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Abstract— Wireless power transfer (WPT) technology has
played a vital role in the rapid development of biomedical
devices. While several single methods to improve WPT effi-
ciency have been reported, the lack of integrality in these
single methods limits the effect of the improvements. In this
investigation, we analyze the physical process of a typical WPT
scenario and find that the high propagation loss consisting
of in-tissue attenuation and interface reflection degrades the
WPT performance. A systematic method to comprehensively
improve WPT efficiency is then proposed. Specifically, a Fresnel
zone plate (FZP) is applied against the attenuation of inner
biological tissue, and a practical air layer-artificial matching layer
(AL-AML) is applied to decrease the reflection on the surface of
biological tissue. According to a simulation of possible analytical
models, the efficiency is significantly improved when using the
proposed method. In an experiment with an implant depth of
20 mm, the proposed systematic method is found to enhance
maximum relative received power by 12 dB, with an almost
15-fold increase in efficiency over the conventional system with
just a transmitter (Tx) and a receiver (Rx). It is also verified that
the improvement in efficiency is greater in the systematic method
than in single methods. Also, various misalignment tolerances
between the proposed structures and the Rx are determined from
the coupling strength of the proposed WPT system. The results
of this investigation show the potential of the proposed systematic
method for further improvements in WPT efficiency.

Index Terms— Implantable, propagation loss, systematic
method, wireless power transfer (WPT).

I. INTRODUCTION

IN RECENT years, implantable medical devices for sens-
ing, drug delivery, and local stimulation have played an

increasingly important role in modern medical treatments.
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Fig. 1. Typical scenarios of WPT technology applied to implantable
biomedical devices. (a) High propagation loss occurs in the WPT process.
(b) Proposed systematic method for improving WPT efficiency. (c) Design
principle of the proposed systematic method.

These devices help to facilitate the management of medical
disorders over a broad range of applications through preventive
and postsurgery monitoring [1]. However, there are prob-
lems and risks, which have yet to be successfully addressed,
including battery leakage, battery exhaustion, and replacement
challenges. Wireless power transfer (WPT) as an implantable
power supply has been given considerable research attention
in recent years as means of enabling the miniaturization of
implantable devices [2]. Fig. 1(a) shows typical scenarios
of wireless powering into biomedical devices: the wireless
powering of a pacemaker and a capsule endoscope.

Most of the investigations on the wireless delivery of
energy to implantable devices have been operated in the
low-frequency range (kHz–MHz). In low-frequency environ-
ments, most transmitted energy is stored in fields rather
than by radiation. The wireless link between transmitter
(Tx) and receiver (Rx) can be classified as electromagnetic
(EM) coupling [3], [4], [5], [6] and magnetic resonance
coupling [7], [8], [9], [10], [11], [12], [13] based on EM
near-field coupling and the share of magnetic flux, respec-
tively. In these studies, the Tx and Rx usually adopt coils
and printed spiral antennas. The main attempt is to design
the configuration of coils to improve transfer efficiency. In a
recently reported new method for charging an implantable
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cardiac pacemaker [13], a well-designed double sandwiched
structure for both Tx and Rx is proposed to improve the
efficiency of the WPT system. However, because the system is
operated at 160 kHz, the Rx coil is as large as the pacemaker.
Recently, metasurfaces have been employed to improve the
performance of the wireless power link [14], [15], [16]. For
instance, the negative-permeability metasurface integrated into
the WPT system in a recent study by Li et al. [16] consists
of a conformal magnetic resonator Tx coil and a dual-band
Rx coil. By utilizing a negative-permeability metasurface,
the WPT system working at 430 MHz in their study was
reported to achieve a further operation distance and a coupling
enhancement of up to 15.7 dB. However, the large size of
the coils limits their application in implantable devices and
presents a severe challenge to near-field coupling technology
at the low-frequency range [2].

Recently, WPT systems with operation frequencies from
the sub-GHz to the low GHz range have been attract-
ing more attention due to their higher transfer effi-
ciency and potential for dramatic miniaturization [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26]. In a study on
the optimal frequencies of different types of biological tissue
by Poon et al. [17], when the dimension of the transmit antenna
is much smaller than the wavelength in the GHz range, the
optimal frequency was found to be in the GHz range, and
when the dimension is similar to the wavelength in the sub-
GHz range, the optimal frequency was found to be in the
sub-GHz range. In an experiment performed on a live pig
to analyze the propagation loss of RF signal for in-body to
in-body implants [20], an ISM radio band frequency range
between 2.4 and 2.5 GHz was found to be optimal for the
multinode pacemaker technology due to the size constraints
of the capsule antenna. These kinds of WPT techniques can
be categorized as interference-based WPT, which includes
EM radiation and multipath propagation. Adaptive focusing
technologies for the wireless powering of implanted devices
have recently been reported [21], [22]. By performing the
phase-conjugated operation on the incident signal (transmitted
by Rx) and then transferring the signal back to the source,
coherent RF power can be achieved at the Rx. This has been
shown to improve WPT efficiency.

Although several studies on improving WPT efficiency
have been reported, these studies show a lack of systematic
consideration of WPT scenarios [27]. The entire typical WPT
process is clearly demonstrated in Fig. 1(a). When EM waves
propagate from air into biological tissue, the reflection at the
interface of air and biological tissue, and the attenuation in bio-
logical tissue appear in sequence, resulting in high propagation
loss. This has been shown to severely reduce the efficiency of
the WPT. Therefore, the key challenge in designing an efficient
WPT system for application to implantable devices is to reduce
propagation loss. In other words, reflection and attenuation
should be analyzed simultaneously.

Near-field-focused (NFF) antenna can focus the EM field
at a point in the antenna near-field region that determines an
increase in the EM power density in a size-limited region close
to the antenna aperture [28], [29], [30], [31]. The Fresnel zone
plate (FZP) lens has been considered to implement the NFF

planar lens antenna, which has the benefit of being lighter and
easier to design and manufacture compared to the traditional
NFF antenna, such as array antennas and reflectarrays. How-
ever, the traditional design theory cannot directly design the
FZP applied to biological tissue due to the different media of
the application scenarios. Therefore, a design method for FZP
considering the characteristics of biological tissues is required.

Impedance matching is a fundamental concept in EM theory
that can eliminate the reflection at the interface. A lot of work
has been reported recently using a matching layer (ML) or
metasurface/metamaterial to improve the efficiency of WPT.
However, the following problems still exist: the operating prin-
ciples are not clearly explained, and the used matching layer
is limited by available thickness and substrate [23], [32]. This
indicates that a practically available and specially designed
matching layer is required for biological tissue WPT appli-
cations, in which the operating mechanism can be clearly
explained by classical theory. As recently reported in [33],
a new matching technology named artificial ML (AML) is
proposed that can design matching layer by substrates with
arbitrary permittivity even though the limitation of the thick-
ness of substates still makes matching impractical.

A systematic method for efficient wireless powering to
implantable medical devices and the design principle are
presented in Fig. 1(b) and (c). The method is based on
an analysis of the two main causes of high propagation
loss: in-tissue attenuation and interface reflection. To decrease
the propagation loss and comprehensively improve the WPT
efficiency, on the one hand, we improve the traditional FZP
design method by considering permittivity change in different
areas and propose FZP for in-tissue energy focusing against
the in-tissue attenuation; on the other hand, we propose a
novel matching technology named air layer-AML (AL-AML)
to decrease the interface reflection by introducing air layer into
the design of AML to break the limitation of using substrates
with restricted thickness and make matching with biological
tissue feasible. The efficiency of this WPT with a combined
FZP and AM-AML system was determined and then applied to
an implantable biomedical device for verification. To the best
of our knowledge, this is the first time a systematic method
instead of existing single methods is proposed to realize an
efficient WPT system applied to biomedical devices.

This article is organized as follows. In Section II, the
systematic methods and corresponding solutions are intro-
duced along with the design process of the proposed FZP
and AL-AML. In Section III, an analysis and a discussion of
the four models are presented to clearly demonstrate the per-
formance of the proposed systematic method. In Section IV,
experiments are performed to verify the effectiveness of the
proposed methods. Finally, a brief conclusion of this work is
drawn in Section V.

II. DESIGN METHODS AND PROCESS

A 2.45 GHz operation frequency, which is within the
Industrial Scientific Medical Band (ISMB), was chosen for this
design. While the operation frequency is not considered critical
in the design, the advantages of operating at a higher frequency
on miniaturization make it essential in the design of implanted
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Fig. 2. Process of designing an FZP applied to in-tissue focusing. (a) Fun-
damental structure of an FZP. (b) Application scenario of the proposed FZP.

devices. Also, smaller wavelengths at higher frequencies allow
more precise control in the distribution of EM waves so that
critical organs can be avoided. Besides, the smaller wavelength
makes a larger electrical size for a fixed physical size, which
is necessary for the design of lenses and metasurfaces for
obtaining better performance, according to the antenna theory.

A. Consideration of Biological Tissue
Biological tissue is a kind of lossy media with elec-

trical characteristics that change with frequency. Different
liquid mixtures of sugar, salt, organic compound solution,
and deionized water have been used to simulate biological
tissue in studies [16], [34]. However, comparing biological
tissue to other mediums inevitably leads to inaccuracies.
The human body equivalent liquids (HBEL, MBBL-1900-
3800V3) produced by Schmid & Partner Engineering AG
(SPEAG) is a liquid with dielectric parameters that simulate
the body-tissue parameters defined in the specific absorption
rate (SAR) measurement guide [35]. The dielectric param-
eters of HBEL are matched to the target tissue parameters
over a certain frequency range. For accurate comparison
and discussion, HBEL is used to imitate biological tissue
(muscle) in both simulation analysis and experiments in this
work.

B. Fresnel Zone Plate Applied Against Attenuation of
Biological Tissue

When EM waves propagate inner biological tissue, large
attenuation will appear, and the WPT efficiency will be
reduced due to the high conductivity of biological tissue.
Therefore, one of the methods to increase WPT efficiency is
to decrease the extent of attenuation.

The FZP consists of a set of radially symmetric opaque
and transparent rings. When the EM waves encounter the
zone plate, they diffract around the opaque zones, causing
the cophase components to interfere at the desired focal point
and create high field density. Since their invention, FZPs have
been used to focus energy as a lens at optical and microwave
frequencies [36]. Fig. 2(a) shows the fundamental structure
of the FZP. Parameter a is the source point distance, which is
defined as the distance between the Tx and the FZP. Parameter
b is the focal point distance, which is defined as the distance
between the Rx and the FZP. λ0 is the free-space wavelength
at 2.45 GHz. The radius rm of each Fresnel zone can be

Fig. 3. Normalized E-field magnitude distribution along the x-axis for a
different number of zone plates.

calculated using the following equation [37]:√
a2 + r2

m +

√
b2 + r2

m − (a + b) =
mλ0

2
, m = 1, 2, 3, . . .

(1)

The focusing property of FZP can be used to accumulate
energy in biological tissue against the attenuation of EM
waves. However, (1) is no longer useful in this application.
It can be seen from (1) that the design of the FZP in free space
is only related to the wave path difference. In this work, the
two sides of the FZP are air and biological tissue, respectively,
as shown in Fig. 2(b). It should be noted that the characteristics
of the two media are totally different. There, it is necessary to
design an FZP with effective focusing characteristics between
different media.

The principle of focusing is cophase superposition. It must
be noted, however, that the influence of biological tissue is the
wavelength change of the EM waves, which occurs largely due
to high permittivity. That is, in order to focus energy, the wave
phases of different paths at desired focal point are required
to be the same regardless of the changes in the wavelength.
Therefore, assuming that the relative permittivity of media
on both sides are εr1 and εr2, by considering the influence
of permittivity and in cophase superposition point of view,
the design equation of FZP can be amended to the following
equation:

√
εr1 ·

√
a2 + r2

m +
√

εr2 ·

√
b2 + r2

m −
(√

εr1 · a +
√

εr2 · b
)

=
mλ0

2
, m = 1, 2, 3, . . . (2)

By inputting εr1 and εr2 and selecting proper a and b
according to the condition of the WPT environment, the effec-
tive FZP can be designed. Note that the number of zone plates
is a key parameter that determines the focusing effect and
should be properly chosen according to the actual application.
Fig. 3 shows the normalized electric field (E-field) magnitude
versus the x-axis value for different numbers of zone plates.
Note that the Tx is a dipole antenna and the Rx is omitted in
this simulation to clearly observe the E-field distribution at the
focal point. It can be seen that, when the number of zone plates
increases from 1 to 3, the normalized E-field magnitude around
the focusing point will be increased significantly. It is indicated
that the number of zone plates should be greater than or equal
to 3 to obtain a significant focusing effect. However, when
the number of zone plates continues to increase over 3, the
E-field magnitude will be not further focused anymore. This
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Fig. 4. Structure of the proposed FZP.

TABLE I
PARAMETERS OF THE PROPOSED FZP

is because the illumination efficiency of the FZP decreases as
the number of zone plates increases. The huge loss inside the
HBEL also reduces the contributions of the zone plates placed
at a distance. It was found that a larger number of zone plates
do not result in a significant improvement in the focusing
effect: it only increases the system volume. Therefore, three
zone plates are included in the design of the FZP, as shown
in Fig. 4. All design parameters are listed in Table I. The
simulation results and discussion are given in Section III.

C. Air Layer-Artificial Matching Layer Applied to Reducing
Reflection of Biological Tissue

Another reason for generating propagation loss that causes
the deterioration of WPT efficiency is the interface reflection
when EM wave propagates from air to biological tissue
of high permittivity. An matching layer is a basic concept
and an example of impedance matching technologies in EM
theory. By choosing the proper permittivity and thickness
of the substrate of matching layer, the interface reflection
can be eliminated. According to the EM theory, the relative
permittivity εr3 and thickness d can be calculated using the
following equation [38]:

εr3 =
√

εr1εr2

d =
1
4
(2n + 1)λ3, n = 0, 1, 2, . . . (3)

where εr1 and εr2 refer to the relative permittivities of
medium 1 and medium 2, respectively, and λ3 is the wave-
length in the matching layer. The permittivity and the thickness
of the matching layer are determined by medium 1 and
medium 2. For this reason, it is almost impossible to realize
matching by the limited materials suitable for use in this type
of device.

Recently, a kind of matching technology referred to as
AML was reported by Yang et al. [33]. By introducing a
metasurface into the matching analysis, an matching layer
using arbitrary permittivity is achieved. However, the fixed

Fig. 5. Matching mechanism of the AL-AML. (a) Equivalent transmission
line model. (b) Matching process using the Smith chart.

thickness of the substrate is still a limitation in AML design,
which makes it impractical in applications. To solve this
problem, in this investigation, we propose a novel practical
matching technology, which can be applied to the surface
matching of biological tissue. This design, which we refer
to as the AL-AML, introduces an air layer into the design of
the AML. The problem posed by a substrate with restricted
thickness is solved by transferring the requirement of thickness
from the substrate to the air layer. In this way, matching layers
with substrates of arbitrary permittivity and thickness can be
designed.

To illustrate the matching mechanism of the AL-AML,
an equivalent transmission line model is drawn in Fig. 5(a).
The air and the biological tissue are represented with different
characteristic admittances by the following equation:

Yi =
√

εi/µi , i = 1, 2 (4)

where εi and µi are the permittivities and permeabilities
of corresponding media, respectively. AL-AML is inserted
between the air and the biological tissue to achieve total
transmission. The proposed AL-AML consists of three parts:
the substrate, the metasurface (capacitive), and an air layer.
When an arbitrary substrate is given, impedance matching will
be achieved by the use of a proper metasurface and an air layer.
The determinations of susceptance of the metasurface (BMS)

and thickness of the air layer are discussed below. Four key
points A, B, C, and D with characteristic admittances of YA,
YB, YC, and YD are also marked. Note that YA is equal to
Y1, and YD is equal to Y2.

The matching procedure in the Smith charts is also plotted
in Fig. 5(b) for a clear demonstration. First, YA and YD are
given. YA is the susceptance at the left-hand side (source side)
of the substrate, and YB is the susceptance at the other side
(load side). Since the substrate can be regarded as a segment
of a lossless transmission line, YB can be obtained by the
anticlockwise moving of YA along the equal standing-wave
ratio (SWR) circle with a certain electric length of trans-
mission line in the Smith chart. The electric length can be
calculated when the permittivity and thickness of the substrate
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TABLE II
PARAMETERS IN THE DESIGN PROCESS OF THE PROPOSED AL-AML

are given. After determining YB, the next step is to make
YD equal to YB through the metasurface and the air layer.
The air layer can also be regarded as a segment of a lossless
transmission line; therefore, YC can be obtained by clockwise
moving YD along the equal SWR circle while considering the
relative location of YC and YD. On the other hand, because
the metasurface can be regarded as a shunt susceptance, YC
can be obtained by moving YB anticlockwise along the equal
conductance circle while considering the relative location of
YC and YB. The point of intersection between the equal SWR
circle and the equal conductance circle is the position of YC.
The susceptance value of the metasurface is determined by the
susceptance at point C. The air layer thickness d is determined
by the path length from point C to point D. In this work,
we use polyphenylene ether (PPE) as the substrate with a
permittivity of 3.3 and a thickness of 1.2 mm. Through the
analysis above, the desired susceptance of the metasurface
and the thickness of air layer are 0.0056 S and 7.06 mm,
respectively. The related parameters of the design process are
summarized in Table II.

In summary, the matching procedure is similar to a single
stub shunt tuning circuit surrounded by two segments of the
transmission line with different characteristic admittances in
the transmission line theory. More importantly, the air layer
is introduced to act as a segment of “substrate.” As a result,
the AL-AML can use arbitrary substrates, which is no longer
limited by available substrates with specific permittivity and
thickness.

After analyzing the circuit model, the next step is to design
a metasurface with a required susceptance. Various metallic
shapes (dipoles, crosses, patches, etc.) can be used to design
the metasurface, and a square loop is chosen here due to its
simplicity and its capability to achieve both capacitive and
inductive susceptances. The configuration of the AL-AML unit
is shown in Fig. 6(a). It can be seen that the AL-AML consists
of a substrate, a metasurface, and an air layer, respectively. The
metasurface is printed at the bottom of the substrate, and the
air layer is inserted between the metasurface and HBEL. The
design frequency is set at 2.45 GHz. In Fig. 6(a), rl is unit
periodicity, t is the thickness of the given substrate, and d is
the thickness of air layer determined in the aforementioned
steps. ro and rs are the side length and width of the metallic
square loop, respectively. When t and d are given, the equiv-
alent susceptance can be achieved by selecting proper rl, ro,
and rs. The parameter values of the AL-AML unit are given
in Table III.

For use in verifying the design, the equivalent transmission
line model and the unit model discussed above are calculated
in an advanced design system (ADS) and a full-wave simu-
lator high-frequency structure simulator (HFSS), respectively.

Fig. 6. Proposed AL-AML unit. (a) Configuration of the designed AL-AML
unit. (b) Simulated S-parameter results.

TABLE III
PARAMETERS OF THE PROPOSED AL-AML UNIT

Specifically, the simulation in HFSS is performed under the
Floquet ports and periodic boundary conditions. The simulated
S-parameters are plotted in Fig. 6(b). It can be seen from the
|S11| curve that the minimum value of reflection is 2.45 GHz,
and |S21| reaches a maximum value of 0 dB. This is evidence
that all the energy has passed through at 2.45 GHz. The results
fully show that the interface matching has been achieved
by the proposed AL-AML. Note that the slight difference
between ADS and HFSS results is mainly due to the roughly
simplifying the actual E-field distribution to TEM wave and
property setting of HBEL at only a fixed frequency point
in ADS.

Finally, the proposed efficient WPT system is obtained by
integrating the designed FZP and AL-AML with a conven-
tional WPT system, which only contains an out-tissue Tx and
an in-tissue Rx. The performance of the proposed WPT system
is discussed in the following. Note that, although the proposed
FZP and AL-AML are individually designed, the simulated
and experimental results discussed in Section III show that
they are not only insusceptible to each other but also mutually
reinforce the performance of the system.

III. SIMULATION ANALYSIS

A. Simulation Model

Fig. 7(a) shows the structure of the proposed efficient WPT
system. The proposed WPT system contains five parts: Tx, Rx,
HBEL, FZP, and AL-AML. Here, biological tissue is modeled
as a tank filled with HBEL. The length and width of the tank
are both L, and the thickness is H . The FZP is placed at the
interface of the air and HBEL. Tx is placed at the source point
of FZP in the air region, and Rx is placed at the focusing point
of FZP in the HBEL region. The distances from Tx and Rx
to the FZP are a and b, respectively. The AL-AML substrate
is placed before FZP at a distance of d, which is also the
thickness of the air layer. The metasurface is printed at the
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Fig. 7. Simulation model in SEMCAD. (a) Structure of the proposed WPT
system. (b) Four simulated models.

TABLE IV
PARAMETERS OF THE PROPOSED WPT SYSTEM

bottom layer of the substrate. The centers of Tx, Rx, FZP, and
AL-AML are collinear.

To reduce the complexity of the system and clearly demon-
strate the operating principle, dipole antennas are used as Tx
and Rx in this work. The lengths of Tx and Rx are l_tx
and l_rx. Note that, even though the adoption of other types
of well-designed high-gain antennas may further increase
the system performance, the effectiveness validation of the
proposed systematic method is the focus of this investigation.
For this reason, fundamental dipole antennas are used in this
article, and no realistic electronics are connected to Rx. All
of the parameters of the proposed WPT system are listed in
Table IV.

All simulations in this section are calculated via commer-
cial software SEMCAD X by SPEAG based on the finite-
difference time-domain (FDTD) method. In order to clearly
verify the effect of the proposed methods, calculations were
made for the four models shown in Fig. 7(b): Model 1,
denoted as “Original,” is the original WPT system with only
Tx and Rx; Model 2, denoted as “FZP,” is the “Original”
model plus designed FZP; Model 3, denoted as “AL-AML,” is
the “Original” model plus designed AL-AML; and Model 4,
denoted as “Proposed,” is the “Original” model integrated with
a combined FZP and AL-AML approach.

Fig. 8. Normalized E-field magnitude distribution in the xoz plane.
(a) Original. (b) FZP. (c) AL-AML. (d) Proposed.

Fig. 9. Normalized E-field magnitude distribution along the x-axis. (a) Curve
of the normalized E-field magnitude versus the x-axis. (b) Improvement of
the normalized E-field magnitude.

B. E-Field Distribution

The E-field distribution is simulated to intuitively illustrate
the operating principle and effect of the proposed structures.
Fig. 8 shows the E-field magnitude distribution in the xoz
plane. Note that Rx is removed in this simulation to clearly
show the E-field distribution. Fig. 8(a) shows that the E-field,
generated by Tx, is distributed throughout the air region and
attenuates significantly and uniformly in the HBEL region
due to the high propagation loss caused by biological tissue.
It can be seen from Fig. 8(b) that the E-field is mainly
distributed in the central part of the HBEL region and the
magnitude increased significantly. The interference pattern,
which appears in the HBEL region, is characteristic of the
lens and, therefore, verifies the effect of FZP. As shown in
Fig. 8(c), the E-field increased uniformly in the HBEL region
by using AL-AML, which is the characteristic of the matching
layer. The E-field distribution in Fig. 8(d) can be regarded as
the combination of the two cases mentioned above. The E-field
distribution in Fig. 8(d) is the result of the combination of the
two cases mentioned above. The interference pattern becomes
more obvious, and the E-field magnitude is increased further.

Fig. 9(a) shows the curves of normalized E-field magnitude
versus the x-axis. The peak appears at −70 mm where Tx is
placed. It can be seen that, in the x ≥ 0 mm region (HBEL
region), the E-fields attenuate with different degrees and differ
clearly in the 0 ≤ x ≤ 40 mm region. In this region, the
AL-AML has the same degree of attenuation as the Original
but a higher value of magnitude, indicating that the magnitude
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Fig. 10. Two-port network equivalent circuit applied to WPT.

of the E-field increases uniformly in the AL-AML. The curves
for the FZP and the Proposed have the same tendency: the
hump at around x = 20 mm indicates that the energy increased
sharply and became focused around the designed position.

The 1 curve in Fig. 9(b) clearly shows the effect of FZP,
AL-AML, and the proposed system. We define the 1 curve
as the difference in values between each system and the
original system, which are denoted as 1FZP, 1AL−AML, and
1Prop. A stable increment of about 3 dB is achieved by using
AL-AML, which reflects the characteristic of the matching
layer. In the curves for the FZP and Proposed, the curves
first increase before decreasing. The peak values appear at
x = 20 mm, which is the designed focal point. These kinds
of growth trends show the focusing characteristic of FZP. The
peak incremental values of the FZP and Proposed are 6.1 and
10.4 dB, respectively. As discussed in the result discussion
part of Section IV, a large amount of enhancement of the E-
field leads to significant improvement in the WPT efficiency.
Moreover, it can be found that the improvement provided by
the Proposed is larger than the sum of FZP and AL-AML. This
is evidence of the superiority of the systematic method over
traditional single methods. This characteristic is discussed in
detail in Section IV.

C. Transmission Factor
In most existing WPT research, in addition to the WPT

efficiency, the transmission coefficient (|S21|) is also used to
evaluate the relative received power. However, in our previous
studies, we concluded that greater attention should be given to
propagation loss than to the transmission coefficient because
the mismatch of antenna ports can be resolved by circuit-
matching technologies [39], [40]. Therefore, the transmission
factor τ is used as an indicator of propagation loss in this
work. The two-port network equivalent circuit applied to WPT
is shown in Fig. 10. Transmitting antenna is connected to
a source with an internal impedance of ZS, while receiving
antenna is loaded with an internal impedance of ZL. PL is the
power delivered to the load ZL, Pinc is the incident power, Pin
is the input power, and 0S and 0L are the reflection coefficients
looking toward the source ZS and the load ZL, respectively.
The transmission factor τ is the relative maximum received
power under the condition that the complex-conjugate match-
ing conditions are satisfied at both transmitting and receiving
ports, and is defined using S-parameters by the following
equation [41], [42]:

τ =
PL

Pinc

∣∣∣∣Zs=Z∗

in ,ZL=Z∗
out

=
PL

Pin
=

1

1 −
∣∣0s

∣∣2

∣∣S21
∣∣2 1 −

∣∣0L
∣∣2∣∣1 − S220L
∣∣2 .

(5)

Fig. 11. Simulated local SAR distribution. (a) SAR distribution along the
x-axis. (b) SAR distribution in the xoz plane (only shows the HBEL region).
(c) SAR distribution in the yoz plane.

In order to avoid redundancy, the simulated results of the
transmission factor are given in Section IV together with the
measured ones (as shown in Fig. 17). Also, the transmission
coefficients are also plotted to allow comparison with the
results of earlier studies (as shown in Fig. 16).

D. Specific Absorption Rate

The SAR is an important index used to describe the influ-
ence of EM waves on biological tissue. In a given region, the
SAR is computed as the ratio between the dissipated power
and the mass densities. This is denoted as local SAR and is
described by the following equation:

SAR(r) =
σ

2ρ
E2

∝
dT
dt

(6)

where E2
= E · E∗ denotes the squared magnitude of the

induced E-field, ρ ≡ ρ(r) is the mass density (kg/m3), and T
is the temperature (K).

Usually, SAR is mostly presented in an averaged form over
the region mass as follows:

⟨SAR⟩M =
1
M

∫
R(M)

SAR(r) dm (7)

where M =
∫

R(M)
ρ dv is the mass of the integration region R.

The simulated local SAR distribution is shown in Fig. 11.
The input power is set as 1 W in all simulations. For
quantitative analysis, the SAR distribution curve on the x-axis
is plotted in Fig. 11(a). It is observed that the SAR is mainly
distributed near the interface of air and HBEL on the HBEL
side. The peaks of local SAR occur at the interface with
the values of 1.38, 3.53, 2.49, and 4.95 W/kg, respectively.
In addition, the 2-D local SAR distributions in the xoz plane
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Fig. 12. Fabrication photographs. (a) Tx and Rx. (b) FZP. (c) AL-AML.

and the yoz plane are plotted in Fig. 11(b) and (c). Note that
all the SAR values are normalized to 4.95 W/kg for easy com-
parison. It can be found that the SAR of the proposed system
is mainly distributed in the designed first three Fresnel zones
and has a larger and deeper distribution region. Moreover, the
psSAR (maximum SAR averaged over 10 g tissue) was also
calculated. The psSARs of Original, FZP, and AL-AML are
0.48, 0.8, and 0.9 W/kg, respectively. All of these values are far
below the IEEE standard of psSAR limitation of 2 W/kg [43].
In addition, the psSAR of the proposed system is 2.43 W/kg,
which is slightly beyond the standard limit. Therefore, careful
measures, such as decreasing the input power of Tx, should be
employed in practical applications for safety considerations.

IV. EXPERIMENT AND RESULTS

A. Fabrication and Setting of Experiment

Fig. 12 shows the photos of fabricated Tx, Rx, FZP, and
AL-AML. The fabricated Tx and Rx dipole antennas are
shown in Fig. 12(a). Note that the S-parameter method is
used in experiments, which is a wideband balanced feeding
method especially suited to feed antennas under water or
liquids. Therefore, each dipole antenna is connected with
two ports by a jig segment as the S-parameter method’s
requirement [44], [45]. Fig. 12(b) shows the fabricated FZP.
Note that four fixation strips with a width of 2 mm are made
to fix the relative position of the three plates. It has been
verified by simulation that the addition of fixation strips has
little impact on the results (0.2 dB difference in transmission
coefficient). Fig. 12(c) shows the fabricated AL-AML. The
substrate material is CS-3376C produced by RISHO KOGYO
CO., LTD. with a relative permittivity of 3.3 and a loss
tangent of 0.004 at 2.45 GHz. The thickness of the substrate
is 1.2 mm, and the metasurface is printed at the bottom layer
of the substrate. Moreover, a foam with relative permittivity
of around 1 and the same size as AL-AML is also fabricated
to fix the position of AL-AML in the experiment.

The experimental setup, as shown in Fig. 13(a), consists of
the following parts: four-port VNA (Agilent N5524A), planar
scanner, scanning orbit, plastic support, Tx and Rx antennas,
and HBEL. Plastic support is used to fix Rx and connect
Rx with the scanning orbit controlled by the planar scanner.
Therefore, Rx can scan to any point on the vertical plane
by inputting the position information into the planar scanner.
A detailed photograph of the experimental environment is
provided in Fig. 13(b). The settings of the experiment are

Fig. 13. Experimental setting. (a) Schematic of the experimental equipment.
(b) Experimental environment.

Fig. 14. Measurement photographs. (a) Transmission coefficient measure-
ment. (b) Measurement of influences of the implant depth and the vertical
offset.

given as follows: Tx and Rx are, respectively, connected with
four-port VNA by feed lines. The output power of VNA is
0 dBm. Tx is fixed to the outside of the HBEL at a distance
of 70 mm from the surface, and Rx is implanted inner HBEL.
Here, HBEL is contained in a plastic tank with a relative
permittivity of 2.2 and a thickness of 3 mm. The influence of
the tank was considered in the simulation, which is very small
and can be neglected. The FZP is fixed at the inner surface
of the tank, while the AL-AML is fixed at the other side of
the tank by a piece of foam. The total thickness between FZP
and AL-AML is 7.06 mm. In the experiment of measuring
transmission coefficient and transmission factor, Rx is fixed
inner HBEL at a distance of 20 mm. In the experiment of
measuring the effect of implant depth and vertical offset, Rx is
controlled to move along the scan trace by the planar scanner.
The photographs of measurement are shown in Fig. 14. The
parameters of the experiment are the same as those in the
simulation model, which have been given in Table IV. Note
that each experiment is conducted four times for comparing
the effects of the four models.

B. Results and Discussion

It can be seen from the measured and simulated reflection
coefficients of the four models in Fig. 15 that the simulated
and measured |S11| are in good agreement. Second, both the
simulated and measured results almost remain unchanged for
the four models, which indicates the good compatibility of the
proposed system. In terms of |S22|, the measured results of the
four models are in good agreement. Meanwhile, the resonance
of simulated results will shift to a higher frequency when the
FZP is adopted. The discrepancy between the simulated and
measured results is mainly due to the simplified simulation
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Fig. 15. Measured and simulated reflection coefficients.

Fig. 16. Measured and simulated transmission coefficients.

models of Tx and Rx, which do not consider the influence of
the jig and the effect between the jig and HBEL. Note that
all the reflection coefficients are below −10 dB within the
operating frequency, which is evidence of the good matching
characteristics of Tx and Rx.

Fig. 16 shows the measured and simulated transmission
coefficient results. The good agreement between the measured
and simulated curves verifies the design theory. All of the
curves increased at first, reaching a peak value of around
2.45 GHz, and then decreased. Table V lists the measured
transmission coefficient values at 2.45 GHz and provides a
comparison with simulated results. The increments of trans-
mission coefficient obtained by using FZP and AL-AML were
5.9 and 3.9 dB, respectively. Most importantly, an enhance-
ment in the measured transmission coefficient of 11.6 dB by
the proposed system was observed, with the received power
improved by a factor of 14.45 compared with the original
system.

To further evaluate the WPT efficiency, the transmis-
sion factors were measured. The measured results have the
same tendency as the simulated results, as can be seen in
Fig. 17. It should be noted that the stable differences of
2–3 dB between the measured values and simulation results in
Figs. 16 and 17 can mainly be attributed to the characteristic
changes (decrease of permittivity or conductivity) of HBEL

TABLE V
MEASURED TRANSMISSION COEFFICIENT VALUES AT 2.45 GHZ AND

COMPARISON WITH SIMULATION RESULTS

Fig. 17. Measured and simulated transmission factors.

TABLE VI
MEASURED TRANSMISSION FACTOR VALUES AT 2.45 GHZ AND

COMPARISON WITH SIMULATION RESULTS

due to prolonged storage and environmental changes [46].
In addition, the RF leaks within the operating frequency
band from free space would also affect measured results.
The transmission factor values at 2.45 GHz are also given
in Table VI with the simulated results. It was observed that 6,
3.9, and 12 dB increments of the transmission coefficient are
obtained by using FZP, AL-AML, and the proposed system,
respectively. The increase in the relative maximum received
power was 15.8 times greater than that in the original system.
This is clear evidence of the improved efficiency of the
proposed WPT system. It should also be noted that both
the simulated and measured transmission factors are almost
the same as the transmission coefficients. In other words, the
matching loss is very slight in this work, and the measured
received power is very close to the theoretical upper limit.

The proposed systematic method not only greatly improves
the WPT efficiency but also shows the superiority of the
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Fig. 18. Effect of implant depth and vertical offset of Rx. (a) Measured
change and improvement of transmission coefficients along with the implant
depth. (b) Effect of the vertical translation offset misalignment of Rx.

proposed systematic method over other ordinary methods.
In both the simulated and experimental results listed in
Tables V and VI, 1Prop is larger than 1FZP plus 1AL−AML.
In other words, the improvement of using FZP and AL-AML
simultaneously is better than the sum of the improvement
of using FZP and AL-AML, respectively, which means that
FZP and AL-AML are mutually reinforcing. The reason for
this phenomenon is that the main contribution to the focusing
characteristic of the designed FZP is the E-field within the
first Fresnel zone, where it is significantly further enhanced by
the existence of AL-AML. This allows the total effect to be
further improved. However, in other studies, only the antenna
configuration is typically modified to increase transferred
power, like in the FZP used in this article, which leads to
a limited effect on improving WPT efficiency. The results
of this investigation show that the systematic method has the
characteristic of “1 + 1 > 2” and reveals the superiority of
the proposed systematic method over single methods.

To clearly understand how the proposed structures would
help the WPT efficiency, the measured transmission coeffi-
cients of the four models, as a function of implant depth, are
shown in Fig. 18(a) for the purpose of comparison (in solid
line). The same trends as the curves shown in Fig. 9(a) are
observed, verifying the analysis of the operating principle of
each component in Section III. Moreover, the corresponding
1 curves are also plotted in Fig. 18(a) (in dashed line). The

main increase in the transmission coefficient is around the
design implant depth of 20 mm (green zone in the figure).
The measured largest increment of 11.6 dB is also obtained at
this position. This focused transmission coefficient distribution
not only ensures the improvement of WPT efficiency but also
reduces the impact of the increased transferred power on other
nontarget organs or tissues. Furthermore, the measured results
shown in Fig. 18(a) agree well with the simulated results
shown in Fig. 9, indicating the correctness of the proposed
design theories.

In practical applications, the FZP and AL-AML are likely
to be wearable devices. That is, they would be combined with
clothing or medical adhesive tape, which may inadvertently
result in a misalignment between the FZP or AL-AML and the
implanted Rx element. Therefore, it is necessary to discuss the
influence of misalignment tolerance. To simplify the analysis
process, the position of Rx is changed in the experiment to
simulate misalignment. Therefore, it is necessary to discuss the
influence of misalignment tolerance. To simplify the analysis
process, the position of Rx is changed in the experiment to
simulate misalignment. Fig. 18(b) shows the effect of the
vertical translation offset misalignment of Rx. The trans-
mission coefficient decreases as the offset value becomes
larger in all cases. As for original and AL-AML systems,
the effect of vertical translation offset is slight because the
energy distribution is almost uniform in the vertical direction.
However, the effect of translation offset is significant due to
the focusing characteristic in the FZP and proposed systems.
When the offset value is 5 mm, the received power is only
half that of the normal situation. That is to say, the position of
implanted Rx should be strictly fixed for excellent performance
when using FZP in practical applications. We recommend that
the maximum absolute offset value should not exceed 3 mm,
which would allow receiving at least 80% of the maximum
power, while the limits can be extended to 10 mm if only
AL-AML is used in the actual application.

Table VII shows the results for the proposed WPT system
with the results of previous works. Some necessary parameters
and information related to transfer efficiency are given for the
purposes of a clear comparison, including operating frequency,
antenna types of Tx and Rx, transfer distance, and implant
distance. Here, we put the emphasis on just two parameters
for comparison: the implant distance and the transmission
coefficient (|S21|). In the study by Bose et al. [20], only
the WPT performance over a long distance was evaluated,
and no measure to improve WPT efficiency was reported.
The results of this investigation, however, showed a remark-
able improvement in efficiency (represented by |S21| and τ),
especially over long working distances (both the transferred
distance and the implant distance). Note that, although the
|S21| improvement of this work is 4.1 and 0.58 dB smaller than
the improvement reported by Li et al. [16] and Shaw et al.
[25], the implant distance of this work is almost seven and
ten times deeper than it was in their study. Moreover, in [16],
at an implant distance of only 3 mm, the application is
severely limited, and the 430 MHz operating frequency makes
it difficult to realize miniaturization in the design of implant
devices.
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TABLE VII
COMPARISONS OF THE PROPOSED WPT SYSTEM WITH PREVIOUS WORKS

Finally, it should be noted that the advantageous results
obtained in this investigation were obtained by the use of a
fundamental type of dipole antenna and not the well-designed
antennas used in other works. The effectiveness of the pro-
posed systematic method would not be affected by using
different antenna types of Tx and Rx. It is likely that the
WPT system can be further enhanced by switching the dipole
antenna to another well-designed high-directivity antenna or
using a more sophisticated array.

V. CONCLUSION

For the first time, a systematic method was successfully used
to analyze the application of the WPT process to biomedical
devices. In this investigation, we proposed and experimentally
verified a systematic method for improving the efficiency of
WPT technology applied to implantable biomedical devices.
It was first revealed that the two causes of the high propagation
loss in typical WPT scenarios were in-tissue attenuation and
interface reflection. To counteract these issues, the use of a sys-
tematic method was presented as a means of comprehensively
improving transmission efficiency. Two single methods, FZP
and AL-AML, were proposed to reduce in-tissue attenuation
and interface reflection, respectively, and were then combined
to form the proposed systematic method. The performance
of the proposed systematic method and its superiority over
single methods was then carefully verified by simulation and
experimental results.

Although this article has focused on the effectiveness vali-
dation of the systematic method, adopting different antennas
such as Tx and Rx may have the potential to enhance the WPT
efficiency. The study of design and optimization of specific Tx
and Rx is beyond the scope of this article and is remaining as
a future work.

The main results of this investigation are given as follows.
1) Experimentally, the proposed systematic method was

shown to increase |S21| by a factor of 14.45 (11.6 dB)
over that of the original system (which only contains
an out-tissue Tx and an in-tissue Rx) and increase the
relative maximum received power by 15.8 times (12 dB)
that of the original system when the spacing distance is
90 mm and the implant depth is 20 mm.

2) Compared to the original system, the improvement of
|S21| and τ was shown to be only 5.9 and 6 dB for the

FZP, and 3.9 and 3.9 dB for the AL-AML. These results
directly reveal the superiority of the proposed systematic
methods over conventional single methods.

3) The proposed WPT system is shown to perform well
when faced with the problem of misalignment of the
implantable Rx in practical applications.

There is no doubt that the WPT efficiency of the pro-
posed system could be further enhanced by improving the
characteristic of the antenna and optimizing the performance
of FZP and AL-AML. The systematic method proposed in
this investigation represents a novel and effective guiding
methodology in WPT research related to biological tissue
and provides the basis for opening new avenues for further
developments of an efficient WPT system for application to
implantable devices.
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