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We propose the integration of the resonant coil for wireless power transfer (WPT) and the implantable antenna for physiological
signal transfer. The integration allows for a compact biomedical implantable system such as electrocardiogram (ECG) recorder
and pacemaker. While the resonant coils resonate at the frequency of 13.56 MHz for the WPT, the implantable antenna works in
the medical implant communications service (MICS) band of 402–405 MHz for wireless communications. They share the narrow
substrate area of a bar-type shape; the coil has the current path on the outer part of the substrate and the meandered planar invertedF antenna (PIFA) occupies the inside of the coil. To verify the potentials of the proposed structure, a prototype is fabricated and
tested in vitro. The power transfer efficiency (PTE) of about 20% is obtained at a distance of 15 mm and the antenna gain of roughly
−40 dBi is achieved.

1. Introduction
Recently, with growing interests in U-healthcare, studies on
the biomedical implant devices, such as capsule endoscope,
pacemaker, electrocardiogram (ECG) recorder, neurostimulator, and retinal implant, have drawn high attention. For
wireless communications with implanted units, the medical implant communication service (MICS) band (402–
405 MHz) is recommended by the Federal Communications Commission (FCC). An implantable antenna works in
human or animal body and ensures the wireless communications, and many researches on the implantable antenna
design have also been carried out [1–9]. Unlike typical antennas used in the air, the implantable antenna should satisfy
various requirements and constraints such as antenna shape,
biocompatibility, miniaturization, and broad bandwidth. The
shape and biocompatibility are mainly determined by the
implant part of the body and a package material, respectively
[10]. The well-known antenna minimization technique is to
use the high-permittivity substrates (e.g., Rogers 3010/3210
with 𝜀𝑟 = 10.2), which shorten the effective wavelength. In the
structural aspect, the dipole with spiral arms [1], meandered
planar inverted-F antenna (PIFA) [3], and spiral PIFA [4] has

been designed for this purpose. Additionally, the extended
current path using slots or notches on the radiating patch
[5] and the open-end slot antenna with a meandered slot on
the top metal [6] are also suggested. Stacked structure is also
introduced to reduce the antenna area, even if the pitch of
antenna is higher [7–9].
On the other hand, the electric components of an
implant device need a power source. Conventional biomedical implant devices have been supplied with electric power
by an internal primary cell, which should be unfortunately
replaced through a surgery with a discharge cycle. The wireless power transfer (WPT) has been considered a noticeable
alternative [11] and has been studied to recharge an internal
secondary cell. Recently, studies on the WPT have focused on
transmitting not only several mW for small devices, but also
several kW for electric vehicles. Moreover, various methods
to improve the power transfer efficiency (PTE) have also been
researched [12–14].
Early studies related to the implant device have used an
inductive link to simultaneously implement wireless communication and wireless power transfer. In this case, the
high 𝑄-factor of resonant coils to achieve the high PTE
brings about narrowing the communication bandwidth; the
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Figure 1: The concept developing the ECG monitoring system.
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Figure 2: Inductive and electromagnetic links between the implant
device and base-station.

tradeoff exists between the PTE and data rate. In order to
overcome these disadvantages, the power allocation strategy
using an orthogonal frequency-division multiplexing system
is suggested [15]. However, in most recent researches, the
WPT system operates at the industrial scientific medical
(ISM) band, such as 6.78 MHz and 13.56 MHz, to easily
implement a resonant coil with high 𝑄-factor, and uses
the outband communications to achieve the high data
rate.
Our group has developed an ECG monitoring system as
shown in Figure 1. An implant device communicates with a
base-station using the MICS frequency band and transfers
the sensed ECG signals to the exterior base-station. Consecutively, the collected ECG signals can be sent wirelessly
to a personal terminal via Bluetooth. On the other hand,
the power is wirelessly transferred from the base-station to
the implant device at 13.56 MHz. That is, the base-station
of the ECG monitoring system transfers simultaneously the
power and signal into the implantable medical device using
the outband communications.
Because the ECG signals are detected in the skin layer,
the implant device is usually inserted in the subcutaneous fat
layer for the ECG monitoring system as shown in Figure 2,
and then the implant depth is about 3 mm to 20 mm. In
our design concept, the implant device should have a bartype shape in order to minimize the skin incision part, and
the height of the implant board should be low to minimize
the foreign body sensation of skin. In the MICS band,
the transmit power has to be less than 25 𝜇W (−16 dBm),
and the MICS antenna should have the gain greater than

−45 dBi from the link budge analysis to achieve the minimum
communication distance of 2 m. On the other hand, the
gap between two electrodes of the ECG sensor should be
larger than 30 mm in order to capture the stable ECG signal.
Therefore, the implant coil size is set to 30 mm × 5 mm,
while there is no size limit for the external coil. Since the
power is transferred from the external coil to the implant
coil only when the secondary battery needs charging, the
external coil connected with the base-station is put on the
skin or clothes only under charging. Therefore, the maximum
distance between two coils is about 20 mm. In addition,
because the implant device receives the signal and power
source from the exterior base-station, the resonant coil and
MICS antenna should be located on the outward surface of
the implant device.
In [16], the Rx resonator operating at 6.78 MHz integrated
with an antenna for the MICS band is proposed. Inserting the
ferrite material below the coil generates the antenna current
path. However, the height of integrated resonator and MICS
antenna is not low due to the ferrite material.
In this study, integration of the coil and antenna on a common substrate is proposed for the implant device with low
profile. Particularly, unlike most of the MICS antennas using
substrate with high permittivity, the multilayer substrate of
the ferrite sheet and FR-4 is utilized for significant sizereduction. Their potentials for the applications are verified by
simulations and experiments.
In the following, we first present the proposed integration
geometry of the resonant coil and MICS antenna. We then
give details about design of integrated resonant coil with
MICS antenna. And then, we describe the development of
tissue-emulating materials that are used for in vitro measurements. Finally, we present simulation and measurement
results.

2. Geometry of Resonant Coil and
MICS Antenna
Figure 3 shows the configuration of the proposed integration
of the Rx resonant coil and MICS antenna for the ECG
monitoring system. The integration pattern module has a
size of 225 mm3 (30 mm × 5 mm × 1.5 mm). A conducting
meandered PIFA and upper coil pattern are printed on a
0.8 mm thick FR-4 substrate (𝜀𝑟 = 4.4, tan 𝛿 = 0.013) and
the lower coil pattern is printed on the bottom of the FR-4
substrate. To isolate the implant device from the conductive
tissue, the quartz superstrate (𝜀𝑟 = 3.78) packages the implant
device. The ferrite sheet is inserted between the FR-4 and the
ground plane to shorten the effective wavelength and shield
magnetic field interfering with the other circuits.
As it can be observed from Figure 3(b), the prototype of
the implant device consists of the bottom circuit module and
top integration pattern module. The circuit module includes
the MICS transceiver, ECG sensor part, impedance matching
network, and charge circuit. The integration pattern module
is the resonant coil integrated with the MICS antenna of
Figure 3(a). The connection between the two modules is
realized and fixed with a low-profile connector.
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Figure 3: The proposed resonant coil and MICS antenna: (a)
perspective view and (b) fabricated prototype of the implant device.

Figure 4: Design process of the integration of the resonant coil and
MICS antenna.

3. Integration of MICS Antenna with
Resonant Coil

lguard
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The integration pattern module has a narrow bar-type shape
for easy injection with a guider such as the hypodermic
syringe. The integration size is determined to be 30 mm ×
5 mm which is the same dimension as that of the bottom
circuit module.
3.1. Design Process. Since the MICS antenna is located on the
inner area of the Rx resonant coil, the MICS antenna and
the resonant coil inevitably affect each other. Therefore, an
integration design process is required in consideration of the
mutual influence between the two elements, and it is illustrated on a flow chart shown in Figure 4. Once the implant
depth is selected, system requirements can be translated into
antenna requirements through a link budget analysis, and the
coil size is determined by the maximum circuit board size and
implant part of a human body. These requirements determine
the materials for coil and antenna construction. In this study,
the FR-4 and ferrite sheet are selected as substrates, and the
quartz is selected as a superstrate. In the next step, the line
width, the gap between the lines, and the number of turns and
layers are designed. Coil parametric study and optimization
are performed until the 𝑄-factor is maximized in simulation.
A MICS antenna is first modeled, simulated, and optimized by finely adjusting the antenna size, gain, and matching
point. In the next step, the unloaded 𝑄-factor of the resonant
coil is recalculated and is compared with the desired value.
If the resonant coil fails to satisfy the desired 𝑄-factor, the
resonant coil and MICS antenna are redesigned until requirements are met. In the last step of the design process, the
capacitance is calculated to make the resonant coil resonate
at the operating frequency using the designed inductance.
3.2. Design of Rx Resonant Coil. The goal of coil design
is to obtain the maximized unloaded 𝑄-factor. It is widely
known that the unloaded 𝑄-factor of a coil has a tendency to
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Figure 5: Geometry of the designed Rx resonant coil: (a) top and
(b) side.

increase with the large inner area, wide line width, and long
line length of the coil. However, if the line length exceeds a
certain level, the ohmic loss becomes dominant rather than
the inductance, and consequently the 𝑄-factor of the coil
decreases. Therefore, the design of Rx resonant coil will be
completed after several iterations.
As shown in Figure 5, the Rx resonant coil has twolayer and four-turn structure. The coil patterns are printed
on 0.8 mm thick (ℎsub ) FR-4 substrate, and 0.5 mm thick
(ℎquartz ) quartz superstrate covers the structures to prevent
it from directly contacting the lossy tissue. 0.2 mm thick
(ℎferrite ) ferrite sheet is used to reduce the ground effect and
to prevent magnetic flux from interfering with the bottom
circuit module.
It requires that the coil has the large inner area to secure
an antenna region and to achieve the high 𝑄-factor. Thus, the
line width (𝑙width,Rx ) and the gap (𝑙gap,Rx ) between the lines
have minimum values, 0.15 mm and 0.13 mm, respectively.
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Figure 6: Geometry of the proposed resonant coil and MICS
antenna: (a) top, (b) side, and (c) bottom.

The printed patterns are 0.3 mm (𝑙guard ) apart from the edge of
printed circuit board (PCB). The number of turns and layers
is optimized using the high frequency structural simulator
(HFSS) of Ansys.
3.3. Design of MICS Antenna. In our structure, the MICS
antenna occupies the inner area of resonant coil, about 3 mm
× 28 mm. To reduce the antenna size, the meandered PIFA
structure is adopted as shown in Figure 6. The resonant
frequency is determined by the meandering path length and
shorting pin position, and the antenna input impedance is
controlled by the position of feeding pin. The antenna width
(𝑊ant ) is set to be 2.8 mm, and the line width (𝑙𝑤,ant ) is
chosen to be 0.3 mm. The parameters (𝑙1 , 𝑙2 , and 𝑙3 ) related
to the meandered line are finally determined to be 0.5 mm,
25.25 mm, and 17 mm for the antenna’s resonance in the MICS
band. The parameters (𝑙feed and 𝑙short ) relevant to the positions
of feeding pin and shoring pin are 16.5 mm and 0.5 mm,
respectively.
In comparison with usual substrates used for the
implantable antenna, the FR-4 has relatively low permittivity,
𝜀𝑟 = 4.4, while the ferrite sheet for shielding magnetic field
by the coils has high permeability; its relative permeability
is 131 at 13.56 MHz and 31 at 400 MHz. Therefore, the ferrite
sheet with high permeability allows reducing the effective
wavelength on the PCB. As a result, the meandered PIFA
can be effectively minimized. Due to bottom ground plane,
in addition, the antenna gain increases and the back lobe
decreases.

4. Design of Tx Resonant Coil
Consider two coaxial circular coils with radii 𝑟Rx and 𝑟Tx ,
respectively. For the two paralleled coils separated by distance
𝑑, the mutual inductance is given by [17]
2
2
𝑀 = 𝜇0 √𝑟Rx 𝑟Tx [( − 𝑘) 𝐾 (𝑘) − 𝐸 (𝑘)] ,
𝑘
𝑘

(1)

where 𝐾(𝑘) and 𝐸(𝑘) are the complete elliptic integrals of the
first and second kind, respectively, and
𝑘2 =

4𝑟Rx 𝑟Tx
2

(𝑟Rx + 𝑟Tx ) + 𝑑2

.

(2)

Maximum mutual inductance results in maximizing coupling coefficient in which the PTE becomes also maximized.
Therefore, the maximum PTE can be achieved by using
the condition of maximum mutual inductance in a given
environment. Equation (1) is the monotonically increasing
function of 𝑘. Assume that the radius of Rx coil is a constant 𝑎
times the radius of Tx coil (i.e., 𝑟Rx = 𝑎 × 𝑟Tx ); then we obtain
the maximum value of 𝑘 by differentiating (2), as follows:
𝜕𝑘
2 + 𝑑2 .
= 0 ⇒ 𝑟Tx = √𝑟Rx
𝜕𝑎

(3)

Therefore, the radius of the Tx coil size having maximum
mutual inductance is determined when we know the radius
of the Rx coil, 𝑟Rx , and the distance between the coils, 𝑑.
In our case, the derived equation of (3) cannot be utilized
straightforwardly due to the Rx coil of the bar-type shape,
but it helps to establish a guideline of the Tx coil size. The
distance between the coils is 15 mm, and the length from the
center of Rx coil to its sides is set to 𝑟Rx of (3). Therefore,
the estimated length (𝐷Tx ) and width (𝑊Tx ) of Tx coil are
42.4 mm and 30.4 mm, respectively. The parameters of Tx coil
are also optimized, and then the Tx coil has single layer and
four turns, as shown in Figure 7. The line width (𝑙width,Tx ) and
the gap (𝑙gap,Tx ) are 0.35 mm and 0.6 mm, respectively.

5. Simulation and Experiment
5.1. Fabrication of Tissue-Emulating Materials. To verify the
potentials of the proposed structure, a prototype is tested
in vitro using a tissue-emulating material, which is made of
deionized water, saccharose, sodium chloride, agarose, and
TX-150 (known as “super stuff”). The recipes of the tissueemulating material equivalent to dry skin for 13.56 MHz and
402 MHz are presented in Table 1.

International Journal of Antennas and Propagation

5

Table 1: Recipe of human dry skin tissue-emulating material for 13.56 MHz and 400 MHz.
Freq. MHz

Agar/TX-150,
w/w%

Sodium Chloride
w/w%

Sacharose, w/w%

Aluminum
powder, w/w%

H2 O, w/w%

13.56
400

9.8 (TX-150)
1.0 (Agar)

0.3
2.8

—
52.2

9.2
—

80.7
45.0

Agilent 85070E
Agilent 85070
E4991A option 010

Samples

Relative permittivity (𝜀r )

Agilent E4991A

400

1.5

300
1.0
200
0.5

100

0.0

0

Figure 8: Measurement setup for tissue-emulating materials.
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Figure 8 shows the measurement setup for tissueemulating materials. We measured the permittivity in the
range of 10 MHz to 500 MHz by using Agilent’s E4991A
impedance analyzer and Agilent’s 85070E high temperature
probe.
Figure 9 shows the measured relative permittivity and
conductivity of the gel for 13.56 MHz and 402 MHz, the values
of which are 282.5 and 0.24 S/m at 13.56 MHz and 43.2 and
0.704 S/m at 402 MHz. These measured values are within the
error of 10% in comparison with the desired values (𝜀𝑟 =
285.25 and 𝜎 = 0.238 S/m at 13.56 MHz and 𝜀𝑟 = 46.7 and
𝜎 = 0.704 S/m at 402 MHz for human skin).

Measured 𝜀r
Desired 𝜀r

35

5.2. Simulation and Experiment Results. The simulated and
measured reflection coefficient frequency responses of the
meandered PIFA antenna in the skin tissue model are
presented in Figure 10(a). The measured frequency band is
ranging from 325 MHz to 502 MHz with a −10 dB bandwidth
criterion (from 350 MHz to 420 MHz in the simulation with
the same criterion).
Figure 10(b) depicts the simulated gain radiation patterns
in the 𝑥𝑧- and 𝑦𝑧-planes at 402 MHz. The maximum gain
of −40.3 dBi is expected, whose value satisfies the antenna
requirement as mentioned in Introduction.
At the resonant frequency of 13.56 MHz, the simulated
and measured Rx coil parameters are presented in Table 2.
Good agreement exists between the measured and simulated
results. When the distance between the coils is 15 mm, the
PTE is achieved about 20%.

6. Conclusion
In this paper, the integration of the resonant coil and
MICS antenna with narrow bar-type shape is investigated.
To design the compact integration module, the multilayer
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Figure 9: Measured permittivity and conductivity of the developed
tissue-emulating materials: (a) for 13.56 MHz and (b) for 402 MHz.

Table 2: Rx coil parameters and power transfer efficiency.
Rx coil

Simulation

Experiment

𝐿, nH

595.2

605.6

𝑅, Ω

2.59

2.1

𝑄

19.6

24.57

𝑘

0.034

0.035

𝜂, %

19%

21%
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substrate of ferrite sheet and FR-4 is used instead of a
high-permittivity substrate. On the common substrate, the
resonant coil encloses the meandered PIFA. The proposed
narrow bar-type structure can be suitable for the biomedical
implant devices such as ECG recorder and pacemaker which
are inserted into the subcutaneous tissue.
The potentials of the designed resonant coil and MICS
antenna for implant device were completely demonstrated
through fabrication of a prototype and measurement with
tissue-emulating materials. In measurement, the MICS
antenna had the frequency band ranging from 325 MHz
to 502 MHz with a −10 dB bandwidth. The measured PTE
between the designed Rx and Tx coils was 21% at a distance
of 15 mm.
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