to understand better the conditions that lead to maximal coupling between the
two dipoles, we introduce two one-dimensional analytically solvable models, one for
each of the configurations of Fig. 2. The actual structures of Fig. 2 can be also treated
in a rigorous manner but it involves integral equations [79], [80] where the field
quantities are approximated by finite sums of basic functions and the final formulas are
not physically interpretable.
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Figure 5.) Simplistic one-dimensional models for the two scenarios of Fig. 2. The
receiving dipoles have been conditionally removed while the transmitted antennas
have been replaced by normally incident waves of wavelength A.

In Fig. 5(a), we consider as excitation into free space a normally incident plane wave
of the same Bluetooth operational wavelength A = 122.5 mm. If one ignores the
receiving dipole, the reflection coefficient reads:

2ikga € X2 (ko—kz) (ky+ka)— e~*29(ky —kp) (ko +k2)

Ry =e etk2a(ko—ky) (ki+ky)— e~ k28 (kq—ky) (ko—kz)’ 2
where k, =27" is the wavenumber into air and k; = ke, , ky = ko/e;, the

wavenumbers into fat and matching layer respectively.

By calling for perfect matching so that maximal power enters the area of the receiver
(given the fact that the losses of the mediator layer are negligible), we derive the
condition from (2):

— 4mieza/A — (1+Vez) (Wer—Ver)
Ro=0-e (1) Ve +VED) 3)

If we assume that, apart from intermediate layer, the fat half-space is also lossless and
non-plasmonic, the right-hand side of (3) is a real number. That forces the left-hand



side of (3) to take specific values (+1); however, the equation e4™Ve2¢/2 = 1 |eads
to e, = 0, which is rejected. Therefore, the perfect matching conditions take the form:

~ Zz2m+1 ~
RL=0—>{A_4E,mENand£2_\/e—1}. (4)

The equalities are approximate since €1 in practice is a complex number.

In Fig. 5(b), we sketch the respective one-dimensional model once the matching
metasurface is used. The boundary conditions between air with electromagnetic fields
(E, H) and fat with electromagnetic fields (E;, H;) are given by [81]:

nX (Ey —E)|x= =0,

n x (Hl - H)Ix:o = —n X (ﬁ X E)Ix:o;

where n = X is the unitary vector normal to the air/fat interface (x = 0), as defined in
Fig. 3(b). By imposing them, we analytically derive the reflection coefficient:

_ 1-/E{—01, (5)

M= 1+\/£1+O'T]0.

Apparently, the perfect matching condition reads from (5):

1—/&;
Ry=0-0=—— (6)
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Figure 6.) (a) The magnitude of reflection coefficient |R, | from (1) as a function of
relative thickness of the layer a/b and relative complex permittivity €,(1 — i0.05).
The circular markers denote optimal operation points of the actual system of Fig. 2(a)
for various locations h of receiving dipole. (b) The magnitude of reflection
coefficient |Ry,| from (4) as a function of real and the imaginary part of the relative
complex surface conductivity on0. Plot parameters: &; = 5.28(1 — 0.14i) , b =
200 mm. The marker x corresponds to the parametric point of minimum reflections.

In Fig. 6(a), we represent the magnitude of the reflection coefficient |R, | of analytical
model of Fig. 5(a) with respect to normalized thickness of the layer a/b and the relative



permittivity of its medium &,, in a contour plot. We use a fixed b = 200 mm even
though is not a parameter of our model, in order to relate with our realistic setup of Fig.
2(a). One observes that |R; | isaperiodic function of a, which is natural since condition
(4) gives an infinite number of solutions (m € N from (3)). The regime of minimum
reflection is indicated by an x marker which is in accordance with (4) and imposes
maximal transmission into human tissue. On that variation map of |R;| , we show three
additional circular markers corresponding to the optimal parametric regimes of the
actual configuration of Fig. 2(a), as obtained via numerical simulations. Each of them
concerns a different placement h of the passive antenna, but all of them are close to the
theoretical predicted one (marker x). It is noted that, when increasing h, the realistic
results tends to reach the analytical solution of (4).

In Fig. 6(b), we depict the magnitude reflection coefficient |R,,| from (5) across the
complex plane of surface conductivity on, multiply by the wave impedance of the
space. Again the matching regime is denoted by the x marker which gives the on,
indicated by (6). By inspection of Fig. 6(b) one directly remarks that the equipotential
contour lines around the optimal regime, resemble the shape of concentric circles.
Indeed, the demand for constant and small magnitude |R,| — 0 from (5) gives the
equation of the circle:

(Re[alno — 1 + Re[Ver )? + (Im[olne + Im[Ve; D? = [Ryl%

It is noteworthy that, given the fact that Re[\/e; ] > 1, the surface conductivity that
“unlocks” the structure to achieve perfect matching has a negative real part (Re[o] <
0) which characterizes active structures. Therefore, the proposed remedy for poor
coupling of Figs 2(b), 5(b) (matching layer) involves gain media; such a feature renders
it fundamentally different from the solution described by Figs 2(a), 5(a) (matching
metasurface) which incorporates only lossless substances. It can be also mentioned that
the magnitude of the reflection coefficient |R,,| may surpass unity as the amount of
energy that the structure provide can be unbounded; it usually happens in parity-time
symmetric configurations [82].

c) Optimal Matching Layer

Having understood the ranges within which the parameters (a, €,) of the matching
layer should belong, based on the simplistic model of Fig. 5(a), in this Section, we again
consider the actual structure of Fig. 2(a) comprising the two dipole antennas to
numerically simulate it. The key metric in understanding how much the coupling
between the two radiators has been improved is the ratio of the transmitted power P{, 4,
in the presence of the matching setup over the respective power P, in the absence of
them. This quantity is denoted by Q and can be also given as the ratio of the square
magnitudes of the respective S,; quantities characterizing the two two-port networks.
The definition is given below and takes into account the misalignment angles (6, )
only for the improved structure (numerator, primed) so that it is always compared with
the best possible case (6 = ¢ = 0) of the initial structure (denominator, unprimed).
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— P tran(6,9) ~ |S’21(9:(P)| (7)
T Peran(6=0,0=0) ~ [S21(6=0,0=0)|?’

It is important to stress that the value of Q is dependent on the sequence of twisting the
receiving dipole with respect to angles (6, ¢); indeed, the obtained configurations are
different for a different order of rotations. However, if one covers the entire range of
angles 0 < 8, ¢ < 909, all possible misalignement cases are considered. In our

examples, we will focus on scenarios that the twist with respect to ¢ (if there is any)
happens first, followed by the one with respect to 8 (if there is any).
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Figure 7.) The magnitude of the metric Q from (6) as a function of relative
thickness of the layer a/b and relative complex permittivity &,(1 — i0.05). (a)

b =200mmandh = 15mm, (b) b = 200mmandh = 10 mm, (¢) b =
100 mmand h = 15mm, (d) » = 300 mm and h = 15 mm. Blue x markers
denote the optimal regimes.

In Fig. 7, we represent the metric Q defined by (7) on a map similar to that of Fig. 6(a)
for several placements of the primary and secondary antenna. In Fig. 7(a), typical
distances are assumed (b = 200 mm,h = 15 mm) and enhancement up to 50% of
the transmitted power is recorded for relatively thin layers (a/b = 0.35). In Fig. 7(b),
we change the location of the receiving dipole but the variation of Q does not perturb
substantially since h/A <« 1; however, the optimal permittivity increases due to the
shrunk of Fabry- Perot cavity between the air/layer boundary and the passive antenna.
In Fig. 7(c), we locate the active dipole close to the boundary (smaller b = 100 mm)
and, naturally, the optimal operation point appears at a higher ratio a/b while the slab
permittivity &, does not modify significantly compared to Figs. 7(a) since h remains



constant (h = 15mm). In Fig. 7(d), we consider a more distant source (b =
300 mm) and obtain a similar response to that of Fig. 7(a) since the human tissue is
positioned at the far field of the antenna; obviously, the highest Q emerges at a smaller
a/b since b increased.
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Figure 8.) The magnitude of the metric Q from (6), in the case of matching layer
(Fig. 2(a)), as a function of: (a) dipole misalignment angle 8 for ¢ = 0 and several
distances b, (b) dipole rotation angle ¢ for & = 0 and several distances b, and (c)
both misalignment angles (6, ¢) in contour plot for b = 200 mm. Plot parameters:
&, =1.86,a = 0.35b.

Unlike the transmitted antenna which is positioned with specific characteristics into the
measurement setup, the orientation receiving one is not controlled since it is buried into
human tissue. Therefore, it is meaningful to test the performance of our matching layer
with respect to arbitrary misalignment angles (6, ¢) , as defined in Fig. 2(a). In Fig.
8(a), we consider the respective optimal configurations from Fig. 7 and represent the
variations Q = Q(6) for ¢ = 0 and various distances b; it is, obviously, observed
that they are decreasing functions of 6. It is also remarkable that even if the two dipole
directions form angles as big as 8 = 20°, we compute Q@ > 1 which means that our
matching structure remains superior than a perfectly aligned but layer-free model. In
Fig. 8(b), we represent the metric Q but time with respect to rotation angle ¢, when



keeping & = 0. Once more the curves are downward sloping due to the polarization
crosstalk while the transmissivity enhancement exhibits substantial robustness with
respect to angle ¢. It is noteworthy, that even if the design has been optimized for b =
200 mm giving Q = 1.4, it works well for alternative placements of the primary
source; that is another finding that the proposed configurations remain beneficial for a
parametrically perturbed environment.

Finally, in Fig. 8(c), we examine a receiving dipole that is simultaneously rotated by
both the misalignment angles (6, ¢) with the one by ¢ first, for b = 200 mm as it is
demonstrated in Fig. 9 ; to this end, we depict the distribution of Q = Q (6,¢)ina
contour plot. One can observe that the highest score occurs at 8 = ¢ = 0, which is
obviously the starting point of both the respective curves for b = 200 mm in Figs
8(a),8(b) and also verifies that when the two antennas are in perfect parallel positon the
greatest transmission is achieved. In addition, when the sum of the two twists is
constant, the response Q formulate zones of similar magnitude; indeed, for 8 + ¢ =
120° the results are worse than in the case that we maximally rotate the two antennas
(6 = ¢ =909,
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Figure 9.) Realistic configuration of the two antennas system (transmitting,
receiving) applied matching layer technique for specific thickness a corresponding
to b = 200 mm condition which was used for simulations processed on CST Studio
Suite 2021.



d) Optimal Matching Metasurface

It would be interesting to observe the operation of deposited metasurfaces in trying to
match the free-space with the receiver into the human tissue or, alternatively, to
maximize Q, as defined from (7), in the actual system of dipoles. Given the fact that in
our theoretical model of Fig. 4(b) the perfect matching occurred for Re[o] < 0,
according to (6) and Fig. 5(b), we will not rule out the usage of gain media in our
simulations. Therefore, in Fig. 9(a), we represent Q (in dB) across the complex plane
of surface conductivity ¢ = Re[a] + iIm[o] and realize that a huge transmissivity
enhancement of more than two orders of magnitude becomes feasible, which is
attributed exactly to the active nature of the employed matching approach. It is
noticeable that the emerged peak of Fig. 8(a) is accompanied by an anti-resonance,
yielding minimum Q nearby, revealing an anticipated Fano resonance pattern.

One may wonder why the optimal operation point does not coincide with the
corresponding one of the analytical model in Fig. 5(b), contrary to the apparent
similarity between Figs 6(a) and 7(a) when the matching layer was used instead. The
answer lies in the fact that the optimal layer is passive while optimal metasurfaces
require gain materials. Indeed, the reflectivity and the transmissivity are not any more
complementary each other; as a result, an active metasurface can support a giant
transmission accompanied by a significant reflection. In this sense, our metasurface
strategy does not concern matching the free space with the human fat but aims at
optimally amplifying the incoming signal so that maximum penetration is achieved.
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Figure 10.) The magnitude of the metric Q from (6) in dB across the complex plane
of the dimensionless surface conductivity of the metasurface (Re[a]n,, Im[a]n,). (a)
b = 200mm and h = 15mm, (b) b = 100mm and h = 15mm. Blue X
markers denote the optimal regimes.

In Fig. 10(b), we repeat the same calculations as in Fig. 10(a) but for a transmitting
antenna located closer to human tissue (b = 100 mm). It is remarked that Q reaches



higher magnitudes compared to Fig. 10(a); that finding could be anticipated since the
primary source is positioned near an active medium which, in turn, acts a secondary
source that pumps new energy to the system. When it comes to the influence of gain
Re[a] on our observable Q, it is not necessarily positive. Indeed, for higher |Re[c] <
0| than that corresponding to the maximum of Fig. 10(b), the performance of the
respective metasurface is particularly poor, which validates the aforementioned point.
As far as the imaginary part of o is concerned, it just gives capacitive or inductive role
to the metasurface and pushes it towards the reported resonances.
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Figure 11.) The magnitude of the metric Q from (6), in the case of matching
metasurface (Fig. 1(b)), as a function of: (a) dipole misalignment angle 8 for ¢ = 0
and several distances b, (b) dipole rotation angle ¢ for & = 0 and several distances
b, and (c) both misalignment angles (6, ¢) in contour plot for b = 200 mm. Plot
parameters: ony, = —1.947 + 0.947i.

In Fig. 11, we repeat the calculations from Fig. 7, utilizing the optimally designed
active metasurfaces detailed in Fig. 10. The results highlight a notable improvement



in coupling efficiency and transmission performance due to the active nature of the
metasurfaces. Specifically, in Fig. 11(a), we observe the Q metric of the optimal
metasurface as a function of the misalignment angle 6 with ¢ = 0, for various
locations b of the external dipole. Substantial scores are recorded for both b =

200 mm and b = 300 mm for most directions within the cone 0 < 6 < 40°,
attributed to the active properties of the metasurface. However, the performance drops
significantly for b = 100 mm, despite the transmissivity enhancement observed in
Fig. 10(b). This discrepancy suggests that the metasurface does not perform optimally
at closer distances.

Further analysis in Fig. 11(b) demonstrates the Q score for the same structure as in
Fig. 11(a) (optimized for b = 200 mm), as a function of the rotation angle ¢ with

6 = 0. The initial points of the three curves coincide with those in Fig. 11(a) since
they all refer to aligned dipoles (8 = ¢ = 0). However, the performance
deteriorates more gradually when modifying the angle ¢, as the receiving dipole
remains parallel to the interface. Notably, a ten-fold enhancement is achieved for ¢ =
60° when the illuminating antenna is positioned at b = 200 mm, with similar high
scores for b = 300 mm. Conversely, a dipole at b = 100 mm suffers from
proximity to the interface, which significantly affects performance.

Moreover, an extensive analysis of the secondary antenna's mismatch across both
angles (6, @) for a separation distance of b = 200 mm is presented in Fig. 11(c).
This figure not only depicts the transmission distribution with the optimally designed
metasurface but also presents the relationship @ = Q(8, ¢) through a contour plot.
Compared to Fig. 8(c), it becomes evident that using a metasurface as a matching
technique results in superior performance at 8 = ¢ = 0. This observation is
consistent with the initial conditions depicted in Figs. 11(a) and 11(b), where the
starting points also exhibit optimal performance. Interestingly, while achieving higher
transmission in this configuration, there is a significantly more pronounced decrease
in performance as the misalignment increases, compared to the matching layer
technique. This trend is corroborated by the decreasing rates observed in Figs. 11(a)
and 11(b). Nonetheless, the elevated transmission is not limited to a singular point but
spans a range of angle combinations, specifically for8 < 15°and ¢ < 30°.
Moreover, it is important to highlight that desired Q values greater than 1 are attained
within a specific region where ¢ = 70°and 8 = 50°. This indicates that while
optimal alignment yields the highest transmission efficiency, the system maintains
satisfactory performance over a broader range of angles, thereby offering greater
flexibility and robustness in practical applications.



IV.) Conclusions and Future Considerations

External electromagnetic sources can be matched with implanted antennas into human
tissue by tuning the operational frequency so that minimal reflections are achieved.
While keeping the oscillating wavelength unaltered, we investigate the possibility of
improving further the coupling between the two dipoles by depositing dielectric layers
or metasurfaces across the air/skin interface. An equivalent one-dimensional semi-
analytical model indicates that, at Bluetooth band, the optimal layer is an ordinary
quarter-wavelength transformer but the optimal metasurface is an active one. Therefore,
the two matching strategies are fundamentally different each other but each one
possesses certain unique advantages:

the former one nullifies the reflections back to the source while the latter one can hugely
boost transmissivity into the human skin. Extensive numeral simulations of the actual,
three-dimensional systems validate the expected outcomes while the coupling
performance of each layout has been tested successfully against misalignment of
dipoles axes that cause polarization crosstalk. Our results may inspire further
experimental efforts towards more efficient communication with implantable antennas
that are supporting high data rates while being totally harmless for the patient.

An interesting expansion of the present work would be to focus on which media or
meta-atoms can be used to build the proposed matching layers that are operable at the
same frequencies and remedy potential availability limitations.

Moreover, one can use instead of wireless sources, wires connected with the equipment
that is wrapped around the human skin and, in this way, materialize an analogue of
active metasurface. Similar analytical and numerical techniques as the ones employed
in this work may be implemented to understand the interference between the multiple
sources that secures strong transmissivity into the human body. Due to reciprocity they
will give a clearer picture about the structural and textural formations below the skin.
In this way, a variety of minimally invasive biomedical processes can become easier to
provide real-time information from the glucose content and the blood pressure to the
distribution of virions or the size of protein cells.

A potential direction for future research involves constructing a realistic computational
model of a more complex phantom that closely resembles specific parts of the human
body, such as the arm or abdomen. This model should include multiple layers of
biological tissues, such as skin and muscle. Although it may be challenging for
simulation programs to accurately evaluate the same parameters in this more intricate
setup, it would provide valuable insights for more specific applications derived from
the suggestions made in this study.

Another critical aspect to assess is the Specific Absorption Rate (SAR) in this setup for
each matching method. This evaluation is essential to determine whether the enhanced
transmission leads to increased harm or reduced damage to human tissue from
electromagnetic waves. Testing SAR values would ensure that any improvements in
transmission efficiency do not compromise safety.



Additionally, conducting real-time experiments using this setup would be highly
beneficial. Recording realistic results from such experiments would help ascertain the
practical feasibility of the proposed configurations. Synthesizing the matching layer
material with the specific material properties (complex permittivity) and thickness may
pose a significant challenge, but it would yield valuable information for future
biomedical applications. This endeavor, though difficult, is crucial for advancing the
practical application of the research findings.
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