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ABSTRACT Wireless power transfer between an external electromagnetic (EM) source and implanted
dipoles into human body can be greatly assisted by employing a matching part atop of the skin. Two different
approaches are proposed: one incorporating lossless layers that minimize the reflections and another dealing
with active metasurfaces that boost the transmissivity. Obviously, the performance is higher in the latter
scenario since gain media are involved; however, even with passive layers, significant enhancement in the
coupling between the two radiators is achieved. These coupling scores exhibit substantial robustness under
the condition of misaligned dipoles, a feature that renders them suitable to operate under experimental
imperfections. The proposed concept has been experimentally demonstrated at bluetooth frequencies leading
to strong enhancement of power transmission, even when the radiation patterns of the two antennas are
heavily misaligned. Accordingly, the reported designs can be utilized in biomedical setups that call for fast
and reliable wireless communication: from healthcare monitoring and biosensing to real-time drug delivery
and bioimaging.

INDEX TERMS Biomedical communication, Electromagnetic coupling, Implants, Metasurfaces, Wireless

power transfer.

I. INTRODUCTION

Implantable antennas have recently become very popular
since they constitute an indispensable part of most modern
biometric telemetry systems permitting the transmission of
physiological signals at positions in and out of the human
body [1]]. Therefore, several research efforts are addressing
the challenging aspects in the operation of implantable de-
vices such as biocompatibility, miniaturization, patient safety,
connectivity with exterior monitoring or control equipment,
and insensitivity to detuning [2]. Importantly, several solu-
tions regarding numerical simulations, designs and employed
media have been proposed to tackle the weaknesses related to
low data rate, restricted communication ranges, performance
sensitivity to the positioning of various structural parts and
limitations of invasive endoscopy [3].

In particular, dual-band implantable antennas are utilized
for continuous glucose monitoring [4]], folded slot dipoles
are safely functioning across the medical band [5] while
radiators into the skin can provide wireless measurements
for pressure and temperature [[6]. Moreover, miniature anten-
nas for integration in head-implanted medical devices have
been successfully introduced [7]; on the other hand, adding
a parasitic patch over the human body has been proposed to
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enhance the wireless power link between embedded rectennas
and the exterior [§]. Finally, on-body repeaters are found
to support wideband transmission [9], capacitively loaded
circularly polarized implanted patches contribute positively
to the link budget [10] and a similar device provides reliable
subcutaneous real-time blood measurements [|11]].

Matching between one electromagnetic (EM) radiator that
plays the role of transmitter and another receiving is one of
the oldest topics in the scientific domain of wireless links
since it is able to increase the signal-to-noise ratio at the
receiver without using higher power at the primary source.
Indicative examples contain from the deposition of graphene
nanoribbons to enhance the coupling between optical anten-
nas for enhanced photocarrier collection [12] and the usage of
matching circuits in multiple-input, multiple-output radio fre-
quency arrays [13] to the installation of passive superstrates
that increase the microwave detectability of buried objects
[14]. The same aim is well-served by zinc oxide antireflection
coatings in solar cells [15] or silicon nanocones that minimize
the EM reflection [16]. On the other hand, wireless power
transfer achieved via resonating coils [17] or rectifier circuits
[18] is also a form of maximal coupling that have extensive
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biomedical applications involving magnetic resonance imag-
ing [19] and implantable sensing [20].

With the advent of electromagnetic metasurfaces, with
which the fundamental laws of reflection and refraction were
reformulated and arbitrarily exotic boundary conditions got
feasible [21]], the impedance matching became just a special
case of the broad aim for generic controlling propagation
and coupling of modes [22]]. More specifically, metamaterial
covers can flexibly tailor the receiving patterns of antennas
with great benefits in the design and optimization of near-
field sensors [[23[] while bilayer plasmonic metasurfaces can
efficiently manipulate the visible light [24]] and block inter-
ferences [25]]. Importantly, metasurfaces may employ phase-
change active materials giving tunable optical transmission
[26]] or nonlinear elements that enable efficient wavelength
mixing with relaxed phase-matching conditions, ideal for
realizing broadband frequency conversions and phase conju-
gation [27]. In addition, strong interference in ultra-thin films
has been proposed as an effective mechanism for optimal
absorption [28] while closed metasurfaces can leverage the
EM radiation from multiple sources leading to green and
secure communications [29]]. Finally, metasurfaces can be en-
gineered to control EM fields around and into the human body
[30] and build novel optical biosensors [31] by overcoming
the current limitations [32] of bioelectronic interfaces.

In this work, which is based on the thesis [33]], we exam-
ine the external dipole coupling with implantable antennas
to treat a simple and frequently met problem comprising
one primary radiator into free space and another secondary
receiver embedded into human tissue. Since specific levels
of penetrating power is a prerequisite for any biosensor to
operate efficiently, re-transmit securely the signals and record
reliably the responses, maximal coupling between the two
antennas is vital. Two ways of matching free space with the
human body are proposed: one by depositing dielectric lay-
ers and another by utilizing EM metasurfaces. Approximate
mathematical models are employed and the optimal setups are
determined with use of Fabry-Perot resonant cavities in the
former scenario and by assuming active structures with gain
media in the latter one. Extensive numerical simulations with
help from commercial software packages are executed, where
theoretical predictions are validated; particular emphasis is
given on the case of misaligned dipoles, where the robustness
of the matching components is demonstrated. Importantly, we
have experimentally measured significant wideband boost in
the transmission through a suitably designed ceramic layer,
even when the emitter is not optimally oriented with respect
to the receiver. The reported results may assist substantially
the modeling and design of medical instruments with a wide
range of applications from healthcare monitoring and screen-
ing to bioelectromagnetic imaging and diagnostics.

Il. MATHEMATICAL MODELING

We consider a system of two antennas: the first one radiates
into free space and provides the primary excitation at blue-
tooth wavelengths while the second one is buried into the
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FIGURE 1. The physical configuration of the examined setups. A
transmitting dipole antenna working at bluetooth frequency illuminates
human tissue located at distance b, into which another dipole tilted by
angles (0, ¢) has been placed. To enhance the penetration of the EM
signal into the layer of human fat we utilize: (a) a matching layer of
thickness a@ < b and relative permittivity <, and (b) a matching
metasurface of complex surface conductivity o. The complex relative
permittivity of the human tissue is denoted by ¢;.

human tissue. The first dipole is placed at distance b from
the air-fat interface and the second dipole at distance / from
it, as shown in Fig. [T] In order to maximize the coupling
between the two antennas so that all the related diagnostic,
monitoring and sensing applications are better facilitated, we
propose the use either of a dielectric layer of thickness a < b
and relative complex permittivity €o (depicted in Fig. [I(a))
or a metasurface of complex surface conductivity o (depicted
in Fig. [I(b)). Since the orientation of the receiving passive
dipole may change into the body of the patient, we permit it
to be misaligned with respect to the axis of the external source
by angle € and rotated by angle ¢ while being parallel to the
boundary between the two media.
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FIGURE 2. Simplistic one-dimensional models for the two scenarios of
Fig.[T] The receiving dipoles have been conditionally removed while the
transmitted antennas have been replaced by normally incident waves of
wavelength \.

In order to understand better the conditions that lead to
maximal coupling between the two dipoles, we introduce two
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one-dimensional analytically solvable models, one for each
of the configurations of Fig. [T} The actual structures of Fig.
[[] can be also treated in a rigorous manner which involves
integral equations [34], [35] where the field quantities are
approximated by finite sums of basis functions; however,
in such a case, the final formulas are not easily physically
interpretable. In Fig. [2(a)] we consider as excitation into free
space a normally incident plane wave of the same bluetooth
oscillating wavelength A = 122.5 mm. If one ignores the
receiving dipole, the reflection coefficient reads:

RL — eQik[)a
e*24 (ko — ko) (ky + ko) — e~ *29(ky — k) (ko + k2)
eikza(ko - kQ)(kl + kQ) - efikQa(kl - kg)(ko — k2) ’

where kg = 2w/ is the wavenumber into air and k; =
ko+/€1, k2 = kg+/2, the wavenumbers into fat and matching
layer respectively.

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

from (I):
_ amivaa/x _ L+ VE2)(VET — VE2)
R, =0=c¢ ‘ﬁ/)‘—(l_\/g)(\/a+\/5). )

If we assume that, apart from the intermediate layer, the fat
half-space is also lossless and non-plasmonic (¢35 > 1), the
right-hand side of (@) is a real number. That forces the left-
hand side of @) to take specific values (41); however, the
equation e*™1V#2¢/2 — 1 Jeads to the solution e = 0, which
is rejected. Therefore, the perfect matching conditions are
written as:

(1

R, =20=
2 1
{i”Z/%,meN and SQN\/a}. 3)
The equalities are approximate since €1, in practice, is a
complex number.

In Fig. 2(b)l we sketch the respective one-dimensional
model, once the matching metasurface of complex surface
conductivity o is used. The boundary conditions between air
with EM fields (E, H) and fat with EM fields (E;, H;) are
given by [36]:

nx (E;-E)[,_,=0,
i x (Hy - H)| = 0 fix (b x E)],_q,
where 1 = X is the unitary vector normal to the air/fat

interface (x = 0), as defined in Fig.[2(b)] By imposing them,
we analytically derive the reflection coefficient:

1— _
Ry — Lo VEL— om0 @
1+ /e1+0n0
Apparently, the perfect matching condition reads from (@):
1 —
Ry=0=0=—YL (5)
o
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IIl. NUMERICAL RESULTS AND SIMULATIONS

A. EXTERNAL/INTERNAL DIPOLES MISMATCH

To illustrate more clearly the issue of poor coupling between
the external EM antennas and the implanted dipoles, we may
consider the configurations of Fig. [I] without the matching
mediator between air and the human skin. In real-world op-
eration, the transmitter radiates at bluetooth frequency f =2
2.45 GHz, where the complex dielectric constant of human fat
equals to: e1 22 5.28(1—0.14i) [37]-[39]]. In Fig. we regard
the initial system without any additional matching equipment
and test the behavior of the two antennas in the spectral
vicinity of bluetooth frequency. In particular, we treat them
as a two-port network and compute the scattering parameters
as functions of the operational frequency f. In Fig. 3(a)] we
represent the magnitudes of S parameters in dB with respect
to 2 GHz < f < 3 GHz for various distances b of the
first antenna from the interface (b = 100, 200, 300 mm); the
lighter the used color is, the more distant the dipole is placed.
One directly observes that, due to the different size of the two
antennas, the reflections are stronger in the first one compared
to those at the second one; indeed, the transmitting cylindrical
dipole is lengthier and thicker compared to the receiving one
[40].

What is noteworthy is that both |S;1| and |Sao| are mini-
mized very close to bluetooth frequency f = 2.45 GHz and
in a manner not significantly dependent on the location b.
Such aresult is not coincidental since the characteristics of the
antennas determining their resonances, have been previously
optimized. As far as the transmission |So1| from one port to
the other is concerned, it is obviously inversely proportional
to the distance b since the directivities of the antennas are fi-
nite. Indeed, for increasing b, the radiated power is distributed
across a larger surface and, thus, a smaller portion reaches the
receiving antenna.
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FIGURE 3. The scattering parameters magnitudes of the system of the two
dipole antennas in the absence of any matching equipment for: (a)

b = 100,200,300 mm with h = 15 mm and (b) h = 10, 15, 20 mm with

b =200 mm. The lighter the color tone of the curve is, the larger the
implicit parameter is selected.

In Fig. B(b)l we show again the frequency dispersion of
same quantities as in Fig.[3(a)|but for several distances / of the
second antenna from the human skin (2 = 10, 15,20 mm).
Similarly to Fig. 3(a)] the reflections to the first antenna are
not affected substantially by the placement of the port but are
still minimized at the same operational frequency, regardless
of the selection of &. Moreover, |Sa1| is also practically inde-
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pendent from the distance % contrary to what is happening in
Fig.@ this is due to the small values of A, since the receiver
should stay into the fat, under human skin. Interestingly, the
reflection at the second antenna changes for different values
of h since the formed Fabry-Perot cavities are resonating at
different frequencies; however, all the three minima of the
curves are close to our working frequency f = 2.45 GHz.

B. REFLECTION COEFFICIENTS

Prior proceeding with the numerical simulations for the trans-
ferred power, it would be interesting to investigate the varia-
tion of the reflectivities as obtained in (I}, (@) and test the per-
fect conditions obtained theoretically in (3)), (8). Therefore, in
Fig.[d(a)] we represent the magnitude of the reflection coef-
ficient |Ry | for the analytical model of Fig. with respect
to the normalized thickness of the layer a/b and the relative
permittivity of its medium €5, in a contour plot. We use a fixed
b = 200 mm even though is not a parameter of our model, so
that to relate with our realistic setup of Fig.[I(a)] One observes
that |R; | is a periodic function of a, which is natural since con-
dition (3) gives an infinite number of solutions (m € N from
(). The regime of minimum reflection is indicated by an x
marker which is in agreement with (3) and imposes maximal
transmission into human tissue. On that variation map of |R |,
we show three additional circular markers corresponding to
the optimal parametric regimes of the actual configuration of
Fig.[I(a)| as obtained via numerical simulations. Each of them
concerns a different placement % of the passive antenna, but
all of them are close to the theoretical predicted one (marker
x). It is noted that, when increasing #, the realistic results
come closer to the analytical solution of (3).

-1 0 1
Re[o]mo

(a) (b)

FIGURE 4. (a) The magnitude of reflection coefficient |R,| from (I) as a
function of relative thickness of the layer a/b and relative complex
permittivity =, (1 — i0.05). The circular markers denote optimal operation
points of the actual system of Fig. [T(a)| for various locations h of receiving
dipole. (b) The magnitude of reflection coefficient |Ry | from (@) as a
function of real and the imaginary part of the relative complex surface
conductivity o7. Plot parameters: =; = 5.28(1 — 0.14i), b = 200 mm. The
marker x corresponds to the parametric point of minimum reflections.

In Fig. (D)} we depict the magnitude reflection coefficient
|Ry| from (@) across the complex plane of surface conduc-
tivity oo multiplied by the wave impedance of the space.
Again, the matching regime is denoted by the x marker
which gives the o7y indicated by (3). By inspection of Fig.
()] one directly remarks that the equipotential contour lines
around the optimal regime, resemble perfect circles. Indeed,
the demand for constant and small magnitude |Ry| — 0

4

from (@) gives the equation of the circle: (Re[o|no — 1 +
Re[,/z1])?+ (Im[o]no+1Im[\/z1])? = |Ry|?. Itis noteworthy
that, given the fact that Re[\/1] > 1, the surface conductivity
that “unlocks” the structure [[14] to achieve perfect matching
has a negative real part (Re[o] < 0) which characterizes
active structures. Therefore, the proposed remedy for poor
coupling of Figs [I(b)l [2(b)] (matching layer) involves gain
media. Such a feature renders it fundamentally different from
the solution described by Figs [[(a)] 2(a)] (lossless matching
metasurface) and, thus, worthy to study it. It can be also
mentioned that the magnitude of the reflection coefficient
|Ry| may surpass unity as the amount of energy that the
structure provide adds to the equilibrium; it routinely happens
in parity-time symmetric configurations [41].

C. OPTIMAL MATCHING LAYERS

Having understood the ranges within which the parameters
(a, £2) of the matching layer should belong, we again consider
the actual structure of Fig. [I(a)] to numerically simulate it.
The key metric in understanding how much the coupling
between the two radiators has been improved is the ratio of
the transmitted power Pj,,,, in the presence of the matching
setup over the respective power Py,,;, in the absence of them.
This quantity is denoted by Q and can be also given as the
ratio of the square magnitudes of the respective S2; quantities
characterizing the two two-port networks. The definition is
given below and takes into account the misalignment angles
(8, ) only for the improved structure (numerator, primed) so
that it is always compared with the best possible orientation
(0 = ¢ = 0) of the initial structure (denominator, unprimed).

P‘/cran(9750) o~ |Sél(0790)|2 .
Piran(0 = 0,0 = 0)  [521(0 =0, = 0)[?

It is important to stress that the value of Q is dependent on
the sequence of twisting the receiving dipole with respect
to angles (0, ¢); indeed, the obtained configurations differ
for a different order of rotations. However, if one covers
the entire range of angles 0 < 6, < 90°, all possible
misalignment cases are considered. In our examples, we will
focus on scenarios that the twist with respect to ¢ (if there is
any) happens first, followed by the one with respect to 6 (if
there is any).

In Fig. 5] we represent the metric Q defined by (6) on
a map similar to that of Fig. fi(a)] for several placements
of the primary and secondary antenna. In Fig. [5(a)] typical
distances are assumed (b = 200 mm, &~ = 15 mm) and
enhancement up to 50% of the transmitted power is recorded
for relatively thin layers (a/b = 0.35). In Fig. we
change the location of the receiving dipole but the variation
of Q does not change much since 7/ < 1; however the
optimal permittivity increases due to the shrunk of Fabry-
Perot cavity between the air/layer boundary and the passive
antenna. In Fig. we locate the active dipole closer to the
boundary (smaller » = 100 mm) and, naturally, the optimal
operation point appears at a higher ratio a/b; in addition, the
slab permittivity €2 does not vary significantly compared to

0= ©6)
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Fig.[5(a)|since h remains constant (h = 15 mm). In Fig.[5(d)}
we consider a more distant source (b = 300 mm) and obtain
a similar response to that of Fig. [5(a)| since the human tissue
is positioned at the far field of the antenna; obviously, the
highest Q emerges at a smaller a/b since b got bigger.

4 - H | 4 ‘
| - H
. & 2!
0. X
0
0.2 04 0.6 08 0.2 04 0.6 08

a/b a/b

() (d)
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1
& 2. & 2!
& H : - H
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

a/b a/b

(c) (@

o

FIGURE 5. The magnitude of the metric Q from (¢) as a function of relative
thickness of the layer a/b and relative complex permittivity =,(1 — i0.05).
(a) b =200 mm and h = 15 mm, (b) b =200 mm and h = 10 mm, (c)

b =100 mm and h = 15 mm, (d) b = 300 mm and h = 15 mm. Blue x
markers denote the optimal regimes.

Unlike the transmitting antenna, which is positioned ide-
ally into the measurement setup, the orientation of the re-
ceiving one is not controlled since it is buried into human
tissue. Therefore, it is meaningful to test the performance
of our matching layer with respect to arbitrary misalignment
angles (6, ¢), as defined in Fig.[1(a)] In Fig. we consider
the optimal configuration from Fig. [5(a)] and represent the
variations Q = Q(#) for ¢ = 0 and various distances b; it is,
obviously, observed that they are decreasing functions of 6. It
is also remarkable that even if the two dipole directions form
angles as big as 6 = 20°, we compute Q > 1 which means
that our matching structure remains superior than a perfectly
aligned but layer-free model. In Fig. [6(b)] we represent the
metric Q but, this time, with respect to rotation angle ¢, when
keeping 6 = 0. Once more the curves are downward slop-
ing due to the polarization crosstalk while the transmissivity
enhancement exhibits substantial robustness with respect to
angle ¢. It is noteworthy, that even if the design has been
optimized for b = 200 mm giving Q = 1.4, it works well for
alternative placements of the primary source; that is another
finding remarking that the proposed configurations is still
beneficial for a parametrically perturbed environment.

Finally, in Fig. we examine a receiving dipole that is
simultaneously rotated by both the misalignment angles with
the one by ¢ first, for b = 200 mm; to this end, we depict
the distribution of Q = Q(6, ¢) in a contour plot. One can
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observe that the highest score occurs at § = ¢ = 0, which is
obviously the starting point of both the respective curves for
b = 200 mm in Figs[6(a)| [6(b)] In addition, when the sum of
the two twists is constant, the response Q formulate zones of
similar magnitude; indeed, for 6 + ¢ = 120° the results are
worse than in the case of maximally rotating the two antennas
(@ = =90°).

0 30 60 20
0 (deg)

(©)

FIGURE 6. The magnitude of the metric Q from (), in the case of the
optimized matching layer (Fig.[T(a)) for b =200 mm and h = 15 mm, as a
function of: (a) dipole misalignment angle 6 for ¢ = 0 and several
distances b, (b) dipole rotation angle , for 9 = 0 and several distances b,
and (c) both misalignment angles (¢, ) in contour plot. Plot parameters:
2 & 1.86, @ & 0.35b from Fig.[5(a)}

D. OPTIMAL MATCHING METASURFACES
It would be interesting to observe the operation of deposited
metasurfaces in an attempt to maximize Q, as defined from
(@), in the actual system of dipoles. Given the fact that in our
theoretical model of Fig.[2(b)] the perfect matching occurred
for Re[o] < 0, according to (5)) and Fig. we will not rule
out the usage of gain media in our simulations. Therefore, in
Fig. [I(a)] we represent Q (in dB) across the complex plane
of surface conductivity o = Re[o] + i Im[o] and realize that
a huge transmissivity enhancement of more than two orders
of magnitude becomes feasible, which is attributed exactly
to the active nature of the employed matching approach. It is
noticeable that the emerged peak of Fig.[7(a)]is accompanied
by an anti-resonance, yielding minimum Q nearby, revealing
an anticipated Fano resonance pattern.

One may wonder why the optimal operation point does
not coincide with the corresponding one of the analytical
model in Fig.2(b)] contrary to the apparent similarity between

5
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Figs [5(a)] when the matching layer was used instead.
The answer lies again in the fact that the optimal layer is
passive while the most efficient metasurfaces require gain
materials. Indeed, the reflectivity and the transmissivity are
not any more complementary each other; as a result, an active
metasurface can support giant transmission accompanied by
significant reflections. In this sense, our metasurface strategy
does not concern matching the free space with the human
tissue but aims at optimally amplifying the incoming signal
so that maximum penetration is achieved.

2 ' 20 2 35
15
15 15 -
B 10 2
1 @ 1
5 15
05 05 o
0
5
0 -5 0 0
3 2 -1 0 1 5 -4 3 2 1
Re[o] o]

elo]m Re[o]ny

8

Im{omo
Im{o}mo

(@ (b)

FIGURE 7. The magnitude of the metric Q from (g) in dB across the
complex plane of the dimensionless surface conductivity of the
metasurface (Re[o]ng, Im[c]ne)- (@) b =200 mm and h = 15 mm, (b)

b =100 mm and h = 15 mm. Blue x markers denote the optimal regimes.

In Fig. [I(b)] we repeat the same calculations as in Fig.
[7(a)] but for a transmitting antenna located closer to human
tissue (b = 100 mm). It is remarked that Q reaches much
higher magnitudes compared to Fig. that finding could
be anticipated since the primary source is positioned near
an active medium which, in turn, acts a secondary source
that pumps new energy to the system. When it comes to
the influence of gain Re[o] on our observable Q, it is not
necessarily positive. In the same way that increasing losses
do not automatically mean increasing absorption, there are
optimal ranges of gain that give substantial Q values. Indeed,
for more negative real part of conductivity (|[Re[o] < 0])
than the one corresponding to the maximum of Fig. [7(b)]
the performance of the respective metasurface is particularly
poor, which validates the aforementioned point. As far as the
imaginary part of o is concerned, it just gives capacitive or
inductive role to the metasurface and pushes it towards the
reported resonances.

In Fig.[8] we redo the calculations of Fig.[6|but when the op-
timally designed active metasurfaces are used from Fig.[7] In
Fig. we observe the metric Q of the optimal metasurface
as a function of misalignment angle 6 with ¢ = 0, for various
locations b of the external dipole. Giant scores are recorded
not only with » = 200 mm (for which the setup has been
optimized) but also with b = 300 mm for most of the direc-
tions within the cone 0 < 6 < 40°, due to the active nature of
the used equipment. On the contrary, the performance drops
if b = 100 mm, even though the transmissivity enhancement
reaches giant magnitudes in Fig. [7(b)} indeed, the employed
metasurface does not work optimally for b = 100 mm.

In Fig.[B(b)] we represent the score Q for the same structure

0 30 60 90
0 (deg)

(©)

FIGURE 8. The magnitude of the metric Q from (@), in the case of the
optimized matching metasurface (Fig.[1(b)) for b = 200 mm and

h =15 mm, as a function of: (a) dipole misalignment angle ¢ for » =0
and several distances b, (b) dipole rotation angle ¢ for 0 = 0 and several
distances b, and (c) both misalignment angles (¢, ¢) in contour plot and Q
expressed in dB. Plot parameters: o7y = —1.95 + 0.95i from Fig.[7(a)}

as in Fig. [8(a)] (optimized for b = 200 mm), as a function
of the rotation angle ¢ by keeping # = 0. Apparently, the
starting points of the three curves are the same as in Fig.[8(a)]
since they all refer to aligned dipoles (8 = ¢ = 0). However,
the performance deteriorates much milder when modifying
angle ¢ since the receiving dipole is rotated with respect to
it first, by remaining parallel to the interface. In particular,
we obtain at 10-fold enhancement for ¢ = 60° where the
illuminating antenna is placed at b = 200 mm. Similarly high
score is recorded for b = 300 mm; on the contrary, a dipole
located at » = 100 mm, is being “‘suffocated” [42] due to the
close distance from the interface.

In Fig. 8(b)] we repeat the calculations of Fig. and
consider simultaneous twists of the buried dipole with re-
spect to both (6, ¢). The metric Q is expressed in dB and
the asymmetry of the pattern demonstrates once again the
increased robustness of the effect for ( twists compared to
the case of equal # twists. Given the fact that the metasurface
is infinitely thin, the more you rotate the dipole, regardless
of the way (6, ), the obtained outcome worsens gradually;
such a feature is not the case for the matching layer of Fig.
Interestingly, the considered metasurface can deliver an
enhanced transmissivity (Q > 1) even if both misalignment
angles are significant: 0 < 6,¢ < 45°. In fact, we exploit
the activity of the structure to boost the coupling between the
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two antennas without practically caring about the orientation
of the receiving one; such a finding can relax the requirements
for parallel dipoles in a real-world setup.

passive
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FIGURE 9. (a) Sketch of the experimental setup: a ceramic layer is
deposited on minced meat which plays the role of human tissue to
enhance the interaction between a passive external monopole and an
active internal one. (b) Photo of the actual measurement setup.
Translational and rotational misalignment is supported in accordance to
Fig. The recording vector network analyzer (VNA) measures the
transmission coefficients in the absence S;, and in the presence S;, of
the matching layer.

IV. EXPERIMENTAL DEMONSTRATION
A. EXPERIMENTAL SETUP

To experimentally test the proposed concept of matching
layer, we consider the measuring design of Fig. P(a)] As
sources, two monopoles backed by PEC disks are used to
make dipolar radiation patterns that are usually directing their
maximum emitting power between the metallic base and the
wire, as shown in Fig. 0(a)] In this way, an optimal orienta-
tion is formed between the external active antenna and the
passive counterparts that is embedded in human tissue. With
respect to this regime, translational misalignment of length
g and rotational misalignment by angle £ can be defined as
in Fig. P(a)] In the considered scenario, the primary source
is located below human skin unlike to what was the case

VOLUME 11, 2023

in our previous theoretical examples where the structure got
externally illuminated. Such a choice has been made since the
measurement at the free-standing port is easier while leaving
unchanged the enhancement metric, due to EM reciprocity. In
other words, we evaluate the ratio:

tran(g f) o~ |512(ga §)|2
Ptran(g_oagzo) |Sl2(g:07§:0)|2’

which is very similar to the one defined in (). Between the
two custom-made antennas and on the human tissue of rela-
tive permittivity £;, we deposit a ceramic layer of thickness a
and relative permittivity 5.

As stated before, we assume a frequency at the bluetooth
band, namely, 2.3 GHz < f < 2.7 GHz with a central one
of f = 245 GHz (A = 12.25 cm). The active source is
buried into the meat at 7 = 7 cm while the passive antenna
is placed at distance (b — a) = 62 cm for reasons related
to the calibration of the antennas elaborated in Subsection
[[V-B] The role of human tissue is played by minced meat
whose permittivity of several samples has been measured
at &1 = 22, via the process described in Subsection [V-C|
By imposing the matching condition (2)), the thinnest design
corresponds to a = 1.4 cm with €5 = 4.7. The closest
available material of such characteristics at f == 2.45 GHz,
is a ceramic, hydrocarbon polymer [43]], as explained in Sub-
section [[V-C| That material is characterized by a dielectric
constant £2 = 4.515 while the size of the employed block has
been measured equal to: @ = 1.27 cm; that was the closest
parameter set we could found to that dictated by the zero
reflections regime (2)). A photo of the experimental setup is
shown in Fig. @ where translational (g) and rotational (&)
pointing error can be emulated. The transmission coefficients
are measured by the vector network analyzer (VNA) in the
presence of a background anechoic wall made of a suitable
absorbing material and the results are presented in Subsection
[V-Di

An oblique boundary between the ceramic layer and the
minced meat has been selected in Fig.[9(a)] so that the heavy
dielectric plate avoid pressing destructively the meat. The
final customized measurement setup is shown in Fig. [[0(a)]
where ferrite plates are placed at the bottom and anechoic
walls around the radiators to eliminate any possible reflec-
tions from the surrounding environment. The terminal an-
tenna is positioned as indicated in Fig. [[0(a)] while the ra-
diating rod form a 90-degree angle with the aforementioned
direction in order for the optimal orientation between the two
radiation patterns is achieved. The final height of the receiver
is 34.5 cm, and the direct distance between the transmitting
and receiving antennas equals to 70 cm (measured from the
center of the monopoles).

The ground plane of the transmitting monopole sits on a
5 mm minced meat layer as shown in Fig.[T0(b)|and then we
firmly attach the antenna on top to cover it fully with the rest
of the meat, as designated in Fig. Initially, we mea-
sure the transmission coefficient (S21) without the matching
material, as indicated by Fig. The measurements are

0= (7
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(@

FIGURE 10. Pre-measurements preparations. (a) Alignment
measurements. (b) Minced meat below the ground plane. (c)
Measurements without the matching layer. (d) Matching layer attached to
the minced meat.

repeated by placing carefully and firmly the dielectric plate,
as shown in Fig. |10(d)} where S, is measured again. In this
way, the quantity of (7) is evaluated.

B. MONOPOLE ANTENNAS CALIBRATION

All the measurements (either for transmission or reflection
coefficient) are carried out using a four-port vector network
analyzer (Agilent N5230 PNA-L), and two identical two-
meter-long cables (Mini Circuits FLC-2M-SMSM+) with an
insertion loss of 1.0-1.5 dB across our frequency band of
interest. Prior to measurements, a back-to-back calibration is
performed utilizing an electronic calibration module (Agilent
N4331-60006) for de-embeding the cables and removing un-
wanted nonlinearities induced by the system. The intermedi-
ate frequency, the sweep time, the number of sample points
and the averaging parameters that are used in that process are
selected according to proper handbooks [44]].

A monopole antenna is designed and simulated with Em-
pire XPU tool , so that it resonates around the well-known
bluetooth frequency. The specific antenna can be easily fab-
ricated by simple materials and implanted without igniting

8

©) (d)

FIGURE 11. Experimental monopole antennas. (a) Three-dimensional
view of the used design. (b) Side view of the used design. (c) Fabricated
transmitting and receiving antennas. (d) Side view of the fabricated
antenna.

significant coupling effects with the emulated tissue. Figs
[IT(a)| [T1(b)]depict the three dimensional and the side view of
the designed antennas, which need an infinite ground plane
. To achieve a minimum reflection coefficient (|S11|) at
2.45 GHz, the active antenna is taken with a metallic ground
plane with a diameter of 14 cm and thickness of 1 mm. As far
as the radiating rod is concerned, it is designed with a length
of 29.2 mm and a diameter of 1.77 mm, in accordance with
[47].

The final custom-made fabricated monopole antennas are
shown in Fig.[TT(c)] The ground plane is constructed with gal-
vanized steel, having the aforementioned dimensions, and the
radiating the rod is made from a typical 2.5 mm? wire cable
soldered to the sub-miniature version A (SMA) connector, as
implied in Fig.[TT(d)} To tune the resonant frequency as close
as possible to the simulated one, the radiated rod is chosen
about 25 mm long. The maximum simulated gain is equal to
3.6 dBi achieved at an elevation angle of 45°, as indicated in
Fig.[T2(a)] (the vertical axis corresponds to the metallic disk).
The azimuth pattern is omnidirectional and the -10 dB band-
width is close to 550 MHz with the final resonant frequency
at 2.453 GHz exhibits a reflection coefficient |S;| less than
-40 dB, according to Fig. [[2(b)] Both the antennas achieve
finally |S11| smaller than -26 dB at the two almost identical
frequencies 2.467 GHz and 2.462 GHz, as demonstrated by

Fig. [[2(b)}

C. PERMITTIVITY MEASUREMENT

A key feature in deciding the exact characteristics of the
matching layer is the (unknown, up to that point) permittivity
of the substance used to mimic the human tissue. Only with
a reliable estimation for €1, we will be able to evaluate the
dielectric constant €5 and the thickness a of the dielectric
plate. The related measurement setup is based on a transverse
electric magnetic (TEM) transmission line. A rectangular
metal cavity, shown in Fig.[I3(a)] is penetrated by a wire that
connects the center conductors of two panel SMA connectors
mounted on the opposite walls of the cavity. Its outer and
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FIGURE 12. Simulations and measurements for monopole antennas.(a)
Simulated antenna pattern in dB. (b) Simulated and measured reflection
coefficients.

inner dimensions read: 51.9 mm x 32.3 mm x 33.6 mm and
40.4 mm x 20.9 mm x 20.0 mm, respectively.

(b)

FIGURE 13. Setups for the permittivity measurements of minced meat. (a)
Empty cavity. (b) Filled cavity.

A differential measurement of the transmission phase is
performed with and without the material-under-test (MUT)
using the VINA; such a phase shift allows for determining the
real part of the complex permittivity of the material filling
the cavity [44]. Indeed, the transmission line supports the

VOLUME 11, 2023

TEM fundamental propagating mode and the presence of the
dielectric sample affects the wavenumber (phase constant) of
the developed wave [48]. More specifically, the phase con-
stant is proportional to the refractive index of the MUT [49],
[50]. An approximation behind this measurement method is
that the medium occupies the cavity in a uniform manner
and fully surrounding the inner wire without leaving any air
pockets. Every possible effort is made in this direction during
the samples preparation, as shown in Fig.[T3(b)]

The average phase difference from the five samples is
found equal to 4.7; hence, the calculated dielectric constant
is found close to e; = 4.72 = 22.09 = ¢ = 22, which is
a good approximation between the respective values for
pure fat (¢ = 5.5) and muscle (¢ = 49). If one imposes the
constraints (3 for perfect matching with the aforementioned
€1, it is clear that the reflections are minimized when the
permittivity of the utilized layer reads: e = 4.7, as men-
tioned in Subsection [V-Al When it comes to the thickness
of the dielectric, it is evaluated as 1.4 cm, once working at
the resonant frequency of 2.45 GHz. As also stated in the
Subsection [[V-A] the best-found commercial material with
such an electrodynamic behavior is the polymer composite
Rogers TMM4 [43] with e = 4.515 while the closest
available layer thickness of a sample was 1.27 cm.

D. EFFICIENT POWER TRANSFER
Having concluded to all the parameters that experimentally
realize our theoretical concept, we are ready to evaluate QO
from (7). Our measurement scenarios involve rotational (an-
gle ¢ in Fig. [9(a)) and translational (transverse distance g
in Fig. P(a)) misalignment, having the optimally matching
dielectric layer (for £ = 0 and g = 0) being attached to the
minced meat. Translational tests are carried out elevating the
receiver height from 0 cm up to 20 cm in steps of 5 cm (while
keeping & = 0); the results are depicted in Fig. The re-
ceiving antenna orientation is then adjusted, tilted downwards
from 0 to 50° in steps of 10° (while keeping g = 0); the results
are depicted in Fig. [T4(b)] The separating distance between
transmitter and receiver remained constant during those tests.
Therefore, in Fig.[T4(a)} we present the enhancement met-
ric from in dB with respect to oscillating frequency f
for several translational pointing errors g with zero rotational
misalignment (§ = 0). It is clear that the matching ceramic
layer increases the transmitted power across the entire band
even if the two antennas are not facing each other. Obviously,
the emitted power P}, decreases with g but it remains larger
compared to Py, corresponding to the scenario that g = 0
but without matching slab. The only exception is made by
the curve taken for b = 20 cm where the line of sight lies
completely outside of main lobes of the two antennas and
yields in a deterioration of the transmitted signal magnitude.
Similarly, in Fig. [[4(b)] we repeat the same calculations
as in Fig. [[4(a)] but with zero translational misalignment
(g = 0), for several rotational pointing error angles . It
is clear that once ¢ is kept small, almost no harm is done
to the wireless link between the two monopoles. But even
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FIGURE 14. The enhancement metric Q as defined by (7) in dB as a
function of the operational frequency f: (a) for several translational
misalignment g (with ¢ = 0), (b) for several rotational misalignment ¢
(with g = 0).

when ¢ takes substantial values, wideband enhancement is
reported when the ceramic layer is placed in-between. As
happens in Fig. we obtain P}, < Py only for the
worst scenario (§ = 50°) where we fail to exploit the gain
of the two antennas. According to the measurement results
of Fig. a noticeable improvement in |Soq| is observed
for two well-alligned radiators (¢ = 0 and g = 0). In
particular, the Q factor is found more than 8.2 dB, on average,
at the resonant frequency of 2.46 GHz, thus justifying the
theoretical expectations of the proposed concept.

V. CONCLUSIONS

External electromagnetic sources can be matched with im-
planted antennas into human tissue by tuning the operational
frequency so that minimal reflections are achieved. While
keeping the oscillating wavelength unaltered, we investigate
the possibility of improving further the coupling between the
two dipoles by depositing dielectric layers or metasurfaces
across the air/skin interface. An equivalent one-dimensional
semi-analytical model indicates that, at bluetooth band, the
optimal layer is an ordinary quarter-wavelength transformer
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but the optimal metasurface is an active one. Therefore, the
two matching strategies are fundamentally different each
other but each one possesses certain unique advantages: the
former one nullifies the reflections back to the source while
the latter one can hugely boost transmissivity into the hu-
man skin. Extensive numeral simulations of the actual, three-
dimensional systems validate the expected outcomes while
the coupling performance of each layout has been tested
successfully against misalignment of dipoles axes that cause
polarization crosstalk. Our results, that have been validated
in the laboratory, may inspire further experimental efforts to-
wards more efficient communication with implantable anten-
nas that are supporting high data rates while being harmless
for the patient.

An interesting expansion of the present work would be to
focus on which media or meta-atoms can be used to build the
proposed matching layers that are operable at the same fre-
quencies and remedy potential availability limitations. More-
over, one can use instead of wireless sources, wires connected
with the equipment that is wrapped around the human skin
and, in this way, materialize an analogue of active metasur-
face. Similar analytical and numerical techniques as the ones
employed in this work may be implemented to understand the
interference between the multiple sources that secures strong
transmissivity into the human body. Due to reciprocity they
will give a clearer picture about the structural and textural
formations below the skin. In this way, a variety of minimally
invasive biomedical processes can become easier to provide
real-time information from the glucose content and the blood
pressure to the distribution of virions or the size of protein
cells.
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