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A Multiband Antenna Associating Wireless
Monitoring and Nonleaky Wireless Power
Transfer System for Biomedical Implants

Rupam Das and Hyoungsuk Yoo

Abstract— This paper presents a multiband conformal antenna
for implantable as well as ingestible devices. The proposed
antenna has the following three bands: medical implanted com-
munication service (MICS: 402–405 MHz), the midfield band
(1.45–1.6 GHz), and the industrial, scientific, and medical band
(ISM: 2.4–2.45 GHz) for telemetry or wireless monitoring, wire-
less power transfer (WPT), and power conservation, respectively.
A T-shaped ground slot is used to tune the antenna, and this
antenna is wrapped inside a printed 3-D capsule prototype
to demonstrate its applicability in different biomedical devices.
Initially, the performance of the proposed antenna was measured
in an American Society for Testing and Materials phantom
containing a porcine heart in the MICS band for an implantable
case. Furthermore, to stretch the scope of the suggested antenna
to ingestible devices, the antenna performance was simulated
and measured using a minced pork muscle in the ISM band.
A modified version of the midfield power transfer method was
incorporated to replicate the idea of WPT within the implantable
3-D printed capsule. Moreover, a near-field plate (NFP) was
employed to control the leakage of power from the WPT
transmitter. From the simulation and measurements, we found
that use of a ground slot in the implantable antenna can improve
antenna performance and can also reduce the specific absorption
rate. Furthermore, by including the NFP with the midfield WPT
transmitter system, unidirectional wireless power can be obtained
and WPT efficiency can be increased.

Index Terms— Biomedical capsule devices, biotelemetry,
conformal antenna, midfield band, power leakage.

I. INTRODUCTION

W ITH the progress in biomedical engineering, capsule-
type implantable [1], [2], and ingestible [3], [4]

medical devices are turning out to be more prevalent in
well-being and medicinal applications because of their
capacity to locally empower inner organs and/or screen and
impart internal key signs to remote receivers. With continuous
demand from the clinical need for implantable devices comes
the constant flow of specialized difficulties. Likewise, with
commercial portable items, implantable devices have the
same need to reduce size, weight, and power. As an example,
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Fig. 1. Schematic of an implantable device with an external controller.

the Nanostim leadless pacemaker [1] is one-tenth the size of
a conventional pacemaker and is considered one of the most
significant advances in the history of pacemaker technology.
Meanwhile, Medtronic also introduced the Micra transcatheter
pacing system [2], which is 30% smaller than the Nanostim
leadless pacemaker. However, there are still some challenges
that need to be addressed.

Fig. 1 depicts a schematic for a generic implantable device.
Wireless biomedical devices have been generally utilized
for diagnosis purposes and for health medications. These
implanted devices use the wireless monitoring or telemetry [3]
to communicate data back to healthcare experts that use
the data to identify the disease and make treatment deci-
sions. The power consumption of these devices normally
extends from just a couple of microwatts [4], [6] to several
milliwatts [7], [8]. Most of the implantable devices use bat-
teries and these batteries required to be replaced/exchanged
frequently, creating a burden. The battery consumes most of
the space in the device and makes the system bulky and incon-
venient. Moreover, improper disposal of these batteries may
pollute the environment. Ambient energy-harvesting method-
ologies have been introduced to dispense with batteries or aug-
ment their capacity [9], [10]. Nevertheless, these strategies are
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Fig. 2. Schematic of a WPT system within the human body.

anatomically fixed and, in their current structures, yield power
densities too low (<0.1 μW/mm2) for a microimplant. As a
consequence, many industrial and scientific applications are
inclined to practical, efficient, noninvasive, and safe methods
of a wireless power transfer (WPT) system (Fig. 2). WPT may
also be utilized in contactless battery charging or payment, and
in radio-frequency identification tags [11], [12].

An implantable antenna (Fig. 1) is a principal com-
ponent to enable telemetry in biomedical devices. During
the design of an implantable antenna, numerous difficulties
emerge that must satisfy the particular prerequisites. Many
factors such as antenna miniaturization, gain increment, band-
width (BW) enhancement, and specific absorption rate (SAR)
should be considered simultaneously. Therefore, the design of
implantable antennas is currently attracting significant research
attention [13]–[17]. Wireless data transmission (telemetry)
normally operates in the Medical Implanted Communication
Service band (MICS: 402–405 MHz) for implantable devices,
which is globally accessible and permits satisfactory propaga-
tion through human tissue [18]. However, ingestible devices
such as capsule endoscope require high BW to transmit images
to the doctor while scanning the different organs of the gas-
trointestinal (GI) tract, and MICS band may not be adequate to
offer higher BW. Hence, for capsule endoscopy, the industrial,
scientific, and medical band (ISM: 2.4–2.45 GHz), which
offers a higher BW, has been proposed recently [19].

In general, an implanted secondary (receiver) coil is
required to integrate a WPT system within the implantable
device (Fig. 2). On the other hand, the dimension of the
implanted coil is confined to the capsule size [20]. Further-
more, the receiver coil for a WPT in implantable devices may
be coupled with the implantable antenna or may interfere with
the associated circuitry and can reduce the overall performance
of the implantable device [21]. To avoid the burden of a
receiver coil, we make use of the suggested multiband antenna
as a receiver coil to introduce WPT.

For traditional near-field inductive and resonant
coupling [22]–[24], proper design of a transmitter coil
is required to maximize WPT efficiency. Moreover, leakage
of power is another impediment keeping WPT from becoming
widespread. This leaked power can cause malfunction to other
medical equipment [25] and raises health issues. Traditional
inductive coupling is also unable to focus the magnetic
field to a certain focal region inside human tissue. Recently,
Kim et al. [26], [27] and Ho et al. [28] employed a patterned
metal plate to manipulate the evanescent field and pointed out
that significant amount of power can be exchanged with a tiny
receiver placed at a 5-cm depth in heterogeneous tissue by

maintaining a safety threshold for humans [29]. This patterned
plate, when put close to an interface between air and the
human tissue, can concentrate the incident electromagnetic
field from air onto a spot in the material having a smaller
wavelength than the free space. As human tissue exhibits a
relatively large refractive index at lower gigahertz frequen-
cies [28], the efficiency of energy transfer can be substantially
enhanced if the focal spot size can approach λ/n or higher,
where n is the material refractive index [30]. This lower
gigahertz range, in which energy transfers occur, owing to a
combination of evanescent fields in air and propagating modes
in the tissue, is known as the midfield. Hence, in this paper,
a 1.45–1.6-GHz band is selected as the midfield band.
Moreover, a near-field plate (NFP) based on [31] and [32]
is included with the WPT system to restrict the leaky
electromagnetic radiation.

Power conservation or management (Fig. 1) is important
for everlasting and continuous monitoring of implants. It is
crucial to stretch the battery life of an implanted device to
reduce the expense, risk, and any patient injury related to
periodic surgical operations. To increase the battery lifetime,
energy must be conserved cautiously. In general, chip-based
RF transceivers use numerous techniques to improve the power
utilization to conserve power. One method is to disconnect
the transmitter circuits if they are not in use. In another
method, energy consumption can be reduced even more by
periodically powering OFF the receiver circuit. The whole
duty cycle can be adjusted to finish in less than 100 ms,
which enables to achieve low consumed power while checking
the MICS channel for transmitted messages. The above-
mentioned procedures require a fast-switching mechanism that
can awaken the receiver and (if necessary) the transmitter
within a short period. Therefore, the ISM band, which can
provide fast switching for the implantable devices, can be cho-
sen. Even though the ISM BWs can be many types, we chose
2.4–2.45 GHz as there is a commercially available transceiver
for this band (the Zarlink ZL70101).

In [33], we proposed a similar system; however, the study
lacks the technical content to fully understand the work and
mainly focuses on the implantable devices. In this paper,
we stretched our design for both implantable and ingestible
devices. The key differences between [33] and this paper are
as follows. In Section II, we initially present the antenna geom-
etry and underlying mechanism of the proposed multiband
antenna with a ground slot [34]. This section also includes
how to tune the antenna by using a ground slot and a short pin.
Then, the simulation and measurement environment, two con-
formal cases (leadless pacemaker and endoscopic capsule) of
the proposed antenna, and the performance of this antenna in
the MICS band for different scenarios are discussed. To mimic
a more realistic environment, an American Society for Testing
and Materials (ASTM) phantom containing a porcine heart
and saline water was used for measurements. Furthermore,
we perform some sensitivity analysis of the proposed antenna,
in which we extend its scope to ingestible devices, and the
antenna performance (considering more practical situations)
is also studied. In Section III, we design and analyze a
midfield WPT transmitter by applying only two ports (as an
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Fig. 3. Top view of configuration of the proposed multiband antenna
(in millimeters) [33].

Fig. 4. Top and side views of layout of the T-shaped ground slot (in
millimeters) [33].

alternative to four ports) in the midfield band (1.5 GHz).
In addition, the WPT efficiency with respect to implantable
capsule orientation is discussed, and a comparison between
midfield and traditional WPT techniques is added. Section IV
introduces the concept of power leakage and the NFP. The
capability of the NFP was analyzed using current distribu-
tions and by a simplified equivalent circuit approximation.
Finally, we demonstrated power leakage and the NFP’s power-
focusing capability by experiments that incorporate the fol-
lowing things: 1) correction in transmission coefficient (|S21|)
measurement (compared to [33]) using a porcine heart con-
taining saline solution and 2) an updated experiment to show
both the power leakage and the focusing effect due to the
NFP using two LEDs instead of one. For comparisons, the
experimental results are presented with the simulation results.

II. MULTIBAND CONFORMAL ANTENNA DESIGN

A. Antenna Geometry

The proposed multiband conformal antenna and the ground
slot configurations are demonstrated in Figs. 3 and 4, respec-
tively. The proposed antenna resembles a ground-slotted patch
antenna. The T-shaped ground slot was used for tuning pur-
poses. Polyamide is considered as a substrate and a superstrate,
which offers biocompatibility and flexibility [33]. Polyamide
has a permittivity (εr ) of 4.3 with a loss tangent (tanδ)

Fig. 5. Current distributions at (a) 405 MHz, (b) 1.5 GHz, and (c) 2.45 GHz.
(d) Antenna tuning configuration for three frequencies. (e) Current overlays
without the ground slot. (f) Current overlays with the ground slot.

of 0.004. The thickness of this material was chosen as
0.025 mm. In the flat form, the antenna measures a volume
of 31.775 mm3. In the conformal form, the proposed antenna
can easily fit inside any biomedical devices.

B. Working Principle and Tuning of the Proposed Antenna

By appropriate positioning of the ground slot, three different
current paths can be created at the three required frequen-
cies, as shown in Fig. 5(a)–(c). Ansoft HFSS was used for
simulations. Fig. 5(a) confirms the PIFA mode for the MICS
band, as a large amount of current is induced in the ground
slot and couples with the patch element via the short pin.
The midfield band for wireless power transfer can be realized
via loop mode. As in the loop antenna, the direction of the
current flow changes to the opposite direction every quarter of
a wavelength, as shown in Fig. 5(b). Finally, the ISM band for
triggering or power conservation was enabled by introducing
a dipole mode, as shown in Fig. 5(c), using a T-shaped ground
slot. For tuning purposes, the ground slot can be adjusted
accordingly, as shown in Fig. 5(d). Fig. 5(e) and (f) depicts the
differences in surface current distribution without and with the
ground slot, respectively. Moreover, the short pin position, and
width, and length of the patch element may also be changed
for tuning purposes.

C. Simulation and Measurement Environment

Initially, the proposed antenna was simulated with Ansoft
HFSS using a homogeneous phantom box. The phantom box
[(εr = 66, σ = 0.9 S/m) characterizes the heart tissue at
400 MHz [35]] was given a dimension as shown in Fig. 6(a).
These dimensions typically represent the human heart [36].
The antenna was positioned at a depth of 45 mm from
the z-axis. The performance of this conformal antenna was
also checked using a heterogeneous phantom in the HFSS
environment, as shown in Fig. 6(b). Each layer of skin, fat,
muscle, and bone had a 10-mm thickness. For simplicity, the
flexible antenna was placed horizontally inside the heteroge-
neous phantom. A more practical simulation environment can
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Fig. 6. Ansoft HFSS simulation setup. (a) Homogeneous phantom.
(b) Heterogeneous phantom with the conformal antenna. (c) Remcom XFdtd
simulation setup. (d) Geometry of the conformal antenna. (e) Dimensions of
the ASTM phantom (in millimeters; figures are not drawn to scale).

be envisioned by placing the proposed antenna in the Remcom
XFdtd simulation environment using a realistic human body
model, as seen in Fig. 6(c). For faster simulation in XFdtd, we
made use of Remcom’s X-Stream acceleration using an Nvidia
Quadro 6000 GPU. The geometry of the proposed antenna in
the conformal form is illustrated in Fig. 6(d). Two conformal
cases are considered. In one case, the antenna is given a shape
to fit inside a FDA-approved implantable leadless pacemaker
system [1], which generally measures a dimension of 42 mm
(length) × 6 mm (diameter). In another case, the antenna was
conformed to place effectively on the surface of ingestible
capsule devices. The standard size of an ingestible endoscopic
capsule is 11 mm × 26 mm (diameter × length) [19].
Therefore, the proposed antenna can find application in most
of the capsule-type biomedical devices. An ASTM phan-
tom [37] containing a porcine heart and saline water was
used for measurements. The ASTM phantom shape is a
strong simplification of the human torso, and this measurement
setup was chosen to mimic a more realistic environment. The
dimensions of the ASTM phantom are shown in Fig. 6(e).
The presence of coaxial cable during measurement may

alter the antenna performance. Nevertheless, previous studies
showed that measurement cable has a negligible effect on
biomedical antennas. This is because the ground planes of the
implantable or ingestible antennas contact directly with the
phantom material during measurements, and therefore, losses
in the experimental phantom weaken the current that flows
backside of the ground plane and restrict the current on the
cable [38].

D. Performance Analysis

Fig. 7(a) and (b) shows the fabricated conformal antenna
and a capsule prototype, respectively. Fig. 7(b) also con-
firms that the proposed antenna can easily fit inside the
3-D capsule. Fig. 7(c) shows the measurement setup for
the antenna performance. The current distribution for the
conformal cases at 400 MHz after wrapping is depicted in
Fig. 7(d) and (e). These current distributions are identical to
the ones in Fig. 5(a) and (f), which represent the PIFA mode.
For clarification, reflection coefficients or return loss (|S11|)
for different schemes are visualized in Fig. 7(f). A closer
observation of Fig. 7(f) reveals that the higher frequencies
(1.5 GHz and 2.45 GHz) are affected due to the conformal
form of the antenna. Duan et al. [39] also reported the identical
coupling results. Here, we can observe a shift in the resonant
frequency for the 1.5-GHz band and a slight BW enhancement
for the 2.45-GHz band. However, |S11| for these two cases still
maintain an acceptable limit. Due to the absence of a notable
difference in the |S11| between the conformal cases, we simply
chose endoscopic capsule geometry for the rest of the study.
The deviation in resonant frequency in air is due to the fact
that air has a different relative permittivity than the human
heart. Fig. 7(f) also indicates that the antenna has more than
three resonant frequencies. The unused and nonlicensed band
(700–750 MHz) can be applicable to other important func-
tionalities of the biomedical devices, for example, multiple-
chamber pacing in the wireless pacemaker. The −10 dB BW of
the proposed antenna is 31 MHz in the MICS band. Fig. 7(g)
illustrates the radiation patterns for three different scenarios
at 400 MHz. A maximum gain of −31 dBi was obtained
in a homogeneous tissue environment. However, the maxi-
mum gain was reduced to −34.6 dBi in the Remcom XFdtd
model of the realistic heterogeneous human tissue environ-
ment. Nonetheless, our obtained antenna gain still satisfies the
traditional implantable antenna gain [13]. Using our previously
proposed antenna [21] without a ground slot for the same-sized
homogeneous phantom box in HFSS, we obtained a maximum
gain of −34.8 dBi and a BW of 15 MHz. Therefore, intro-
ducing a ground slot in the antenna increases the gain slightly,
because a ground slot increases the surface current distribution
by forcing the current to follow the slot. Fig. 5(e) and (f) shows
the surface current distributions for the antenna without and
with the ground slots, respectively. We observed a significant
surface current with the ground slot, as seen in Fig. 5(f),
compared with no slot in Fig. 5(e). In addition, an increment in
surface current significantly improves the BW, which was also
reported by Xu et al. [34]. Having a larger BW is an advantage,
because human tissue tends to change properties with age [40].
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Fig. 7. (a) Photograph of the fabricated conformal antenna. (b) Photograph of
the proposed antenna placed inside a 3-D capsule prototype [33]. (c) Antenna
measurement setup using an ASTM phantom. Current distribution in the
conformal antenna for (d) capsule endoscope and (e) leadless pacemaker.
(f) Reflection coefficient (|S11|) under different conditions. (g) Radiation
pattern of the proposed antenna for various cases.

The numerical calculation of SAR is determined by
employing a realistic human model in Remcom, as illus-
trated in Fig. 6(c). In order to satisfy the 1- and 10-g

Fig. 8. Reflection coefficient (|S11|) variations in different tissue
environments.

SAR regulation, the allowed transmitter power values are
3.9 mW and 31.9 mW, respectively [33]. In general, the
highest output power and the maximum limit of the effective
isotropically radiated power in the transmitter for implantable
applications are −25 dBm and −16 dBm (25 μW), respec-
tively [21]. Therefore, our calculated values for maximum
allowable power are much higher than required. In addition,
these power specifications are higher than our previously
studied antenna [21]. The antenna gain increases with a ground
slot, and therefore, less power is dissipated in the tissue, which
reduces the SAR while improving the maximum allowable
power.

E. Sensitivity Analysis of the Proposed Antenna

1) Antenna Performance in Different Human Tissue
Environments: Up to now, we have represented and assessed
our proposed antenna for use in implantable devices.
However, to expand the scope of the suggested flexible
antenna to ingestible devices, such as a capsule endoscope,
antenna performance should be addressed in different tissue
environments as well. The multiband antenna can also
be used for swallowable devices if it shows acceptable
characteristics (|S11|). To demonstrate this, we placed the
conformal antenna in a homogeneous phantom under HFSS, as
shown in Fig. 6(a). As most of the previous studies [19], [39]
selected muscle as a phantom material, we therefore assigned
muscle (εr = 55, σ = 0.96 S/m) as a homogeneous tissue
material for the HFSS simulation. The main application of
an endoscopic capsule is scanning the GI tract. Hence, we
also put the antenna in a heterogeneous tissue environment
under Remcom XFdtd, as shown in Fig. 6(c). The conformal
antenna was settled in the stomach, the large intestine
(or colon), and the small intestine or bowel, and the reflection
coefficient (|S11|) was calculated for each case.

Fig. 8 shows |S11| in different tissue environments for the
proposed antenna. Due to the lower permittivity of muscle
compared with that of heart tissue, each frequency band shifts
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to a higher frequency. However, the multiband characteristics
still remain valid and the antenna can easily be tuned by
changing the ground slot or short pin positions. In general,
an endoscopic capsule device requires high BW so it can take
several images of the GI tract and send them to the doctor for
analysis. Accordingly, the 2.4–2.45-GHz band (ISM) can be
used, rather than the 402–405 MHz band (MICS) because it
offers higher BW as well as higher gain [39]. On the other
hand, the proposed antenna has a variable |S11| as it traverses
different organ tissue, and this effect perhaps would lead to a
tradeoff in choice of frequency band. For example, narrowband
transmission in MICS band may benefit from reasonable and
stable matching, permitting reliable data rates at a much lower
transmitter power. High data rates at 2.4 GHz may be difficult
to achieve with variable matching or will reduce system
efficiency. Power loss is still a significant concern even for a
wireless endoscope as the battery size must be minimized so
that the capsule can be ingested. For experimental validation,
the antenna reflection coefficient (|S11|) was measured in the
minced pork. The measured |S11| curve should be identical
to the homogeneous HFSS muscle |S11| curve. The deviation
between these two curves is due to the fact that the exper-
imental minced pork sample contains fat, which may incur
additional losses in the frequency range of interest. However,
the measured performance still lies in an acceptable limit.

2) Coupling Study of the Proposed Antenna With Associated
Circuitry: Generally, the inside of a biomedical capsule
consists of electronic circuits and/or batteries, which can
be coupled with the antenna and may detract from the
performance. In addition, this type of capsule is hermetically
sealed (i.e., vacuum-packed) so that nothing enters it.
To ease the antenna’s measurement procedure, the inside of
our printed 3-D capsule was filled with tissue. Therefore,
it does not reflect a practical situation. Nevertheless, we
performed some simulated case studies to contemplate
practical scenarios. These simulations were performed in
HFSS. However, it should be noted that this simulation study
does not assume a medical device’s precise interior/exterior
geometry and final encapsulation requirements.

In one case study, the inside of the capsule was filled
with a vacuum (10.25 mm × 20.5 mm) only. Likewise, in
another case study, we considered the capsule as loaded with
a perfect electric conductor (pec) material only (to represent
the batteries and other circuit elements), and for the third
case study, the capsule was packed with both vacuum and
pec materials. Fig. 9(a) illustrates these case studies, and the
surrounding medium of the capsule remains the same as that of
the heart tissue (εr = 66, σ = 0.9 S/m). From the simulation
results, we found that |S11| of the antenna for case I is almost
identical to the original case, except for the slight shift to the
higher resonant frequencies seen in Fig. 9(b). However, for
case II, the coupling of the antenna becomes significant. This is
due to the fact that in this case, the ground slot is covered with
the pec material and alters |S11|. We found that to remove the
substantial coupling, a minimum separation of 2 mm should
be maintained between the associated conductive elements
and the antenna ground slot inside the capsule. Case III
was considered by following the above-mentioned conditions

Fig. 9. (a) Different simulation case studies to reflect practical implantation
scenarios. (b) Comparison of |S11| for different cases of the proposed antenna.

and the triple-band performance of the antenna was restored,
as depicted in Fig. 9(b). However, a 2-mm gap along the
inner wall is unacceptable in a medical device, where interior
volume is never wasted. Therefore, strategic placement of the
nonconductive elements simply near the ground slot of the
proposed antenna may mitigate the scenario.

III. ANALYSIS OF THE MODIFIED

MIDFIELD TRANSMITTER

We modified the design of the midfield transmitter proposed
in [26]–[28], by applying fewer ports and more short pins
while preserving an identical current circulation. This modi-
fication was done to reduce system complexity by managing
fewer ports.

A. Redesign of the Midfield Wireless Power Transmitter

Fig. 10(a) shows the arrangement for WPT in the HFSS
simulation environment. The resonant frequency for midfield
wireless power transfer is calculated using the following
formula:

fopt = 1

2π

√
c
√

εro

dτ (εro − ε∞)
(1)

where the parameters εro, ε∞, and τ are from [35] for different
types of tissue. For a separation of d = 55 mm (which is
ideally the distance between the human heart and the surface
of the skin), the optimum frequency was 1.5 GHz using (1). An
air gap of 10 mm was maintained so that the midfield transmit-
ter does not directly contact the skin, to avoid tissue heating,
but remains very close to the skin and can still create a prop-
agating mode in the tissue. Both WPT transmitterand receiver
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Fig. 10. (a) HFSS simulation setup for WPT when the orientation
angle between the implant and midfield transmitters is 90°. (b) Dimensions
of the redesigned midfield transmitter (all units are in millimeters) [33].
(c) Simulated and measured |S11| [33]. (d) Current density map for the
midfield transmitter when two ports are in phase. (e) Coupling of magnetic
field (H -field) with the human tissue when the ports are 90° out of phase.
(f) Coupling of magnetic field (H -field) with the human tissue for traditional
WPT system.

(i.e., the implantable antenna) are tuned to 1.5 GHz. Fig. 10(b)
shows the geometry of the modified (and fabricated) transmit-
ter using two ports and two short pins. The substrate material
is Teflon (εr = 2, tanδ = 0.001, and thickness = 1.6 mm).
The simulated and measured reflection coefficient (|S11|) for
the WPT transmitter is shown in Fig. 10(c). For simulation
and measurements, we used transmission coefficient |S21| to
calculate the WPT power transfer efficiency.

According to [27], to couple the current density with human
tissue, an optimal transmitter ought to have these particular
accompanying elements: 1) antisymmetric current density;
2) semicircular dominant current paths; and 3) dominant
current density that alternates in direction and decays expo-
nentially with radial distances. The association between these
elements results in a focusing effect in the human tissue. The
physical realization of this transmitter consists of a patterned
metal plate with slots, as seen in Fig. 10(b). This structure can
be excited by independent radio frequency ports. By assigning
relevant phases between the ports, the structure institutes

circular current paths that realize the optimal current density.
Fig. 10(d) shows the current distribution for the transmitter.
As we can see from Fig. 10(d), the three primary current
paths can be reproduced by the modified midfield transmitter.
Fig. 10(e) represents the coupling of the magnetic field
(H -field) in the heart tissue.

B. Capsule Antenna Orientation and WPT Efficiency

For orientation of the implant with respect to the midfield
transmitter, we considered three cases: θ = 0° (vertical),
45° (tilted), and 90° (horizontal), as shown in Fig. 10(a).
The simulated WPT efficiencies at θ = 0°, 45°, and 90°
are found to be −25.5, −27.5, and −30.5 dB, respectively.
Therefore, θ = 90°, i.e., the implant placed horizontally shows
the worst case scenario. The result at θ = 90° is expected as
the propagating wave in tissue has to travel an extra 20.5 mm
to cover the implant length, as shown in Fig. 10(e), which in
turn lowers the received power. In general, leadless pacemaker
power is limited to 64–70 μW [41], and inclusion of an
implantable antenna may increase the power requirement to
100 μW. For normal uses, the WPT transmitter output power
is constrained to 0.5–2 W so as to guarantee the general
safety limit [29]. Therefore, for 1 W of output power from
the transmitter, the received power in the worst case is more
than 800 μW via the implantable antenna from the following
conversion formula:

η = 10 log

(
P2

P1

)
(2)

where η is the efficiency in decibels, P2 is the received power
by the implant, and P1 is the transmitter output power. Since
the received power by the implant, at worst, satisfies the lead-
less pacemaker power requirement, we therefore considered
the θ = 90° implant orientation for measurement as well as
for the rest of the analysis.

C. Comparison With the Traditional WPT Techniques

In order to compare WPT efficiency between traditional
inductive coupling and midfield coupling, we considered a
rectangular spiral coil, as shown in Fig. 10(f). This coil has
dimensions of 62 mm × 68 mm and was tuned to 1.5 GHz.
The WPT efficiency was found to be −37.3 dB for traditional
inductive coupling. Recently, a new WPT technique using
an intermediate magnetic resonant field enhancer (MR-FE)
was proposed by Chabalko et al. [42]. In this method, a
loop coil containing a capacitor for tuning is placed near the
WPT transmitter, as shown in Fig. 10(f). The radius of this
coil is 33 mm with a thickness of 0.25 mm. A capacitor
was placed in series with the coil for tuning at 1.5 GHz.
By inserting this coil at a 5-mm distance from the traditional
WPT coil, a maximum efficiency of −33.52 dB was obtained.
Hence, the inclusion of a coil (MR-FE) in close proximity
to the traditional transmitter certainly improves the efficiency;
however, it still remains below the efficiency obtained in the
worst case scenario by the midfield transmitter. A closer look
at the magnetic field overlays between Fig. 10(e) and (f)
reveals that for the same normalized H -field, a more focused
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Fig. 11. (a) H -field overlays for a 20° phase difference between two ports.
(b) H -field overlays for a 180° phase difference between two ports [33].

and more intense magnetic field coupling with the human
tissue occurs with the midfield WPT, which in turn results
in higher efficiency.

IV. UNIDIRECTIONAL WPT AND ELIMINATION

OF POWER LEAKAGE

A. Realization of the Power Leakage
in a Midfield WPT System

Implanted devices such as leadless pacemaker are always
in a motion owing to respiration or heartbeats. Moreover, the
position of the midfield transmitter may also change due to
physical movement, such as walking or running. To invalidate
this sort of movement while keeping up the emphasis on
implantable devices, the phase of every port can be changed
electronically [28] to control the magnetic field (H -field), as
indicated in Fig. 11(a). Now, if we look closely at the vector
current distribution in Fig. 10(d), we find that there are sharp
currents (the black rectangular box) along the edges of the
slots. As long as there is no phase shift between the ports,
these currents nullify each other and do not contribute to
power transfer, and therefore, there is no issue regarding power
leakage. In contrast, any modification in phase introduces
leakage of power behind the transmitter, and the highest power
leakage is realized if the phase shift between the ports is 180°,
as illustrated in Fig. 11(b). Leakage of power may excite
other medical devices and can cause malfunctions in other
electronic devices due to interference. It is also a serious health
concern [25].

B. Design of an NFP to Mitigate Power Leakage

To control the leakage of power, we propose the use of the
NFP, which should be placed close to the transmitter. Recently,
a unidirectional NFP was reported that can confine electro-
magnetic fields into subwavelength dimensions in the wanted
direction without radiating/scattering into unwanted direc-
tions [31]. Here, we used the NPT proposed by Gao et al. [32].
The geometry of the NFP is shown in Fig. 12(a). Copper
(thickness = 0.8 mm) is used as a material for the NFP and
it was placed very near (2 mm of distance) to the midfield
transmitter. The arrangement of the WPT transmitter and the

Fig. 12. (a) Geometry of the NPT [33]. (b) Photograph of the midfield
transmitter and the NPT [33]. (c) Current distributions at an 180° phase shift
between the ports for the WPT transmitter. (d) Current distributions at an
180° phase shift between the ports for the NFP.

NFP is depicted in Fig. 12(b). The reflection coefficient |S11|
of the midfield transmitter with the NFP is shown in Fig. 10(c),
and we found negligible differences.

1) Analysis of the NFP by Using Current and Magnetic
Field Distributions: The current distributions for the midfield
transmitter and the NFP are shown in Fig. 12(c) and (d),
respectively, for an 180° phase shift between the ports. The
large square loop of the NFP induces current in the opposite
direction to the transmitter and reduces the strength of the
backward propagating magnetic field from the transmitter
antenna, while the small square loop focuses more magnetic
field within the heart tissue, owing to the introduction of
strong induced currents. The NFP amplifies the midfield
transmitter focus due to destructive interference with the
leakage fields [27], which in turn increases |S21|. The mag-
netic field overlays with the NFP plate for an 180° phase
difference is shown in Fig. 13(a) for a homogeneous phan-
tom containing only the heart tissue. A comparison between
Figs. 11(b) and 13(a) implies that significantly less power
leakage occurs at the back of the transmitter in the presence
of the NFP, and the transmitter can also focus more power
on the human tissue. In order to determine the focal region
represented by the transmitter in the presence of an NPT, a
more detailed illustration of magnetic field overlays, including
skin, fat, muscle, bone, and heart (a heterogeneous phantom),
is depicted in Fig. 13(b). This focal region is created by
drawing a circle of radius 50 mm. It is obvious from the focal
region that the power propagates only in tissue and the focal
region is wide enough to cover the minor implant movements
due to heartbeat or motion. Therefore, incorporating the NFP
with a midfield transmitter maintains the same magnetic field
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Fig. 13. (a) H -field overlays at an 180° phase difference between two ports
for a homogeneous phantom with the NFP. (b) H -field overlays at an 180°
phase difference between two ports for a heterogeneous phantom with the
NFP. (c) Normalized H -field for Line 1, located at a 30-mm distance in the
middle of the back of the transmitter. (d) Normalized H -field for Line 2,
placed at a 10-mm distance in the middle of the air–tissue boundary in front
of the transmitter.

profile as the midfield transmitter alone, while it reduces
the magnetic field leakage at the back of the transmitter
and increases the link efficiency by destructively interfering
with the leakage field, focusing more power on the tissue.
For additional comparison of the midfield transmitter with
and without the NFP, a normalized H -field is shown in
Fig. 13(c) and (d). Fig. 13(c) shows the reduction of the
H -field at the back of the transmitter due to the large loop
of the NFP, which is obtained by drawing Line 1 of length
60 mm, as seen in Fig. 11(b), in the middle of the back of the
transmitter. On the other hand, Fig. 13(d) signifies focusing the
H -field in the tissue because of the NFP’s small loop, and this
graph is obtained with Line 2 at a length of 80 mm, as seen in
Fig. 11(b), in the middle of the air–tissue boundary at a 10-mm
distance. The addition of enhanced focusing of the H -field in
the tissue due to the NFP led to a higher WPT efficiency.

2) Equivalent Circuit Approximation of an NFP With the
Midfield Transmitter: A simplified equivalent circuit of a mid-
field transmitter along with the NFP is imagined in Fig. 14(a).
We assumed that Cp and L p in Fig. 14(a) introduce the
propagating mode in tissue by the WPT transmitter and L leak
controls the leakage magnetic field in the surrounding medium.
In addition, Lnfp indicates the self-inductance of the NFP and
the induced current in Fig. 12(d) can be considered as a mutual
coupling (M) between these two systems. The dash rectangle
in Fig. 14(a) can be replaced by the T-equivalent circuit of
Fig. 14(b). As the NFP consists of two loop coils, mutual
coupling coefficient M can be considered as a sum of these
two loops. Consequently, Mb and Ms in Fig. 14(c) denote the
coupling due to big and small loops, respectively. The dotted

Fig. 14. (a) Realization of a simplified equivalent circuit for the WPT
transmitter, along with the NFP. (b)–(e) Step-by-step interpretation of a power
leakage inverter.

Fig. 15. (a) Photograph of the transmission coefficient (|S21|) measurement.
(b) Comparison of the measured transmission coefficient (|S21|).

square in Fig. 14(c) constitutes a K-inverter (KMS), as shown
in Fig. 14(d) [43], for which the characteristic impedance is
given by KMS = 2π fopt Ms . From Fig. 14(d), we can see that,
the leakage field is weakened by the large loop of the NFP
(L leak − Mb), which we referred to as destructive interference
in the previous section, and these leakage fields from the
WPT transmitter are inverted (KMS) into focused fields in the
receiver by the small loop of the NFP. The main function of
an inverted circuit is to invert the input signal applied, and
therefore, if the input leakage field is low, then the output
focusing field becomes high (and vice versa), and because of
this, we obtained a higher |S21| with the NFP. Finally, if we
include the propagating terms Cp and L p as in Fig. 14(e),
the circuit resembles a bandpass filter [43]. Hence, we can
conclude that our proposed NFP does not intervene against the
propagating mode created by the midfield transmitter in tissue;
instead, it focuses more power on the receiver by lowering the
leakage field.

3) Demonstration of Power Leakage Control and WPT
Efficiency Improvement by Measurement: We explained
that the inclusion of the NFP increases WPT efficiency.
From simulation, we found that |S21| increases from
−30.5 to −23.5 dB, which results in approximately 4 mW of
theoretical received power by the proposed antenna for a 1-W
output power by the transmitter. The increment in |S21| is also
confirmed by measurements, as shown in Fig. 15(a) and (b).
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Fig. 16. Magnetic field overlays in air (a) without and (b) with the NFP.
(c) Flow diagram of the power leak and focusing treatment. (d) LED 1 is ON

in the absence of the NPT. (e) LED 1 is OFF and LED 2 is ON in the presence
of the NPT.

For these measurements, the porcine heart was immersed
in saline water [Fig. 15(a)]. The measured efficiency was
−31.35 dB (7.3 × 10−4) for the worst case. The measured
efficiency (−31.35 dB) almost matches the simulated
efficiency (−30.5 dB). Therefore, most low-powered
implantable medical devices can easily be driven using the
midfield wireless power transfer technique while adhering to
the safety guidelines.

It should be pointed out that power may also be leaked in
the absence of tissue; however, the propagating mode at the
front of the WPT transmitter is not available without the tissue
and the NFP, as shown in Fig. 16(a). The presence of an NFP
converts those leakage fields into focused fields, which was
also confirmed by the HFSS simulations. Fig. 16(b) reveals
that with the introduction of the NFP in the vicinity of the
midfield transmitter, power can be focused on air too. To test
the idea of power leakage and focused power by the NFP,
two small coils including an LED diode were placed behind
(LED 1) and in front of the transmitter (LED 2). Fig. 16(c)
represents the schematic for this arrangement with a detailed
setup shown in Fig. 16(d). The 180° phase shift was achieved
with a SigaTek SH11551 hybrid coupler. With a signal incident
to the difference port (D port) of the coupler, it splits at
the output ports to be equal in amplitude, with one output
port lagging the other by 180° in phase, and the sum port
(S port) would be the isolated port. It has a maximum input
power of 80 W. The square coil (thickness = 1 mm) has a
length of 30 mm. If the phase shift between the ports is 180°,
LED 1 is turned ON and LED 2 is OFF, in the absence of the
NFP, as seen in Fig. 16(d). Nonetheless, LED 1 is OFF and
LED 2 appears to be turned ON when the NFP is present along
with the WPT transmitter, as seen in Fig. 16(e). Verifying that

the results in Fig. 16(d) and (e) were not due to the frequency
shift, reflection coefficient (|S11|) is provided with and without
the NFP in Fig. 10(c).

V. CONCLUSION

A multiband antenna for wireless monitoring, WPT, and
power conservation is developed using a T-shaped ground
slot. This antenna can easily be tuned by the ground slot
for different applications. We found that a ground slot can
improve the antenna gain, and BW, and can reduce the SAR.
In addition, we established that the proposed antenna is also
suitable for ingestible devices for telemetry with a proper
choice of frequency. Wireless power transfer is realized in
the proposed antenna using a midfield transmitter, which is
redesigned using two ports. The performance of this transmit-
ter is analyzed and compared with traditional WPT techniques
for the implantable case. To control the power leakage during
WPT, an NPT is applied. The NFP performance is presented
by exploring the current distributions and equivalent circuit.
From the simulation and measurements, we conclude that the
NFP can reduce the power leakage and focus more power on
the receiver.
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