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ABSTRACT Rapid advances in antennas, propagation, electromagnetics, and materials are opening new
and unexplored opportunities in body area sensing and stimulation. Next-generation wearables and implants
are seamlessly providing round-the-clock monitoring. In turn, numerous applications are brought forward
with the potential to ultimately transform healthcare, sports, consumer electronics, and beyond. This review
paper provides a comprehensive overview, discusses challenges and opportunities, and indicates future
directions for: (a) enabling technologies needed to make body area sensing and stimulation a reality,
and (b) emerging bioelectromagnetics applications that may readily benefit from such technologies.

INDEX TERMS Implants, wearables, wireless power transfer, wireless telemetry, neurosensing, neurostim-
ulation, materials, microwave imaging, electromagnetic imaging, bioelectromagnetics, dosimetry.

I. INTRODUCTION realm of applications in healthcare, sports, gaming, con-
APID advances in mobile, wireless, and sensing tech-  sumer electronics, and beyond [1]. Remote diagnosis, patient
nologies are opening up new opportunities in body and elderly monitoring, sensing of vital parameters of peo-

area sensing and stimulation, promising an entirely new ple suffering from chronic diseases such as asthma, diabetes,
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neurodegenerative and cardiovascular diseases, are just a few
examples.

The development of such transformative applications
entails critical requirements and challenges, including timely
and reliable access to diagnostic information, energy-efficient
biosensor design, biocompatibility, system integration, sen-
sor miniaturization, patient safety, emergency response, and
detection. Groundbreaking technological developments in
antennas, electromagnetics, and materials can address these
challenges and revolutionize healthcare delivery and wellness
management. This can be enabled through next-generation
implants and wearables that, in turn, enable emerging
bioelectromagnetics applications such as neurosensing, neu-
rostimulation, and innovative imaging modalities [2]. Indeed,
disease detection and diagnosis using wireless medical
devices is seen as a transformative approach to health-
care, addressing the unsustainability of current healthcare
provision models.

Wireless implants are integrated with efficient implantable
antennas, which, depending on the application, may oper-
ate in subcutaneous and/or deep-tissue environments [3]-[5].
Wireless capabilities permit unobtrusive and ubiquitous com-
munication with exterior monitoring/control equipment, such
as a smart phone, smart watch, or other type of smart wear-
able garment. Accordingly, the design of wearable antennas
has attracted significant scientific interest for reducing
absorption by the lossy biological tissues, optimizing radia-
tion efficiency, miniaturizing their footprint, and so on [6]. In
other cases, particularly when the distance between the trans-
mitter and receiver is short, wireless telemetry may be per-
formed via inductive links [7]. Optimized single- and multi-
coil configurations have long been reported in this regard.

Additionally, the science of wirelessly powering medical
devices becomes increasingly relevant and significant. For
wearables, wireless powering may be a matter of convenience,
but, for implants, wireless powering further enhances patient
safety and minimizes healthcare costs. That is, Wireless Power
Transfer (WPT) makes biomedical implants more practical
thanks to the appeal of charging wirelessly and conveniently [8].
Electromagnetic-based wireless powering solutions range from
inductive to Radio-Frequency (RF) links, both of which are
viewed as critical enabling components. Assuming a wireless
implant, inductive powering entails implanted and on-body
coils that transfer energy by means of magnetic flux and
Faraday’s law. In the case of wireless RF powering (namely,
RF power harvesting), antennas are used to capture the abun-
dant electromagnetic energy radiated by random or dedicated
sources in the surrounding environment.

Advances in materials and related fabrication techniques
are also critical towards the development of seamless
implants and wearables. Flexible materials along with addi-
tive manufacturing technologies like inkjet printing have
brought forward the development of conformal, flexible
and robust antennas and electronics for use with everyday
clothing, wearable sensors, biomedical wireless sensors
and radio frequency identification (RFID) systems [9]-[11].
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Biocompatible, biostable, and soft materials that do not
compromise conductivity are also emerging, promising safe
chronic in vivo performance of wireless implants [12].

Once the prototype is assembled, evaluation of in tissue-
emulating phantoms circumvents numerous limitations asso-
ciated with conventional in vivo testing. A multitude of
recipes has been reported in this regard, including phan-
toms of diverse consistencies, emulating diverse types of
tissues across diverse frequencies and bandwidths [13], [14].
Dosimetry studies are of paramount importance at this eval-
uation stage as well, helping to ensure patient safety via
conformance with national and/or international standards for
the specific absorption rate (SAR) [15].

Overall, wireless medical devices used to sense phys-
iological parameters (sensors) and stimulate the nervous
system (stimulators) are becoming increasingly vital and
can facilitate medical prevention, diagnosis, and treatment
of a multitude of conditions including cancer, chronic
pain, and neurological disorders. Image-guided Microwave
Ablation (MWA) has emerged as a minimally invasive ther-
apeutic modality for the treatment of unresectable tumors
and cardiac arrhythmias, neuromodulation, and other appli-
cations [16]. Antennas used in MWA systems should ensure
efficient power transfer to tissue, through a heating pattern
well matched to the size and shape of the targeted tissue.
Furthermore, microwave techniques have gained increased
research interest towards the development of Microwave
Imaging (MWI) systems, due to reduced complexity and
miniaturization advantages compared to other techniques.
Clinical applications of MWTI include breast cancer screen-
ing, monitoring of fluid accumulation in the lungs, triaging
of stroke patients, and more. The advent of wearable elec-
tromagnetic systems has further pushed research towards
this direction, sparking the intensive study of flexible and
bio-matched radiating devices to be employed in portable
systems [17]. Deep brain neurosensors and neurostimulators
have recently attracted significant interest for several appli-
cations, including epilepsy, Parkinson’s disease, Alzheimer’s
disease, addictions, etc. Wireless and batteryless brain
implants are envisioned to enable continuous monitoring of
neural activity with minimum impact on the individual’s
activity [18]. Furthermore, implantable neurostimulators [19]
constitute a promising solution and are used to stimulate
the nervous system in order to treat and relieve symp-
toms of visual impairment, Parkinson’s, dystonia, depression,
Alzheimer’s, sleep apnea, chronic pain, and many more.
Within this framework, several research efforts are pursued
in order to address challenges related to electrode shape and
size, miniaturization and biocompatibility issues, microan-
tenna design enabling high-data rate transmission, etc.

Il. ENABLING TECHNOLOGIES
A. WIRELESS TELEMETRY
1) RF TELEMETRY

1) Wearable Antennas: Wearable antennas have gained pop-
ularity in recent years due to increased number of Internet of

VOLUME 3, 2022



IEEE Open Journal of

Antennas and Propagation

TABLE 1. Some of the most highly cited journal papers about wearable antennas.

Ref. Antenna Fabrication technology Freq Key points

Year description (GHz)

[22] CPW monopole Felt & Zelt conducting 245and 3 x 3 EBG was effective in reducing SAR.

2009 above 3x3 EBG nylon 5 Bending in E plane affects performance more
than in H plane. Gain was increased compared to
patch antenna.

[23] CP patch antenna Various nickel-plated 2.4 Antenna can withstand bends on radius of 37.5

2006 fabric sheets mm. Harder to maintain CP when bent.

[24] CP patch antenna 4 mm thick shock 2.4 FlecTron was used for the ground

2009 absorbing foam; Shieldit plane because it can be soldered onto. Paper

Super for the conductor investigates compressing. the foam and bending.
The structure was waterproofed.
[25] NFC RFID Tag Circuitry is solder- 13.56 Integrated with sweat sensor. Feels like a sticking
2015 reflow-integrated on a plaster. Has been demonstrated to work for 7
standard Cu/polyimide days.
flexible-electronic layer
[26] M-shaped A silver nano particle 2.45 The AMC increases the front to back
2013 monopole over conductive ink ratio by 8 dB and reduces SAR. Tests were
Jerusalem Cross was printed on carried out on flexibility and on-body behavior.
AMC flexible Kapton
polyimide substrate
[27] Higher mode Rigid and 3D 2.45 By including shorting vias, the electric fields are
2009 microstrip patch engineered to be perpendicular to the surface of
antenna the body and thus enabling better on-body
(HMMPA) propagation. Total height is A/20.
[28] Monopole over 2 Standard PCB etching on 24 AMC is anisotropic as fields are only in one
2014 x 2 AMC flexible thin layers with orientation. The AMC acts as the main radiator

foam spacer

and the monopole balances reactance. Design can
be bent and reduce SAR significantly.

Things (IoT) and medical implantable devices and our need
to communicate with them [20], [21]. They can be fabri-
cated from textiles, be inkjet printed, be etched on small
rigid substrates or thin flexible laminates. If conventional
etching techniques are used, the behavior is well known
in terms of the detuning and reduced efficiency due to
the proximity of the body. This section focuses on tex-
tile wearable antennas, which present additional challenges
due to the fabrication resolution, the shape changing as the
textile bends, and the reduced conductivity and thickness
of the conducting part. Table 1 summarizes some of the
most cited designs [22]-[28]. There are various techniques to
design and fabricate textile antennas [29]. The most common
ones are embroidery [30]-[32] and screen printing [20] (see
Fig. 1). Different fabrication approaches to wearable anten-
nas are shown in Fig. 2. These wearable antennas are usually
planar microstrip type with or without a ground plane. The
presence of the body has minor impact on antennas that
include a ground plane. However, the performance of anten-
nas without ground planes is strongly affected by the distance
from the body. In addition, the antenna can move or crum-
ple, thereby shifting the resonant frequency. If there is no
ground plane or just a small ground plane, the efficiency
increases as the antenna is moved away from the body. The
radiation efficiency is much higher when placed on the low-
conductivity fat tissue compared to the higher conductivity
of the muscle.
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FIGURE 1. Specialist digital embroidery machine at Loughborough University for
embroidering conductive threads. The designs can be converted into a picture and
then fabricated automatically. It is important to be able to control the machine
tensions as the threads are designed for their conductivities not their physical
properties. The machine can also control the stitch spacing and direction.

As an example case, we refer to a wideband monopole
antenna that was previously designed to work well on the
body and at several distances from the body. The monopole
consisted of a circle with a partial ground plane only under-
neath the feedline. The monopole antenna was wideband but
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(9)

3

FIGURE 2. Different fabrication approaches to wearable antennas. (a) Nora

Dell [125] conductive sheet that can be cut to size, (b) embroidered meshed wideband
monopole (note this creates challenges to maintain a 50 2 transmission line and to
ensure a good electrical connection where the embroidered threads cross),

(c) combination of Nora Dell, conventional embroidery and embroidered conductive
threads, (d) and (e) copper tape on felt, (f) screen printing and inkjet printing on
textiles, (g) a zoomed in version of (f); the darker line is the conductive inkjet printed
line and either side of that is a screen printed interface line to ensure a flat surface for
the thin inkjet layer.

was affected by the body due to the partial ground plane. If
the circle of the monopole was increased in size, it would
cover lower frequencies. This antenna without the body was
very wideband: ~ 2 to > 60 GHz. With the body, the antenna
was reasonably well matched from ~ 1.8 to > 6 GHz [6].
Note it was hard to achieve a reflection coefficient, ISl
below —10 dB over a wide frequency band as there are
resonant cavities created between the body and the antenna.
The antenna was made from a conducting fabric and mea-
sured on an adult male person; the results were similar to
the simulations but the Si; magnitude was slightly worse.
This was thought to be due to the sensitivity of the width
and hence the impedance of the transmission line. The effi-
ciency increased with larger body-antenna separation and
also at higher frequencies (as the separation in wavelengths
was increased). For example, at 1.8 GHz, the efficiency was
above 60% if the antenna was 20 mm away from the phan-
tom. This highlights the challenges of designing wearable
antennas at 1 GHz or even 300 MHz where the antenna is
electrically close to the body. A wideband embroidered spiral
antenna was previously designed and fabricated, which cov-
ered the torso of the person [33]; as the frequency increased,
the body became electrically larger and hence the directivity
tended to increase.

A related factor to consider is the SAR which is the RF
power absorbed per unit mass. SAR limits [34] may put
constraints on the amount of power that can be transmitted,
which in turn will affect the communication range. Clearly,
there is a relationship between the power absorbed by the
body and the power radiated. Generally, a ground plane that
is greater than one wavelength in size will decrease the SAR
but tends to limit the bandwidth [35].

366

2) Implantable Antennas: Implantable antennas enable wire-
less medical devices to operate within the body for long
periods and are central to wireless technology advance-
ments that bring healthcare home and make it personalized
and continuously available [36]-[38]. However, the human
body as an operating environment entails key challenges
to antenna design. First, all medical implants must be mini-
mally intrusive. This requirement restricts the viable size and
structure of the implantable antennas, making their design
and fabrication challenging [39]. Second, the biological mat-
ter exhibits high permittivity and appreciable conductivity
adding to the formidable challenge of achieving acceptable
radiation efficiency. Third, the human body presents signif-
icant variability between individuals, and it is a complex
structure for numerical electromagnetic (EM) simulations.

The biological matter features decreasing and increasing
trends in the relative permittivity and conductivity versus
frequency, respectively [40]. As a result, due to high path
loss, the communication link between an implantable antenna
and an external receiver becomes unfeasible beyond the low-
GHz frequencies [41], [42]. The main reason is the rapidly
increasing propagation loss versus the frequency experi-
enced by the EM wave traveling inside the body [41], [43].
Specifically, this means that although the electrical size
of an implantable antenna can be increased by increasing
its operating frequency to, e.g., cm-wave frequencies, this
is not a viable approach to improve the system’s overall
performance [5]. On the other hand, implantable antennas
will be electrically small in the low-GHz range and subject
to the corresponding performance bounds.

In addition to the applicable frequency range, the dielectric
properties of the human body are decisive to the radi-
ation properties of implant antennas [43]-[45] (see also
Section II-D). First, the radiation efficiency and off-body
radiation pattern are functions of the propagation loss asso-
ciated with the EM wave propagation inside the body and
the reflection of the wave that impinges the body surface.
In other words, they depend on the implant’s depth and ori-
entation which are fixed by the application. In particular,
the upper bound of the radiation efficiency will depend on
the depth of the implant. Thus, the most effective way an
antenna designer can contribute to the overall performance
of an implantable antenna is by minimizing the near-field
loss and the impedance mismatch loss [45]. Since the bio-
logical matter is non-magnetic, antennas that store a more
significant portion of the near-field energy in the magnetic
field than electric field are more favorable [43]-[45].

Article [44] exemplifies the computation of the contribu-
tion of the near-field loss, propagation loss, and reflection
loss on the radiation efficiency of an implantable antenna
enclosed in a spherical body phantom, as shown in Fig. 3(a).
Assuming the simulation settings summarized in the figure
caption, the authors obtain the radiation efficiency shown
in Fig. 3(b). Towards lower frequencies, roughly below
500 MHz, the near-field loss significantly decreases the radi-
ation efficiency. As the frequency increases, propagation loss

VOLUME 3, 2022
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FIGURE 3. Radiation efficiency of a Hertzian dipole with rg,oq =0, Timpl = 5mm,
and Tbody = 10 cm in a spherical muscle phantom from article [44].

becomes the predominant loss source. Because the implant
is at a deep location, the propagation loss dominates over
the reflection loss. However, for a shallower implant, the
reflection loss would become relatively more important.
Whereas creating efficient sub-cm-sized implantable
antennas is challenging, developing wireless medical micro-
electronic systems in the same size range is comparatively
more straightforward. Thus, an implanted microsystem may
contain advanced wireless communications modules. This
trend has prompted the growing demand for electromag-
netically advanced implantable antennas that support, e.g.,
the multi- or broad-band operation. For this purpose,
multiple frequency bands, including the Medical Implant
Communication Service (MICS) band between 401 MHz
and 406 MHz, the MedRadio comprising the multiple sub-
bands between 401 MHz and 457 MHz, and the Industrial,
Scientific, and Medical (ISM) bands centered at 915 MHz
and 2.45 GHz, are available, depending on the geographical
location. For example, in [46] authors report a conformal
capsule slot antenna with a wide impedance bandwidth
ranging from 1.64 to 5.95 GHz (113.6%). Authors in [42]
compare the performance of implantable antennas operat-
ing in these bands, highlighting how antenna miniaturization
may come at a compromise of reduced electromagnetic
performance. In addition, circularly polarized antennas (CP)
downsized to a clinically viable size for implantation, and the
RFID-inspired implant communications have been consid-
ered. The remainder of this section reviews the recent trends
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in implantable antennas through several designs summarized
in Table 2.

The recent works [47]-[51] on dual-band implant anten-
nas demonstrate several practical design approaches for
implantable antennas. The presented antennas are pla-
nar inverted-F and microstrip patch antennas, which per-
mit various miniaturization approaches. Central to all
designs [47]-[51] is the location of the shorting pin and slots
patterned to the radiator and ground plane. Together, they
modify the current path suitably to establish the two desired
resonance frequencies. In addition, all designs [47]-[51]
include a superstrate layer. It serves as a low-loss buffer
material between the radiator and the biological environ-
ment. Moreover, antennas in [47], [49], [51] use a high-
permittivity material in the superstrate and substrate to help
lower the resonance frequency of the antenna.

In addition to the innovative design of the antenna’s
internal structure that maximizes the implant’s EM
performance (e.g., dual-band operation), the external shape
of the antenna is crucial to the application. A round exterior
shape that avoids sharp corners helps to minimize the intru-
siveness of the implant [47], [49]. A bio-compatible super-
strate layer can form the encapsulation of the device [48] to
simplify manufacturing and reduce the device thickness. In
terms of the effective use of space, the associated electronic
circuitry can be integrated with the antennas, as demon-
strated in [49], where the antenna and rectifier share the
same ground plane. For the proper system integration of
wireless implantable devices, optimizing the antenna con-
sidering all other modules present within the same package,
as in [50], provides the most holistic design approach.

Based on the design approaches discussed above, the
authors of [52] and [53] have created triple-band implantable
antennas based on spiral-shaped radiators. Both designs make
use of a high-permittivity substrate and superstrate and
slotted ground plane. In contrast to the Planar Inverted-F
Antenna (PIFA) [53], the antenna [52] does not include
a shorting pin and thus is not a PIFA. The sizes of
the antennas [52] and [53] are 7x6.5x0.377 mm3 and
7x(11.2 mm)?x0.5 mm, respectively. The corresponding
measured peak gain values are —30.5 | —22.6 | —18.2 dBi
and —23 | —20.5 | —19 dBi at the frequencies of 402 MHz,
1600 MHz [1] / 1430 MHz [2], and 2.45 GHz. The con-
sidered implant location was 3 mm and 4 mm in the
scalp, respectively. Relative to the size, both antennas
reach the state-of-the-art gain performance together with the
triple-band operation.

In the works [54] and [55], the authors have focused on
improving the impedance bandwidth of dual-band PIFA. This
was realized by using spiraled radiators divided into two
branches relative to the feed point. In [54], one of the spiral
branches was shorted to the ground, making the radiator of
the same type used in [53]. In [55], one branch of the spi-
ral was shorted at its endpoint. In [54], several narrow slots
were cut in the ground plane, but in [55], a single large rect-
angular slot was employed. The two works demonstrated
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TABLE 2. The main features of the implantable antennas discussed in Section II-A1.

Ref. Freq. Volume Depth . .
Year Antenna structure (MHz) (mm®) Tissue Gain (dBi) CP
[47] . . 402 X (5.35)% x 3 mm —41.0
2019 Circular PIFA 2450 1.34 Skin 213 No
[48] Patch w/ a flower- 928 . -28.4
2018 shaped radiator(” 2450 727202 50 mm Skin 257 No
[49] 402 16 x 14 x 10 mm -35.9
2019 PIFA 915 127 Muscle 243 No
[50] Slotted patch /w 915 3 mm -27.7
2019 a shorting pin® 2450 7x7x02 Head 230 No
[51] Circular patch w/ a 403 T % (5.35)* x 10-16 mm -31.6 No
2020 shorting pin® 915 1.28 Muscle -33.1
402 -30.5
2[(5)?9 Spiral-shaped patch® 1600 7 (>)< 36757 8 3 mm Scalp -22.5 No
2450 ’ —18.2
[53] Spiral-shaped circular 402 mx (11.2)% x 4 mm 333
2021 PIFA® 1430 0.5 Skin —219 No
2450 : -19.6
[54] . “ 402 3 mm -34.6
2019 Spiral-shaped PIFA! 2450 9x11x0.5 Skin _187 No
[55] . ) 403 14 x 17 % -33
2018 Spiral- shaped PIFA 2450 025 Thorax _16 No
403 —343
[56] Split-ring 433 18 x 18 x -30.6
2019 Joaded loop® 915 124 Gl tract 26 No
2450 ~18.4
[57] Circular slotted patch 10 x 10 x 4 mm B
2014 w/ capacitive loading 2430 1.27 Skin 2 Yes
[58] Patch w/ capacitively 11 x11 % 4 mm
2018 coupled stubs o135 1.27 Skin 29 Yes
[59] Slotted patch /w X (4.7)? x 4 mm B
2018 a shorting pin® 15 1.27 Skin 328 Yes
[60] Meandered loop on 920 2 mm -29.3
2019 periodic surf. 2so  10x10x06 Skin 21 Yes
[61] PIFA loaded w/ 915 4 mm -17.1
2018 metamaterial 2450 /X 670254 Skin 9.8 Yes
[62] *# 915 6.5 x6.5x% 50 mm -28.2
2020 Slotted patch 2450 0.05 Muscle 2455 Yes
[63] Slotted patch w/ 9.8 x 9.8 x 3 mm B
2019 2 shorting pins® 2400 1.27 Skin 33 Yes
Circular slotted patch
[64] w/ 2400  wx (4?2 x 127 4 mm 374 Yes
2021 S e Skin
a shorting pin"~
[65] Circular slotted patch % (4.8) 3 mm
w 2450 -20.3 Yes
2020 . - 1.27 Muscle
2 shorting pins
[68] Ellipse-shaped double % (3x1.5) x 16 mm
2020 split-ring 13 1 CSF =257 No

the significant fractional bandwidths of 38% [54] and
40.8% [55] at the frequencies of 402 MHz and 2.45 GHz,

respectively.
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® Slotted ground plane. ® Broad- or wide-band operation.

The authors of [56] took a different approach to bandwidth
enhancement. Instead of a grounded antenna, they developed
an 18x 18 mm? planar loop antenna coupled with two double
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split-ring resonators (SRR). The structure was folded onto
the surface of a cylinder-shaped implantable capsule (radius
of 3.2 mm) that contains other electronics modules. The
SRRs not only had a positive influence on the impedance
matching, but they also suppressed the near electric field
of the antenna. This enhanced the radiation efficiency and
reduced the specific absorption rate. In terms of the EM
performance, the antenna achieved the substantial impedance
bandwidth (IS;;l < —10 dB) from 307 MHz to 3.5 GHz,
and its realized gain increased steadily from —34.3 dBi at
402 MHz to —18.4 dBi at 2.45 GHz.

The first CP implantable antenna, operating at 2.45 GHz
ISM band, was presented by Liu ef al. in 2014 [57].
The antenna (10x10x1.27 mm?®) was developed from a
microstrip patch antenna with a square slot cut at the cen-
ter of the radiating patch and truncating two corners of
the slot. This produced the CP property while additional
slots in the radiating element provided reactive loading and
increased the current path to achieve the compact size. Until
now, the research on implantable CP antennas has pro-
duced numerous advancements, such as attaining the CP
operation at 902 MHz [58], [59] dual-band 902/2450 MHz
CP antennas [60]-[62], as well improvements to the axial
ratio bandwidth [59], [63]-[65]. As a new design feature,
metasurfaces were utilized in [60], [61].

To return to integrating antennas with the medical
implants, sometimes the required electronics can be imple-
mented as microsystems instead of cm-sized modules. In
this regard, the passive ultra-high frequency (UHF) RFID
technology [11], [66] is considered a compelling approach to
battery-free implants. Due to the power-efficient mechanism
of the modulated scattering used in the uplink (tag-to-reader)
communications, RFID enables ultra-low-power microsys-
tems that operate on the energy they harvest from the reader’s
RF signal. The articles [4], [67], [68] present two differ-
ent antenna concepts for RFID-inspired brain implants. In
the first approach [4], [67], the implant within the cranial
cavity comprises a circular loop connected with the RFID
microsystem. The loop couples through the EM near-field to
a larger wearable split ring resonator. Together the two parts
form a spatially distributed antenna system with the gain
of —18 dBi at 915 MHz (implant depth: 10 mm). In the
second approach [68], the system comprises only an elliptic
cylinder-shaped implant (x x (3 x 1.5) x 1 mm3) based
on a double split ring antenna where the RFID microsystem
connects to one of the rings, and a capacitor loads the other
one. The gain of the antenna at 915 MHz was —25.7 dBi
(implant depth: 16 mm). In both approaches, the housing of
the implant was formed by a low-permittivity bio-compatible
material.

2) INDUCTIVE TELEMETRY

The data communication link in implantable medical
devices (IMD) encompasses a downlink from a base sta-
tion (BS) to an IMD and uplink in the reverse direction [69].
Traditionally, data communication for IMDs is achieved
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FIGURE 4. A generalized inductive telemetry link with coils, where receiver is the
implantable side, typically operates below 50 MHz.

using an inductive coupling link at low frequencies, typi-
cally below 50 MHz. At those frequencies, inductive links
have been used for short range implants applications such as
pacemakers, intra-ocular, and muscle stimulators [70], [71].
The principle of operation for inductive coupling is based
on the mutual inductance through the magnetic flux between
an implantable coil, or antenna, and wearable or close to the
body coil, or antenna (Fig. 4) [72], [73].

When an implantable antenna is interrogated by an exte-
rior antenna, dielectric properties of tissues result in power
absorption, particularly for the electric field [74], [75]. In
contrast, the magnetic response is usually weak since the
magnetic permeability of most tissues is equivalent to free
space (1 = W) [76]. For this reason, inductive coupling is
a favorable method for power transfer to battery-less IMDs
(Fig. 4). The coupling is predominately achieved through
magnetic field leading to reduced interaction between the
EM field and the surrounding biological tissues. The read-
ing distance between exterior and implantable antennas falls
in the near-field region [77], [78]. Generally, the inductive
coupling link between exterior and implantable antennas is
modelled as a lossy two-port network. The implantable side
is tuned in parallel or series to the load by a capacitor, whilst
the external side is normally tuned in series with a capaci-
tor. Increasing the coupling coefficient leads to a reduction
in the injected current at the external coil and reduction in
losses. Therefore, a high coupling coefficient is required by
increasing the mutual inductance of external and implantable
coils [79].

Unlike far-field EM simulation, where the wireless link
can be investigated separately from antennas, the link
between exterior and implantable antennas needs to be incor-
porated in the modeling and design of inductive links [80].
The generally used metric to quantify the performance of the
wireless power link is the power transfer gain, which is the
ratio of the power delivered to the load and the power sup-
plied to the exterior coil, i.e., accepted power. When the input
impedance and output impedance are conjugately matched
to the source and load respectively, the maximum operating
power gain is achieved [81]. The difference between oper-
ating and maximum operating power gain is that the latter
neglects the mismatch between the implantable coil and an
integrated load [82]. However, in practice, fabrication inaccu-
racies alter the conjugate matching and impedance mismatch
loss occurs.
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Merging data communication and WPT in the same
frequency can lead to interference. In turn, either maximizing
WPT or data communication as simultaneous optimization
is cumbersome. The requirements for WPT and inductive
telemetry are paradoxical [83]. High power efficiency can
be achieved with resonant coils at low frequencies, which
hinders achieving high data rate by limiting the available
bandwidth [84]. Therefore, different techniques have been
used to support high data rate and high WPT by using differ-
ent coils, mainly arranged in an orthogonal way to support
high data rate and efficient power transfer [85], [86]. In
this case, the requirements for data rate and WPT can be
addressed separately [86]. Alternatively, using same coils for
data rate and WPT can be achieved by optimizing the design
requirements which can be a challenging procedure. In [87],
the authors propose using two pairs of coils for inductive
wireless link and pair of antennas for back telemetry. In this
regard, the requirements of data rate and power efficiency
are not compromised at the expense of increasing the overall
footprint of the IMD.

The modulation techniques for data communication often
employ constant amplitude modulations (i.e., frequency or
phase modulations) to provide uninterrupted power flow for
IMDs [88]. However, an onboard clock and carrier syn-
chronization are necessary for accurate data retrieval, which
increases the power consumption for IMDs. On the other
hand, amplitude modulation has the advantage of simplicity
with less power requirements as clock and data retrieval are
achieved by data sequencing [89].

Recently, there has been significant research into the
potential of increasing the operating frequency of inductive
link to above 100 MHz. Those investigations aimed at uti-
lizing the advantage of high frequencies for high data rate,
small antenna size (mm-size) and improved power transfer
efficiency by operating in the radiating near-field rather the
reactive near-field [90]. At such high frequencies, anten-
nas are designed instead of coils for inductive telemetry to
operate efficiently at high frequencies.

When designing a mm-size implantable antenna, the input
high reactive impedance is matched to a high capacitive
input impedance of an integrated chip/load to maximize the
power transfer efficiency [91]. However, it is challenging to
achieve a perfect conjugate matching between the antenna
and chip/load, hence, the mismatch loss needs to be consid-
ered when calculating the power transfer efficiency. In [92],
an inductive coupling link was proposed for an 8 mm? 3D
cube implantable antenna coupled to an exterior copper fab-
ric and embroidered loop antennas. The link was designed at
300 MHz and measured in a head-equivalent liquid phantom.
In vitro tests of the inductive coupling link for a 1 mm? pla-
nar antenna were reported in [80] with a simple multilayer
tissue model used in the simulation.

In [93], a 1 mm® 3D cube antenna was designed at
400 MHz, however, the measurement of the wireless link
was performed in air only, which does not reflect the actual
link losses exhibited by the high relative permittivity of

370

TABLE 3. Summary of some reported inductive coupling for sub-1 GHz links
(100 MHz-1 GHz).

Ref. Operating Efficiency @ Implant Verified in
Year frequency mm design
[96] 200 MHz 0.56% @ 12 mm-Size Beef
2016 mm solenoid
[97] 237 MHz 0.026% @ Spiral coil Bovine
2019 12 mm muscle
[94] 400 MHz 0.08% @ 15 mm-Size Piglet
2018 mm bowtie
antenna
[93] 400 MHz 0.1% @ 10 mm-Size Air
2017 mm cube
antenna
[98] 403 MHz 5.24% @ 10 Split ring Minced pork
2015 mm resonator
[99] 430 MHz 0.16% @ 60 Spiral coil Skin phantom
2018 mm
[100] 432.5 MHz 13.9% @ 10 Spiral coil N/A
2018 mm
[101] 915 MHz 0.04% @ 16 mm-Size Head
2015 mm cube phantom
antenna
[9] 915 MHz 1.93% @ 50 Spiral coil Minced pork
2018 mm

head tissues that was considered in [94]. A multi-turn 3D
implantable coil was optimized in [95] using a single tis-
sue model for the operation at 100 MHz at the expense of
increasing the exterior antenna dimension. Using a mm-size
implantable antenna necessitates the use of matching circuits
to properly feed the antenna, hence, the design of matching
circuits should be optimized in order not to adversely affect
the bandwidth.

It is worth mentioning that inductive telemetry is therefore
not standardized, and the choice of the operating frequency is
dictated by the design requirements and application instead
of well-defined guidelines [71]. Table 3 shows a summary of
recently reported inductive coupling links operating at sub-
1 GHz band (100 MHz-1 GHz) [9], [93], [94], [96]-[101].

B. WIRELESS POWER TRANSFER

The mode of operation for IMDs can be broadly classi-
fied based on the power source into three categories: active,
passive, and semi-active [102]. IMDs which have embed-
ded batteries fall in the first category, while passive IMDs
operate from an exterior power source via WPT [103]. The
semi-passive, or often named semi-active, IMDs use a hybrid
combination of an on-board battery and exterior interroga-
tor, which modulates the antenna input impedance via a
switch [104].

As an IMD is located inside biological tissues, EM radi-
ation is absorbed and converted into heat [105]. Therefore,
safety precautions limit the input power to IMDs, which in
turn affect the communication range. Moreover, EM radi-
ation is governed by the dielectric properties of tissues.
Hence, accurate dielectric characterization and modelling of
biological tissues have a great significance in understand-
ing and simulating EM radiation of IMDs in the human
body [106], [107] (please refer to Section II-D).
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FIGURE 5. Inductive versus capacitive coupling through biological tissue. The
coupling in inductive link is achieved via magnetic field, whereas in capacitive link is
achieved via electric field.
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To permit long-term implantation and reduce subsequent
surgeries for drained battery replacement in IMDs, WPT
through a power link is becoming increasingly popular [103].
There are different modalities for WPT in battery-less IMDs,
namely near-field resonant inductive, capacitive, galvanic,
mid-field, far-field WPT links. Besides that, there are other
modalities utilizing ultrasound, optical waves, and molecular
communication [70].

To achieve higher efficiency for resonant inductive WPT,
the quality factor of used coils or antennas should be high
to condense the power in the near-field, which limits the
data rate. It is necessary to operate inductive coupling
at lower frequencies (Fig. 5), especially when the link is
designed for efficient power transfer to IMDs [108]. The
losses of the propagation channel due to biological tissues
are in consonance with frequency [109]. On the other hand,
higher frequencies aid the miniaturization of the antenna
as compared to the high frequency (HF) range used exten-
sively in inductive coupling for IMDs. Recently, there has
been a considerable attempt to extend the inductive cou-
pling operating frequency to UHF [88]. Miniaturization of
the antenna by means of a higher frequency is obtained,
yet impedance matching is achieved using lumped com-
ponents [8]. As evident from the analytical and numerical
simulations in [90], for mm-size implantable antennas, sub-
GHz and low GHz range provide the optimal frequency to
maximize the link gain depending on the dimension of the
exterior antenna. In this case, the inductive coupling oper-
ates in the mid-field WPT, which is regarded as a holistic
combination of a typical inductive near-field and radiative
far-field for mm-size implantable antennas [103]. Higher
frequency bands are utilized to overcome the drawbacks of
low frequency wireless links between an exterior reader and
IMDs. Therefore, near-field WPT links are envisaged for
mm-size implantable antennas to further reduce the overall
volume of the implantable antenna to 1 mm?> [110], [111].
In fact, the operating frequency should represent a good
compromise to obtain a compact exterior antenna, accept-
able penetration in tissues and satisfactory power transfer to
a miniature battery-less medical device with an acceptable
inductive coupling to the exterior reader [95].

In another way to realize WPT to IMDs, capacitive cou-
pling has been investigated, with a caution on safety aspects
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(Fig. 5) [112]. Capacitive coupling is created by displacement
and conduction currents when exterior capacitive patches are
driven by a time-varying voltage source and placed near
implantable capacitive patches [113]. In biological tissues,
the capacitive reactance between exterior and implantable
patches is high, which limits currents and WPT. Hence, it
is not a preferable WPT modality for IMDs, as it needs a
higher rate of electric field change or a wide surface area for
coupling patches [114]. In fact, capacitive coupling is equiv-
alent to a parallel capacitor with a sandwiched tissue as a
dielectric. The dielectric loss resistance varies proportionally
with the separation distance (i.e., tissue thickness) between
exterior and implantable capacitors. Furthermore, IMDs can
suffer from a large size due to the size of capacitor patches.
Hence, it is primarily used for near-surface transcutaneous
implant communication and not for deep implants [114].

This principle is different from inductive coupling, which
takes the advantage of non-magnetic response of tis-
sues. For mid-field WPT, the frequency is optimized to
achieve higher coupling for miniature implantable antennas
(i.e., in mm-range) [110]. The separation between exte-
rior and implantable antennas is around one wavelength.
The frequency of weakly-coupled antennas is obtained in
low-GHz and GHz range depending on the size of the
exterior antenna [90].

Galvanic coupling based on volume conduction theory
(propagation of the electric field in lossy conducting tis-
sues by induction current) is particularly used for intra-body
communication and not IMDs [115]. Galvanic coupling still
poses a high path loss (in order of more than 40 dB) in
muscle tissue at 13.56 MHz, while the receiver is placed at
a distance of around 5 mm in air [115]. Placing an exterior
receiver for an IMD in air is prone to fade the conduction
current, which in turn increases the path loss.

In far-field WPT, the exterior and implantable antennas
are far apart from each other by at least two wavelengths.
Hence, the radiated EM fields will be plane waves [78].
On the contrary, the near-field propagation in biological
tissues is complex as EM field also consists of non-
radiating waves, i.e., standing waves. This can facilitate
the study of far-field WPT as antenna gain is defined
for the far-field case and the path loss follows Friis’
equation, which can simplify the study of far-field WPT
compared to near-field [116]. Nevertheless, far-field WPT
suffers from low power efficiency and can be made feasi-
ble with the support of focusing lenses, exterior antenna
arrays or parasitic wearable conductors [117]. In partic-
ular, far-field WPT for IMDs requires another dimension
of complexity to the system in order to provide adequate
power to IMDs without violating the safety standards, which
is deemed impractical for IMDs. Overall, WPT based on
inductive coupling is the most used WPT modality for
IMDs due to its advantages in terms of penetration in
biological tissues, despite its short operating distance and
sensitivity to misalignment between external and implantable
counterparts.
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C. MATERIALS AND FABRICATION
1) EMERGING MATERIALS
1) Emerging Materials for Wearables:

Fabric Substrates and Conducting Elements: The prop-
erties of dielectrics and fabrication methodologies for con-
ducting textiles have been reviewed in [118]. Textiles tend
to have low relative permittivity (¢, ~ 2 — 3) and have
low losses. Therefore, they do not assist in miniaturiz-
ing the antenna and they do not have an adverse effect
on the efficiency. Another problem arises if the fabric
antenna is expected to operate in rainy or wet conditions
as this will absorb water and affect antenna efficiency
by changing the substrate’s effective permittivity and loss
tangent [119], [120].

Embroidered antennas generally use fabric and conductive
threads to form the antenna structure [121], [122]. These
can be aesthetically or covertly integrated into clothing and
manufactured as individual unique elements or mass manu-
factured. This leads to an embroidered antenna design that
is quite flexible and unobtrusive to the wearer. Embroidery
lends itself to antennas where the metallization is linear
rather than covering a large continuous area. These con-
ducting threads are difficult to embroider and a specialist
embroidery machine is required to control the different
tensions [123], [124]. The stitch spacing and direction is
important, as this changes the sheet resistance and thus
influences antenna efficiency [121], [122].

However, the antenna efficiency is compromised as the
metallization has a limited conductivity and thickness [122].
For example, some of the most popular threads consist of a
polymer core with a 1-micron thick metalized exterior. To
enable the metal layer to adhere to the polymer core, a mix-
ture of metals is used. It is noteworthy that each thread
contains multiple filaments. By comparing the measured
results to simulations, the conductivity has been ascertained
to be approximately 1 MS/m. The skin depth effect of
the embroidered thread that reduces the antenna efficiency
becomes more significant at lower frequencies and hence
the antenna efficiency decreases at lower frequencies (even
before the body is considered). The electromagnetic behavior
can be improved by increasing the number of embroidered
layers or the stitch density, however, this comes at the cost
of increased weight, reduced physical flexibility / comfort,
and increased cost of raw materials.

Similar issues exist with other conducting textiles as their
fabrication is inherently optimized for flexibility and man-
ufacturability rather than the RF performance. Conductive
fabric sheets are available; one example is “Nora Dell” from
Hitek Ltd. [125] which is a three-layer fabric composite with
a quoted sheet resistance of 0.009 ©/m?. In other cases,
antennas on textiles have been created by screen printing
an interface layer onto cotton and then inkjet printing the
conducting layer [126], [127]. The dielectric interface layer
provided a flat surface for the conducting ink and hence was
required to achieve conducting lines. The metallization was
approximately 1 pm thick with a conductivity of ~ 1 MS/m
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and hence was very similar to an embroidered thread. This
was an effective way of making a lightweight conducting
textile with bespoke designs. However, further work would
be required to test the robustness to bending and stretching.

Anisotropic Substrates and Superstrates: The term
anisotropy describes materials which have different relative
permittivity, relative permeability, loss tangents, or conduc-
tivity values in two or three different axes. Recently, there
has been increased research interest in the physics and design
of anisotropic or extremely anisotropic structures. However,
studies on modelling, characterization, and practical appli-
cations of anisotropic artificial dielectrics at microwave
frequencies are limited. Until recently, commercial EM soft-
ware was unable to consider anisotropy of homogeneous
materials. It is increasingly important to measure anisotropy
at higher frequencies where the internal feature size of con-
ventional materials becomes more significant [128]. Several
articles discuss the potential advantages and applications of
exploiting anisotropy including control of the frequency and
bandwidth, modifying the radiation patterns, lenses, beam-
forming, microwave resonators, reducing surface waves, and
minimizing the antenna profile [128]-[130]. Textiles are
naturally anisotropic, and the relative permittivity is differ-
ent parallel to and perpendicular to the thread direction.
However, the difference for most materials is less than
10% and hence the effects of the anisotropy are not very
significant [131].

Tuovinen et al. have considered anisotropic substrates
via simulation [132]. In [132], vertical strips rotated by
45 degrees were used to create anisotropic substrates for
ultra-wideband (UWB) on-body antennas. The anisotropic
substrates increased the gain at boresight and removed the
nulls and smoothed the radiation patterns. Structures were
simulated as homogeneous anisotropic substrates and also as
thin strips. This anisotropy could be achieved via 3D print-
ing the layers and could be used to minimize the pattern
nulls of a wearable antenna on the human body.

Metamaterials: Metamaterials and metasurfaces can be
designed to prevent the propagation of waves. They are
also used in some wearable applications to reduce the back
radiation and, hence reduce the absorption in the body and
improve the antenna efficiency [133]-[135]. Artificial mag-
netic conductors (AMCs) control the phase of the reflection
from the surface, hence reducing the destructive interference
of the reflected. This enables the profile of the antenna to
be reduced while maintaining a high efficiency [136]. The
example in [135] showed a gain improvement of 1.9 dB and
a backward radiation reduction by 8 dB with the introduc-
tion of an AMC. The disadvantages of this are that (i) the
system requires an extra layer of conductor and dielectric,
(ii) the bandwidth is limited, and (iii) the ground plane typ-
ically needs to be two wavelengths across which makes
the overall antenna size quite large, especially at 1 GHz
or below. In [137], authors describe an electrically small
antenna employing an AMC substrate, both fabricated by
using an inkjet-printed solution, for sub-GHz applications.
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In another case [138], the use of metamaterials is explored
to improve the penetration of the electric field inside the
human body for diagnostic/therapy applications. The work
addresses the problem of designing a thin matching layer
based on a metasurface to increase the electric field pen-
etration into muscle tissue for various scenarios. A wider
literature review on AMCs for wearable antennas can be
found in [139].

Textile antennas which incorporate metamaterials have
been considered [22], [140]. In addition to the challenges
of rigid metamaterials, these flexible versions also suffer in
practice as bending or compressing the layers further reduces
the bandwidth. An example is shown in [141] which uses
an AMC with a wideband “windmill-like” antenna which
provides a wide return loss bandwidth of 5.7 — 11 GHz (frac-
tional bandwidth, FBW: 63.4%) with a peak gain of 8 dBi (at
7 GHz). The efficiency values of 90.6 %, 83.8 % and 85.5 %
are achieved at 7 GHz, 8.5 GHz and 10 GHz respectively.
The size of this AMC is 0.874 Ajuae X 0.874 A,ux; When
scaled to 1 GHz the AMC would be 26.2 cm x 26.2 cm.

A different metamaterial antenna concept for wearables
has been discussed in [28]. The concept is to use the AMC
in the frequency range where the reflection phase is + 90° so
that it behaves like an inductive surface. A monopole is then
placed near the AMC layer and designed to operate below
its fundamental mode and hence the monopole impedance is
capacitive. Therefore, the reactances cancel out and a good
impedance match can be achieved for the overall system. The
key point is to locate the main electric fields on the edges
of the monopole and in the slots of the AMC. These gaps
behave like slot antennas (magnetic sources) and these can be
located close to the ground plane due to image theory. Here
the AMC itself becomes the main radiator. Several slots can
be used to create an array with a tapered amplitude with the
central slot providing the strongest radiation. This concept
is advantageous over conventional AMCs as the footprint
can be reduced to only require a 2 x 2 array which can
be much smaller than 2 A as typically required for AMCs.
The antenna had a high front to back ratio; hence exhibited
robustness to placing objects nearby, low SAR and high
efficiency. This antenna in [28] was designed for 2.4 GHz
and achieved a 6% fractional bandwidth. The size including
the AMC was 0.5 Apax X 0.3 Apax X 0.028 A0y [28]. 1t
used an anisotropic AMC to save space as the monopole
was linearly polarized and the AMC was only required to
operate in one axis.

2) Emerging Materials for Implants: Implantable medi-
cal electronics require materials with appropriate electrical,
mechanical, and biological properties. High electrical con-
ductivity materials are used for transducing electrical signals
between the biological tissues and electronics, such as
wires, antennas, ground planes, etc. Typically conductivi-
ties at least on the order of 10* — 10° S/m are needed for
medical electronics [142], although antennas with conduc-
tivities as low as 5 x 10> S/m have been proposed [143].
Insulating materials separate these conductive materials
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from body tissues, isolate individual electrical components,
and protect the conductive materials from biological cor-
rosion [144], [145]. This section describes existing and
emerging materials for bioelectronic applications.

Both conductive and insulating implantable materials
need to be biocompatible for chronic or acute applica-
tions. The definition of biocompatibility is highly depen-
dent on the application. For chronically implantable (long
term) electronics, materials must be chemically inert under
physiological conditions throughout the lifetime of the
implant. Recent developments in transient implantable elec-
tronics have raised interest in materials that can be
biodegraded under physiological conditions without creat-
ing toxic byproducts [146]-[149]. Insulating materials are
typically polymeric or ceramic materials, both of which
have been FDA approved [150]. For conductive materi-
als, noble metals [151], [152], such as titanium and gold,
are often used for chronic applications. Non-toxic and
biodegradable metals such as magnesium, silicon, iron, car-
bon nanotubes [153], [154], and graphene [154] have also
been used. Other creative approaches may use natural body
fluids as part of the material. Compatibility with MRI
scans also needs to be considered, requiring the use of
non-magnetic particles.

In addition to biochemical compatibility, mechanical
compatibility between the tissue and the implant can be
improved by making them soft and compliant rather than
stiff and hard. Conventional metallic materials have a high
mechanical mismatch with biological tissues. Alternative
soft conductive materials proposed for medical electron-
ics include biocompatible versions of paints [155], [156],
conductive adhesives [157], polymers [151], [158], [159],
hydrogels [151], inks [160] and fluidic conductors [161].
The effective conductivity of the material is controlled by
the conductivity of the material (fluid, ink, etc.), as well
as how it interacts with the body. Some tattoo inks, for
instance, are highly conductive [162], but the tattoo itself
may not be, as the different cellular components uptake the
ink nanoparticles, placing insulating cell walls between the
conductive particles [163]. Materials also need to be thick
enough to accommodate the electrical skin effect, which can
be a problem for inks and paints. Some of these materials can
potentially be injected as fluids and converted to soft solids
with heat (either from natural body heat or heat provided
by a coaxial applicator). This could open up the possibility
of producing new types of antenna structures directly in the
body [12], [151].

2) ADDITIVE MANUFACTURING

Despite revolutionary developments in the fields of wearables
and IoT technologies (Fig. 6), the design of wireless wear-
able systems remains challenging, and largely dependent on
several factors such as device size, manufacturing methods,
material compatibility and, most importantly, the available
source of power. Additive manufacturing techniques (AMTs),
such as inkjet and 3D printing, offer a surprising wealth of
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FIGURE 6. The enabling role of low-cost additive manufacturing techniques in the development of wireless wearable systems.

solutions for the aforementioned needs of wearable devices.
While traditional lithographic manufacturing techniques are
the main contributor to the growing wireless electronics
industry, they suffer from multiple drawbacks such as long
turnaround times, extensive design verification requirements,
and the production of harmful waste. A new industrial rev-
olution is seeking environmentally-friendly solutions, fast
prototyping and 3D complex structures. 3D printing is con-
sidered a key enabler of this movement, with its ability
to unlock the use of two additional dimensions, and the
introduction of features that are otherwise unreachable using
traditional manufacturing methods. 3D printing is known as
an additive technique since the designs are typically built up,
rather than etched or milled, leading to a large reduction in
waste material and tooling: only the material that is necessary
is printed. With the continuous improvements in 3D printing
technologies such as micro stereolithography, high precision
and resolutions down to several microns can now be realized,
making it compatible for applications requiring mm-wave
and beyond. Another important feature required for the real-
ization of printed wireless electronics at RF and mm-wave
frequencies is multi-material (conductors, semi-conductors,
and dielectrics) capability. Inkjet printing, a subset of addi-
tive manufacturing, operates based on a Drop on Demand
concept, where the ink is disposed onto the substrate using
an ink cartridge consisting of an array of nozzles with
individual piezoelectric elements. Combined in one system,
inkjet and 3D printing enable the development of smart het-
erogeneous architectures involving antennas, RF/mm-wave
circuits, interconnects, sensors, microfluidic channels and
more [9], [10].

AMTs are not limited to specific materials or substrates
and have been demonstrated to be successful and often supe-
rior on multiple scales ranging from systems, to packages
to dies and finally individual components. On the system
scale, cutting-edge mm-wave structures were realized on
flexible Kapton polyimide, Liquid Crystal Polymer (LCP),
and Teflon/PTFE substrates, with printed silver nanopar-
ticles (SNP), gold, graphene, and polymer-based inks,
demonstrating ultra-low power communications at km ranges
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and the potential powering of IoT and wearable sensors at
>100 m away from a 5G base station [164]-[166]. With the
need for power sources remaining the centerpiece in the hard-
ware design of wearable devices, and the use of batteries
critically restricting the extent and scope of the applica-
tion of such valuable devices, wireless power transfer offers
an environmentally-friendly, efficient, and non-interrupted
operation. Moreover, origami-infused EM structures - impos-
sible to realize with conventional manufacturing processes
- were fabricated on paper substrate achieving a combi-
nation of low cost, reconfigurability, flexibility and ease
of fabrication [167]. These shape-shifting electromagnetic
structures offer shielding, filtering and reconfigurability,
required for wearable systems in an on-body setting. On the
package and die levels, hybrid manufacturing - inkjet and
3D - has enabled the implementation of smart multi-function
System on Package (SoP), System in Package (SiP) modules
with intelligent interconnects and encapsulation, demonstrat-
ing a performance superiority over traditional packaging
methods such as ribbon bonds and wire bonds [168]. On
the component level, the multilayer deposition of materials
with different conductive properties allowed the realization
of fully-printed passive and active devices in additive to ultra-
sensitive chemical, gas, humidity, and temperature sensors
based on printed functionalized carbon-nanotubes (CNTs)
ink [9].

These breakthrough implementations enabled by addi-
tive manufacturing techniques unlock the ability to develop
low-cost, zero-power, smart and responsive health and bio-
monitoring devices capable of communicating real-time
health data at long-ranges while being completely conformal,
bendable, and compatible with the human skin.

D. EVALUATION

1) EVALUATION TECHNIQUES AND TISSUE PROPERTIES
Experiments with human-body physical phantoms are indis-
pensable to validate the results of numerical simulation or
to avoid animal experiments particularly for implantable
antennas. The validation and testing of antennas used in
bioelectromagnetics applications are done using materials
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that mimic the electrical properties (¢, and o) of the human
tissues [14]. The human body is complex and heterogeneous
with different tissues, all of which have unique dielectric
properties.

Specifically, the dielectric properties of tissues are
frequency- and tissue-dependent. Tissues of higher water
content such as muscle and cerebral spinal fluid are more
conductive than dryer or oily tissues such as bone and
fat, and some tissues such as bone and nerve tissues have
elongated cells and can be anisotropic. There is also sub-
stantial variation in the measured properties within a given
organ, as a function of age, and across individuals and
species [169], [170].

There is a wide range of measured data on tissue
properties [74]. The most commonly-used data for healthy
tissues is [171]. Data is also available for many types of can-
cerous tissues, as well. When homogeneous models are used,
for quick approximation of whole-body exposures to far-field
sources, it is standard to use 2/3 muscle for the tissue prop-
erties. This means the permittivity and conductivity are each
multiplied by 2/3. More recent data includes the variability
and uncertainty of the measurements [171], which results in
variation in electromagnetic dosimetry results [172], [173].

2) EXPERIMENTAL EVALUATION

Tissue mimicking phantoms have been designed and char-
acterized in several studies [174]-[178]. The core ingredient
varies with each phantom causing the material to acquire
three different forms: liquid, solid, and semi-solid. Most lig-
uid phantoms are composed of water and saline mixtures
since the human body is mostly water. These phantoms
have been used in several applications testing wearable
and implantable antenna and RF components [174]-[178].
Although easy to develop, liquid phantoms cannot be used
to emulate complex tissues where the testing is done using
multiple layers of tissues such as skin/muscle/fat composi-
tion. In addition, liquid phantoms lose their initial electrical
properties due to evaporation and the environmental condi-
tions they are kept in. For these reasons, the most popular
and easy to use phantoms are made of solid or semi-solid
materials. In addition, testing the device in liquids can be
messy and quite cumbersome. The solid phantoms synthe-
sized in previous research consisted of plastics, polyethylene
powder and saline, silicon rubber, ceramic powder and resin,
and strontium titanite powder and resin [33], [179]-[185].
Solid body phantoms have longer shelf life, are easier
to handle and test. However, they are not suitable for
SAR measurements where the access inside the phantom is
required [33], [183]-[187]. The solid phantoms are mainly
constructed using the average dielectric properties among
various tissues rather than of each individual tissue. As
a result, phantoms with multiple layers of tissue cannot
be synthesized. To tackle this issue, semi-solid phantoms
are introduced that utilize various materials as described
in [188]-[204], Fig. 7.
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FIGURE 7. (a) Implantable Antenna testing using 3-layer muscle-fat-skin gel,

(b) Construction of complex tissues using layered gels, (c) Adjustable gel thickness
and color using different formulas in [192]-[196] (d) Gels mimicking various tissues
including Kidney, Pancreas, Brain, Liver, Tumor, Fat, Muscle and Skin.

Whether liquid, solid or semi-solid all phantoms tend to
enable reasonable performance evaluation in terms of effi-
ciency and radiation patterns. At higher frequencies (e.g.,
above 6 GHz), the EM waves do not penetrate deeply into
the body and hence the internal structure is less critical. At
lower frequencies, wearable antennas will be affected by the
muscle and bone below the skin and the fat. Therefore, these
semi-solid phantoms are more suitable for lower frequencies.

For example, semi-solid layered (skin-fat-muscle) phan-
toms were developed at 950 MHz band [205] and at 20 MHz
band [206]. Semi-solid phantoms are suitable to the exper-
iments for implantable antennas, in particular, because it is
quite easy to embed antennas at the right position in the
phantoms and to fix them without any additional support.

Another example of semi-solid phantoms is a so-called
“UWB phantom” [207]. A single phantom is required for the
evaluation of UWB antennas over the entire wide frequency
range. By adjusting its composition properly, the UWB
phantom [207] covers the frequency range from 2 GHz to
10 GHz. Other publications utilizing semi-solid and solid
phantoms consider also more sophisticated heterogenous
phantoms. These phantoms are suitable for applications
that require the representation of heterogeneous tissues and
organs. For instance, depending on the frequency of opera-
tion, one approach is to use effective electrical properties of
a specific tissue like skin at low frequencies, while at higher
frequencies, the layers of the skin need to be individually
fabricated to better mimic the overall electrical properties
which semi-solid and solid phantoms offer a good solution.

Although there are many ways to measure the electrical
properties of phantoms, the most commonly used technique
is to utilize an open-ended coaxial cable that allows the
measurement of dielectric constant and conductivity for a
wide variety of frequencies [39], [176], [177], [193]. These
reflection coefficient-based measurements allow the prop-
erties of interest to be measured from 50 MHz to 50 GHz
covering the majority of microwave frequency bands. This is
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extremely important since mm-wave 5G deployment, which
covers 26-28 GHz bands and above, is in the near hori-
zon. This next generation of mm-wave 5G will require the
deployment of more antennas, transmitters, and receivers
which will increase the need for research on human body
— mm-wave interaction. Besides implantable and wearable
applications, the development of high-frequency tissue mim-
icking phantoms will play a crucial role for the study of these
interactions.

There are many challenges to human-body physical phan-
toms such as a dynamic phantom and a transparent phantom,
to just name a few. A dynamic phantom is needed to sim-
ulate movement of the human body or internal blood flow.
If a semi-solid phantom is transparent, it would be easy to
locate implantable antennas and to confirm their conditions
from outside of the phantom. In addition, every human has
a different shape of head and different composition of tis-
sues. It is important to carry out electromagnetic simulations
with the different available anatomical models which account
for age (e.g., adults vs. children) and other inter-subject
variability [208].

Overall, the phantom development for medical appli-
cations continues to evolve as 3D printing technologies
improve. We anticipate that, in the near future, more realistic
personalized human body phantoms will become a reality.

3) COMPUTATIONAL EVALUATION

1) Models of the body and sources: There are numerous
models of the body at various levels of detail. Simple models
such as prolate spheroids [209], simple block models [210],
and layered models [211] that were commonly used through-
out the 1970s-1990s are surprisingly good at estimating the
total field exposure in the body due to a plane wave, and
can be used for quick estimates. Simple models may also be
useful for very near-field applications, where the fields do
not reach other parts of the body, and hence, they have little
or no effect. To predict detailed distributions of the fields in
and around the body from near-field sources more detailed
anatomical models are used.

Anatomical models based on Magnetic Resonance
Imaging (MRI) or Computed Tomography (CT) scans or
X-rays/visual images, are often used for both nuclear
radiation and bioelectromagnetic dosimetry [212]. These
include the GSF family of models (adults, children,
infants) [143], [212], the Yale Voxelman [213], [214],
NORMAN man model [215], [216] and NAOMI woman
model [217], RPI VIP Man [218], [219], the Utah Man
Model [220], [221] and Utah Head Model [211], the Visible
Man and Woman project from the National Institutes of
Health [222], Japanese Computational Phantoms that include
adults, children, infants, and pregnant women at various
stages of gestation [223], voxel [224] and polygonal [225]
male and female models based on CT scans, Korean
adult models [226], [227], pregnant models in different
positions [228]. An example SAR distribution generated by
an implanted antenna within five different head models (two
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FIGURE 8. Distribution of the 1-g averaged SAR generated by an implanted antenna
inside five head models [239].

canonical/spherical and three anatomical) is shown in Fig. 8.
Indeed, high resolution models of specific parts of the body
such as the head [229], heart, lungs, thorax [230], [231],
breast [232], [233] are available. Models of mice and rats,
crabs, fish, frogs, dogs, bees, deer, ducks, worms, goats,
pigs, and rabbits also exist [229], [234]. When the electro-
magnetic effects are highly localized, as with many near-field
sources, only the impacted portions of the model need to be
used, thus saving computational time.

Specific details of the model can make a profound dif-
ference on the fields produced in and around the body.
Height [235], size (e.g., adult vs. child, size of head, torso, or
other parts of the body) [236], shape, tissue properties, etc. all
impact the fields. Even individual portions of the body such
as the head have their own size-dependent resonances [237].
Here, we note that challenges with creating good anatomi-
cal models for electromagnetic dosimetry include a shift in
the apparent location of fat and water-based tissues such as
muscle by as much as 4-5mm in MR-derived images [211],
deflation of the lungs, heart, and other organs when deceased
bodies are modeled [30], changes in shape from models
lying prone (such as feet resting in a toes-pointed position
rather than flat) [220], blur or jitter from moving organs
such as beating heart and breathing lungs, and a general
difficulty in characterizing the material in regions between
major organs [220].

For electromagnetic sources that are in or very near the
body (medical implants, cell phones, wearables, etc.) the
exact placement and orientation of the source significantly
impacts the field distribution [172], [238]. Near-field sources
such as cell phones, medical implants, etc., require great
precision in their modeling. X-rays [221] and CAD models
have been used to provide detailed modeling [239]. How
the source is placed in/near the body also has a significant
impact on the fields [172], [236]. Far-field sources typically
require somewhat less precision.

2) Computational methods: Computational methods use
approximations of electromagnetic wave propagation to
determine how the fields propagate from internal and/or
external sources and reflect, propagate, and absorb within the
voxel models of the body as described earlier in Section II-
D3 (with each voxel having defined tissue properties). The
fields can be approximated in either the frequency domain
(as with the impedance method, method of moments [240],
or finite-element method (FEM) [240]) or in the time
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domain using the finite-difference time-domain (FDTD)
method [241] or finite element time domain method [242].
In the frequency domain the fields are treated as being sinu-
soidal steady state, where any transient effects have died
away. The magnitude and phase of the sinusoidal field is
calculated in each voxel in the model. In the time domain
the transient fields are calculated in each voxel as a function
of time.

The FDTD method is widely used in bioelectromagnet-
ics due to its efficiency and versatility. It has been used to
model fields in the human body with high resolution (I mm
or less) for a wide variety of sources from 60 Hz [243]
through optical frequencies [241]. FDTD solves the time
domain Maxwell’s equations for the six vector compo-
nents of the electric and magnetic fields in a voxel model
of the body. The voxel size (A) is most often chosen
based on the size of the physical structure being evalu-
ated. This then determines the maximum frequency for that
model, as A should be < A,,;,/10. The FDTD method has
been extended to very low frequency simulations (down
to 60 Hz) [243], broad band models where the electrical
properties of the tissues vary with frequency [244], and mod-
els where the electrical [173], [245] and geometric [246]
properties of the tissues vary statistically.

4) DOSIMETRY

Bioelectromagnetic dosimetry predicts the dose and nature
(polarization, frequency spectrum, etc.) of electromagnetic
fields in the body. It is important for device design, eval-
uation of the interaction between electromagnetic sources
and the body, and understanding or controlling the natural
electric fields of the body. This can be done with either sim-
ulations or measurements [247]. The application of interest
controls whether the dosimetry is needed in the frequency
domain, time domain, or both, and it is common to transform
between these two domains. The application also controls
the frequency band of interest. Broad-band measurements
and simulations can be difficult. It is generally more effi-
cient to simulate single frequencies and combine them for
broader band applications. The bandwidth of measurements
can also be limited by how well-matched tissue simulant
materials can be to real tissues over broad bands, and the
accuracy of measurement equipment over broad bands. For
both simulations and measurements, it iS common to evalu-
ate individual frequencies or narrower bands, and combine
them computationally as needed.

Numerical dosimetry requires: (1) an appropriate model
of the body and the electromagnetic source, (2) dielectric
properties of the tissues and materials at the frequencies of
interest, and (3) a computational method that can simulate
the electromagnetic fields. Each of these have been discussed
earlier in Section II-D. Experimental dosimetry requires (1)
an appropriate phantom model of the body, including mate-
rials with appropriate materials to represent the body tissues
at the frequencies of interest, (2) an appropriate electromag-
netic source, (3) a measurement method that can measure the
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electromagnetic fields without significantly perturbing them.
The first two of these were discussed in Section II-D, and
the measurement methods are discussed below.

Specific absorption rate (SAR) is a widely-used dosimetric
measure, due to its use in regulations and guidelines [248].
With a semi-solid phantom, two-dimensional SAR distribu-
tion can be quickly evaluated by use of the thermographic
method [249]. This technique utilizes measured temperature
rise on the phantom surface caused by short-time EM expo-
sure. The SAR on the observation plane is figured by the
following equation:

SAR = ¢ - AT/ AH[W /kg] (1)

where ¢ is the specific heat of the phantom, AT is the
temperature rise, and At is the EM exposure time. When
the exposure time is short enough, the above equation gives
reasonable results. Another advantage this method is that it
can be easily applied to a system with multiple frequencies
or wide spectrum, because it is independent of frequency.
SAR is also measured by using electric field probes to
measure the electric field E, and then calculating it from:

o|E|?
SAR =

[W/kg] 2)

where o is the electrical conductivity [S/m), and p is the tis-
sue density [kg/m3]. SAR is typically averaged over 1-gram
or 10-gram sections of tissue, and today’s guidelines require
inclusion of a variation budget to account for expected
variability in the models and measurements [250], [251].

lll. EMERGING BIOELECTROMAGNETICS
APPLICATIONS

A. MICROWAVE ABLATION

Therapeutic applications of microwave energy include abla-
tion, diathermy and hyperthermia. These techniques are often
called as thermal therapies, which basically employ temper-
ature elevation in human tissue. Unlike hyperthermia that
is usually required to heat the tumor up to the temperature
between 42 and 45 °C, ablation heats up the tumor/tissue
over 60 °C. Microwave Ablation (MWA) utilizes a thin
antenna or an applicator which is inserted directly into the
target tissue to be treated [16]. Typical operating frequencies
are 915 MHz and 2.45 GHz. Fig. 9 shows some examples of
typical antennas for MWA. In Fig. 9(c), a quarter-wavelength
sleeve is attached to suppress the electric currents flowing
back on the outer conductor as described later in this section.
Coaxial-slot antennas [252] shown in Fig. 9(d) and (e) have
been widely employed for clinical use.

Recently, with the advent of various medical imag-
ing technologies and an increasing demand for improving
QOL (quality of life) of patients, image-guided MWA has
emerged as a minimally invasive therapeutic modality for
the treatment of unresectable tumors and cardiac arrhyth-
mias, neuromodulation, and other applications. One of the
key techniques to MWA is how to guide an antenna to the
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FIGURE 9. Examples of typical antennas for MWA: (a) Monopole antenna,
(b) Extended monopole antenna, (c) Sleeve antenna, (d) Coaxial-slot antenna [252],
(e) Coaxial-slot antenna with multiple slots [252], (f) Helical antenna.

right position for treatment. MWA has been widely per-
formed under the guidance of computed tomography (CT).
Alternatively, ultrasound (US) has been used as the guid-
ance to avoid exposure to ionizing radiation and to reduce
the cost [253]. However, for these imaging techniques,
image contrast may be sometimes insufficient and there-
fore treatment may not be perfect. More recently, magnetic
resonance (MR) guidance has been developed as a promising
modality, although the cost is rather high [254].

In terms of electromagnetic ablation, besides MWA,
RFA (Radio Frequency Ablation) and LA (Laser Ablation)
have been widely applied to clinical use. RFA has two differ-
ent systems, namely, monopolar and bipolar systems. Typical
operating frequency range for RFA is about 400 kHz to
500 kHz. A monopolar RFA system requires an external
electrode to form an electric current path. Both MWA and
RFA have advantages and disadvantages in clinical treatment.
Comparison between MWA and RFA has been discussed
and summarized in, for example, [255] and [256] from clin-
ical viewpoint. LA is another type of minimally invasive
therapeutic modality using the laser light and an optical
fiber [257]. MR-guided LA is an option for the treatment
of brain tumors, in particular. It may further reduce certain
risks associated with traditional open brain surgery.

Antennas used in MWA systems should ensure efficient
power transfer to the targeted tissue, through a heating
pattern well matched to the size and shape of the target.
Most MWA antennas generate axisymmetric heating pat-
terns around the antennas in homogenous tissue because of
their axisymmetric structure. However, a directional heating
pattern may be required for some specific scenarios where,
for example, a target tumor is close to the bowel which
should not be ablated. Different types of MWA antennas
with directional heating patterns have been developed and
reported [258]-[260].

Most MWA antennas are made of thin coaxial cables and
designed with some mechanism to suppress the electric cur-
rents flowing back on the outer surface of the coaxial cables.
These outer-surface electric currents may cause unwanted
heating of healthy tissue along the antennas. Different tech-
niques have been proposed to control or localize heating
patterns along the antennas. For conventional coaxial-slot
antennas [252], the number of slots or slot positions have
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been changed to control heating patterns to some degree.
Another way is to attach a tapered slot balun which achieved
localized heating patterns and good impedance matching over
a wide frequency range [261].

Traditionally, RF current or ultrasonic vibration have been
widely applied to surgical devices for cutting or coagulat-
ing biological tissues during surgery. However, they have
some drawbacks such as generating unwanted excessive
high temperature or creating mist and spray [262]. Recently,
microwave energy has been successfully applied to mod-
ern surgical devices which are necessary for laparoscopic
surgery [262], [263].

There are still many challenges to microwave abla-
tion. In this section, two important challenges are
addressed. Specifically, it is essential for the development
of MWA antennas and clinical treatment planning to numer-
ically evaluate distributions of SAR as well as temperature
in tissues generated by the antennas. For such numeri-
cal evaluation, biological tissues are modelled with their
physical properties including dielectric and thermal parame-
ters. Unlike hyperthermia, a significant change of dielectric
and thermal parameters must be considered during abla-
tion treatment, because the targeted tissue gets desiccated
or charred with temperature well exceeding 60 °C. It is
obvious that the water content ratio over the targeted tissue
significantly affects physical properties of the tissue. Several
groups have studied and reported numerical modelling and
experimental validation of microwave ablation incorporating
water vaporization or dehydration [264], [265]. For further
improvement, other factors such as a change of blood flow
rate and tissue contraction should be incorporated as well.

The term “theranostics” is used as a combination of “thera-
peutics” and “diagnostics” that are combined simultaneously
or sequentially in a clinical situation. For example, a com-
pact and thin microwave theranostic device was developed
and reported in [266] which can act as an applicator for ther-
mal ablation and as a sensor to detect malignant tissue. The
device employs oval-shaped Split Ring Resonators (SRRs)
working in a frequency range between 8 GHz and 12 GHz.
In the treatment mode, SRRs perform microwave ablation.
For the detection mode, resonance frequency changes due to
abnormalities are evaluated. Although further work should
be done to realize such theranostic devices, they would be
quite beneficial not only to hospitals but also to patients.

B. MICROWAVE IMAGING

Microwave imaging for biomedical applications has a long
history. It started with the idea of extending to diffracted
radiation (at radiofrequencies and microwaves) the diagnostic
approaches originally based on ray propagation. Microwave
imaging aims at providing qualitative or quantitative maps of
the dielectric properties of the body under test (e.g., dielec-
tric permittivity and electric conductivity), correlating them
with the presence of any pathology. Indeed, implement-
ing this imaging modality needs to face several problems
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FIGURE 10. Configuration and main components of a microwave imaging system
for biomedical applications.

and challenges, which mainly derive from scattering and
polarization effects of microwave radiation.

The pioneering results in this field, collected by
Larsen and Jacobi [267], were achieved around 40 years
ago. Compared to the historical developments of other tech-
niques (e.g., X-ray computerized tomography and magnetic
resonance imaging), a spontaneous question raises concern-
ing the real-life potential of microwave imaging as an effec-
tive tool for medical diagnostics. Indeed, despite a sequence
of “enthusiastic” and “disillusion” phases throughout the
years (as very well explained in [268]) this challenging
problem is nowadays tackled by a continuously increas-
ing number of research teams around the world and new
optimistic perspectives seem to be opened by many recent
developments.

The typical configuration of a biomedical microwave
imaging system is illustrated in Fig. 10, which shows its
main components and an example of results. Roughly, two
essential parts are identified: the microwave measurement
system (on the left) and the control/processing techniques
(on the right). The measurement system aims at collecting,
in the most accurate way, measures of the electromagnetic
field or some related quantities (e.g., transmission/reflection
S-parameters) around the body under test. This is done
by means of a set of custom antenna elements. A cou-
pling medium (liquid or solid) is usually interposed between
those imaging antennas and body, but discussions exist on
its relevance and its composition, which also depend on
the proposed application. The acquired data are exploited
to solve a radar-based, statistical or an inverse scattering
problem, whose solution technique can be seen as the “core”
of the whole imaging methodology. The inversion process is
theoretically nonlinear if no simplifying approximations are
assumed [269].

All these components require special care if medical diag-
nostics are pursued. Limiting factors may arise due to the
possibly low dielectric contrast between tissues of interest,
the achievable spatial resolution, as well as the difficulty
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of developing suitable reconstruction algorithms. The recent
improvements towards these issues have been thoroughly dis-
cussed in several books (see, for example, [269]-[271] and
the references therein), which delineate microwave imag-
ing methods as complementary tools with respect to more
consolidated diagnostic techniques.

One of the first proposed applications for medical imaging
at microwave frequencies is related to the detection of breast
tumors. Despite the conflicting studies about the dielectric
characterization of breast tissues and the scarcity of in vivo
measured data, several systems have been developed with
the goal of performing clinical trials. Recent results have
been summarized and compared in some detailed review
papers, such as [272]. Some systems are close to enter in
a commercialization phase. As to the inversion process,
there is a large variety of proposed methodologies, such
as those based on tomography, radar-based approaches, and
microwave holography. Both quantitative [273] and qualita-
tive methods [274]-[276] have been proposed and applied
to experimental systems, with pros and cons not always so
simple to understand with respect to the real disease to be
detected. It is worth noting that portable and wearable imag-
ing devices have also been designed and initially validated
in clinical settings. Although most systems operate between
1 and 10 GHz, recent research aims at checking the possible
diagnosis of breast tumors at higher frequencies.

Another field where microwave-based diagnostics have
recently shown promising outcomes is the detection of brain
stroke. In particular, along with the devices that aim at an
early stroke classification [277], other approaches investigate
the quantitative reconstruction of the internal dielectric prop-
erties of brain [278], [279]. Qualitative and hybrid imaging
modalities have also been considered, also assessing the pos-
sible use of flexible antenna arrays [280]. Head scanning
systems for stroke imaging are currently undergoing clinical
trials with encouraging results [281], [282].

In addition, other medical applications are currently
pioneered by the research community. For instance, the
detection of osteoporosis has been initially investigated some
years ago and is now seeing a renewed interest [283].
Another application is the imaging of the chest [284], which
may be interesting for detecting the fluid accumulation inside
and around lungs. Furthermore, portable microwave systems
for knee imaging have been recently proposed [285], also
developed as a wearable textile brace [286], with the goal
of detecting ligaments/tendon tears. Microwave imaging of
the neck has also been considered, for the possible diagnosis
of cervical diseases [287]. Moreover, recent studies propose
the use of imaging techniques at microwave frequencies for
the monitoring of thermal ablation (which is discussed in
another section).

In summary, while novel clinical uses of microwave
imaging are currently under investigation, such interesting
perspectives require systematic analyses from both theoreti-
cal and experimental points of view. It is worth noting that, in
the validation of experimental imaging systems, a key role is
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played by the development of suitable phantoms of the body
region of interest [288]. Of course, a better knowledge of
the contrast in the dielectric properties of healthy and patho-
logical tissues in vivo is crucial. Considering the impressive
increase in the available computing power, as well as the
continuous improvements in microwave and antenna tech-
nologies needed to develop effective imaging apparatuses, a
major challenge is still represented by processing and recon-
struction methods, which — despite a plethora of proposals
and tests — need further works and comparisons.

C. NEUROSENSING
1) NEUROSENSING APPLICATIONS AND NEURAL
SIGNALS

The ability to record brain signals has the potential to
improve the understanding and treatment of a variety of neu-
rologically based conditions including Alzheimer’s, epilepsy,
depression, addiction, and more [289]-[291]. However, cur-
rent brain-computer interface (BCI) technology falls short of
fulfilling such potential due to safety concerns, which limit
the recording environment and increase patient risk. These
concerns include: (1) wired connections from the implant
to the external environment, which restricts recording to
a laboratory setting [291], [292]; (2) reliance on batteries,
which require additional surgeries for replacement [293]; and
(3) densely packed electronics on the implant, which can
generate enough heat to damage surrounding neurons [294].

To address these shortcomings, wireless passive neural
implants were proposed [93], [111]. These passive neurosen-
sors operate much like a RFID tag, utilizing an external
interrogator to transmit a signal to turn on an implant,
which then transmits the neural signals back to the interroga-
tor where post-processing can occur. Given the low voltage
of neural signals (down to 2 or 20 uV,,), many of these
implants still require power, typically via power harvest-
ing, to amplify neural signals before transmission to the
interrogator. Another class of BClIs, so-called wireless fully
passive neurosensors, relies solely on microwave backscat-
tering for transmitting the modulated signal, thus eliminating
the need for power at the implant. Both passive and fully
passive devices address the concerns with traditional BCls,
but likewise come with their own challenges.

2) PASSIVE NEUROSENSORS

Passive devices utilize an energy harvester on the implant
to amplify low-level neural signals prior to transmitting to
the interrogator. Unlike traditional BClIs, passive devices do
not store energy and therefore do not require a battery. The
most successful source from which to harvest the power thus
far is inductive power transfer, but harvesting the body’s
glucose is also being explored [111]. For inductive power
transfer, the wireless link in combination with an integrated
circuit (IC) on the implant serves to rectify and regulate
the power provided for amplification. Thus, wireless link
optimization is key for passive sensing.
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Given the use of inductive coupling, various versions of
external and implanted loop antenna systems operating in the
frequency range of a few hundred MHz to a few GHz are
used for the wireless link [111], [295]. For the interroga-
tor, the primary goals are minimizing specific absorption
rate (SAR) while maximizing power transfer. To reduce
“hotspots” on the loop antenna and therefore SAR of the
tissue below, [296], [297] divided a loop antenna into two
segments connected by capacitors, while [111] suggests tilt-
ing the interrogator to be nonparallel to the tissue below.
Increasing the number of loops also helps maximize power
transfer [298].

Though these passive devices eliminate the need for wired
connections and batteries, they still use an IC, which requires
space and power. The addition of an IC increases the size
of a 1 mm? implant by at least 100%, increasing the likeli-
hood of initiating the body’s immune response to a foreign
object [299]. Transmitting power to the implant poses a risk
in terms of tissue heating, and thus, SAR must be carefully
considered in the system design. Additionally, these loop
antennas are sensitive to misalignment, which is almost a
guarantee given the antennas cannot be visually aligned.

3) FULLY PASSIVE NEUROSENSORS

To eliminate the need for an implanted IC, fully passive
neurosensors rely on microwave backscattering and perform
all amplification at the interrogator. The interrogator trans-
mits a carrier signal, which is then mixed by the implant
with neural signals prior to backscattering a higher order
mixing product (i.e., second harmonic) to the interrogator
for demodulation. Fully passive devices typically operate on
the order of a few GHz, most with a 2.4 GHz carrier signal
and a backscattered mixing product centered at 4.8 GHz.
The higher frequencies equate to smaller and more complex
antenna designs than the loops used for passive devices, but
tissue attenuation limits the upper frequency and therefore
antenna size.

In [300], a 10 x 3.5 mm? implant using a slot antenna
with a diode pair and chip capacitor to perform the fully
passive mixing communicated with a waveguide antenna
interrogator as a proof-of-concept. Building on the proof-of-
concept, [301], [302] use a slot antenna for both antennas
and detects 6 mVpp emulated neural signals from a func-
tion generator with the antennas transmitting through a skin
and bone phantom. Aiming to improve sensitivity, [303] use
an anti-parallel diode pair for the mixer, an E-shaped patch
antenna for the implant, and a spiral for the interrogator.
The sensor detects function generator emulated neural sig-
nals as low as 63 uVpp through a 2/3-muscle phantom [35].
To reduce the size of the implant from 39 x 15 mm? to
8.7 x 10 mm?2, the implant is folded in half with the circuit
on one side, the antenna on the other, and the ground plane
sandwiched between, and a higher permittivity substrate is
used. Sensitivity is increased to 20 uVpp by optimizing the
implant matching network and using a patch antenna for the
interrogator [304], [305].
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Challenges with fully passive devices center around the
lack of power at the implant. In fact, the conductivity of
tissues is typically high, and it thus dissipates the interro-
gated power into heat. Hence, the overall power available
at the implant might not be adequate to operate the system
considering the amount of absorbed power by head tissues.

Neural electrodes typically have very high, frequency-
dependent impedances (tens of k2 to M), which tradi-
tional BCIs match with operating amplifiers [299], but this
technique requires power. In [18], a bipolar junction tran-
sistor (BJT) passively increases the implant impedance but
is only able to match lower impedance electrodes (i.e.,
macro instead of microelectrodes) [306]. Additionally, the
discussed passive and fully passive devices are limited to
recording a single channel (i.e., one electrode, one brain
location). In [307], [308], multichannel devices using pho-
todiodes for channel switching are designed but the devices
are large (40 x 40 mmz), can only record from 8§ channels,
and cannot concurrently record channels. As with passive
devices, antenna misalignment is also an issue [309], as is
biocompatibility of the implant [299].

D. NEUROSTIMULATION
Electric and magnetic stimulation of neural tissues, such
as transcranial magnetic stimulation and deep brain stim-
ulation, are widely adopted in neuroengineering as an
attempt to restore partial neural function, usually lost due
to disease or traumatic injury. An increasing number of
medical conditions are being treated with neurostimulators,
and have resulted in encouraging, and sometimes dra-
matic, partial restoration of function [310]. The premise for
these implants generally involves injecting current through
electrodes to directly stimulate downstream neurons, thus
bypassing the upstream diseased or damaged neural cir-
cuitry. Computational and experimental bioelectromagnetics
methods are at the core of the development of modern
neurostimulators, which are now complex systems integrat-
ing multifunctional capabilities (such as recording, sensing,
and stimulating) [258], [259], wireless devices (for efficient
wireless power and data transcutaneous transmission) [312]—
[314] and biocompatible interfaces and packaging. The ulti-
mate and ambitious goal is to render neurostimulators “true”
biomimetic systems, capable to replacing the lost function-
ality of damaged neurons in a seamless way, with safe and
selective neuroactivation of downstream neurons, in small
form factors that are compatible with surgical interventions.
Although the complexity deriving from the multi-temporal
and multi-spatial natures of the nervous system - span-
ning multiple disciplines from large-scale electromagnetic
field and thermal modeling to neuromodeling - has hin-
dered the rapid progression in this field, recent advances
in computational and experimental bioelectromagnetics
embrace this complexity and open new doors to potential
treatments.

Low frequency bioelectromagnetics is considered partic-
ularly significant for neurostimulation applications, owing
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to both the very low frequency content of neural sig-
nals and the traditional low frequency embodiment of
wireless power and data transfer systems. Of particular
relevance to the development of modern neurostimulators
is the newly acquired capability to model electromag-
netic signaling in complex, large, morphologically accurate,
neural networks [315]-[318]. “Connectomics” — as it is
commonly referred to — provides comprehensive, morpho-
logically accurate maps of the neural network [316]; the
ability to handle Terabyte-sized connective maps of both
healthy and degenerated/diseased neural networks enables
an unprecedented opportunity to understand signaling at
the network level, and consequently design neurostimulators
through bioelectromagnetic predictive modeling methods.
Further, innovation in multi-coil wireless systems and meta-
surfaces has opened the opportunity to realize wireless
neuroimplants that are smaller and more efficient than ever
before [7], [319]-[323].

Several neuroimplants capture the innovation described
above. Examples of these systems are an artificial retina
to restore partial vision to the blind [324], [325] and a
hippocampal prosthetic for memory restoration [318]. The
artificial retina attempts to restore vision in the blind affected
by progressive and relentlessly advancing retinal degener-
ation conditions, such as Retinitis Pigmentosa (RP) and
Age-Related Macular Degeneration (AMD). There is no
known cure for these conditions; in these pathologies, pho-
toreceptors (the neural cells converting light to electrical
signal) progressively degenerate, ultimately resulting in fur-
ther neuronal damage, functional alterations, and extensive
remodeling of retinal networks. Over the past 25 years,
researchers have been working on a device comprised of an
epiretinal electrode array to directly stimulate surviving reti-
nal cells and supporting system to drive such array, including
a camera to record images in front of the patient and a wire-
less system to transfer power and image data to the implanted
device. The design of the epiretinal electrode array and stim-
ulating waveforms — designed to target retinal cells with
specificity while avoiding undesirable effects such as direct
stimulation of axon or spontaneous firing of retinal cells —
can be successfully carried out with the use of low-frequency
computational platforms supported by pathoconnectomes of
the retina (Fig. 11). These pathoconnectomes (connectomes
of the diseased retina at various stages of degeneration),
when utilized with low-frequency electromagnetic compu-
tational methods, have allowed for the development of
neurostimulation signals that have greatly improved the
opportunity in retinal prosthetic, such as the ability to encode
“color” in the percept [315] or avoid the direct stimulation
of axons, thus avoid “streaking” vision percepts. Integration
with Computer Vision and Artificial Intelligence methods
enables improvement of image interpretation and understand-
ing (e.g., object recognition) as well as image processing
tasks (e.g., segmentation) and opens up new opportunities
towards the development of novel task-based visual assistive
systems [326], [327].
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FIGURE 11. Model of the pathoconnectome of the first stage degenerated retina
tiled with elements of a healthy connectome to create a complete retinal network.
Accurate electrical models of the neural cells in this network, as well as the capability
to model extremely large computational networks, has enabled the opportunity to
accurately predict neural response in a diseased neural network as a result of
neurostimulation. Figure courtesy of Dr. P. Kosta, University of Southern California.
Data from the laboratory of Dr. B. Jones, the University of Utah.

IV. CONCLUSION
This paper provided a comprehensive overview of enabling
technologies for next-generation wearables and implants and
illuminated some key applications of high clinical promise.
As is evident, opportunities brought forward by electromag-
netics in healthcare are exciting. It is, thus, not surprising
that extensive research is currently being pursued in this
regard and that numerous wearables and implants are being
commercialized and employed in applications as diverse as
healthcare, sports, defense, consumer electronics, and more.
As would be expected, a number of challenges still remain
to be resolved. Body area antennas need to overcome losses
associated with the tissue environment; wearables need to
be made more reliable, secure, and seamlessly embedded
in day-to-day garments; implants need to be further minia-
turized without compromising performance; efficiency of
RF power harvesting needs to be improved; inductive links
should be made more reliable and robust to misalignment;
flexible conductors and inks need to be formulated with
conductivity close to copper while still being biocompati-
ble; phantoms should account for the frequency-dependent
properties of tissues and maintain these properties over the
course of time; patient safety must be ensured at all times
and numerical/experimental evaluations should be optimized
to match real-world scenarios; high data rate transmis-
sions need to be enabled; minimally invasive technologies
should replace traditional surgically-implanted devices; addi-
tive manufacturing technologies should be optimized for
environmentally-friendly solutions, fast prototyping and 3D
complex structures; theranostic devices for microwave abla-
tion need to be refined for clinical applications; microwave
imaging technologies should achieve higher resolution than
currently possible; neurosensors should be made wireless
and batteryless; neurostimulators should be empowered with
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multifunctional capabilities (such as recording, sensing, and
stimulating).

The abovementioned list of challenges is by no means
limiting and research opportunities in electromagnetics,
antennas, dosimetry, sensors, electronics, and materials are
truly endless.
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